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Abstract

Since the isolation of graphene in 2004, there has been an increasing drive to tailor

this and other 2D materials for spintronic applications due to their unique electronic

properties. Analysis of the surface Fermi-level spin polarisation of 2D materials

is crucial in designing spintronic devices, and characterising this property requires

extremely surface sensitive techniques. One such approach, metastable de-excitation

spectroscopy (MDS), involves the use of helium atoms prepared in the 23S state to

analyse the surface density of states. This thesis presents the first set of results from

an extension to this technique known as spin-polarised metastable emission electron

microscopy (SPMEEM), in addition to detailed studies of several materials systems

relevant to the development of spintronic devices.

After an introduction and review of how 2D materials are potential candidates for

spintronics, a detailed description of MDS is given in Chapter 3 with Chapter 4

outlining other experimental approaches and systems used throughout this project.

Chapter 5 reports a detailed study of domain structures at the surface of Fe3O4(001)

probed using SPMEEM where a significant spin canting effect was found to exist

helping to estimate a value for the uniaxial surface anisotropy constant. The use

of SPMEEM to observe the spin reorientation transition in Fe3O4(001) is outlined

with further results showing how the spin asymmetry at the surface of magnetite in-

creases due to exposure to naphthalene. Chapter 6 explores how graphene grown on

silicon carbide could be modified for spintronic applications through the adsorption

of hydrogen and intercalation of heavy metallic species. Chapter 7 presents results

from a study of the organic semiconducting molecule 6T on manganite (LSMO)

substrates, a system of interest in organic spintronics. Finally, the thesis concludes

with a chapter on conclusions and future work.
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Chapter 1

Introduction

With Moore's law stalling and the emergence of new technologies and the Internet

of Things, there is an increasing need for enhanced computing performance and

greater memory storage. To satisfy these demands, the volume of magnetic grains

and the length of transistors must be scaled down but both of these metrics are

reaching fundamental limits. In hard disk drive media, the signal-to-noise ratio

(SNR) of each magnetic grain scales inversely with respect to transition probability

(� n ) where � n / D
3
2 with D the grain size width [1]. As the volume of the grain

decreases to the size limit which is dictated by the thermal stability of the grain, the

SNR and write �eld (associated with the anisotropy of the grain) needed to switch

the grain increase. At a certain width known as the limiting medium thickness,

incoherent magnetisation reversal dominates. Thus, beyond the limiting medium

thickness, the SNR and write �eld needed to switch the grain are too large to write

data and so systems such as PtFe are limited to widths of 4.8 nm [1, 2]. In order to

improve computational performance, the number of transistors per unit area must

be increased but to do so requires the size of a transistor to be reduced. However,

as the length scale decreases, quantum e�ects start to take place and electrons can

tunnel from one end of the gate to the other foregoing the operating principle of

a transistor [3, 4]. Sizes as small as 1 nm have been achieved [3], but in recent

years, the number of transistors per unit area as a function of time, described by

the well-known Moore's law [5], is reaching a limit as the trend starts to plateau.

Consequently, conventional electronics cannot be taken that much further and future
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devices will need to rely on more than charge in order to communicate information.

One �eld that could replace conventional electronics is that of spintronics, an ab-

breviation of spin electronics. Spintronic devices use the spin of an electron and its

associated magnetic moment to carry information in addition to, or alternatively

without, the associated charge. Spintronics has multiple advantages over conven-

tional electronics such as lower power consumption as well as data transfer via spin

current being quicker and non-volatile due to the spin of an electron not being energy

dependent [6{8]. Thus in the circumstance of a power outage, information stored in

spin currents is retained. Spintronics also has potential applications within quantum

computation which would greatly extend the performance of computers beyond their

current limits. Ideally spintronic devices need two key properties: (1) large spin re-

laxation lengths enabling long distance communication; (2) the ability to produce

large, robust spin-polarised currents. Unfortunately, the spin injection/detection ef-

�ciencies of most devices only increase upon reaching low temperatures and therefore

such spin-devices are not applicable outside the laboratory [8]. Hence, new materials

and novel device architectures are required for next-generation spin technologies to

be realised.

1.1 The 2D Material Revolution

In 2004, researchers Andre Geim and Konstantin Novoselov at the University of

Manchester achieved the isolation of monolayer graphene on SiO2, successfully mea-

suring its unique transport properties [10]. Graphene, a single layer of graphite

consisting of carbon atoms arranged in a honeycomb-like lattice (Figure 1.1) has

been shown to be extremely strong, to be an excellent conductor of heat, and to

have phenomenal electronic properties. Most notably in the context of this project,

free-standing graphene has been predicted [11] and shown [10, 12] to have a large spin

relaxation length at room temperature making it an attractive candidate for spin-

tronics. Proximity-induced spin-orbit coupling in graphene o�ers a realistic route

towards two-dimensional (2D) topological insulator state engineering. This is partic-

ularly relevant for quantum computation, since topological insulators van der Waals

coupled to superconductors are predicted to host Majorana fermions, particles which
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Figure 1.1: Graphene and its various carbon allotropes: C60 (left), carbon nanotubes

(centre) and graphite (right). Taken from Geimet al. [9].

are their own antiparticle [13]. Heterostructures of graphene and other 2D materials

such as the transition metal dichalcogenides (TMDs) have shown rich spin textures

around theK -point of their respective Brillouin zones [14, 15] o�ering a viable route

for graphene-based spintronic devices. Furthermore, other 2D monolayers such as

molybdenum disulphide with its natural breaking of inversion symmetry enable spin

and valley-selective light absorption [14] making these materials not only applicable

in spintronics but also in an emerging area called valleytronics. Graphene, TMDs

and black phosphorous have in recent years garnered a huge amount of interest in

photonics, particularly in single photon emitters and detectors, with a large amount

of focus on single layers of WSe2 as well as heterostructures assembled from multiple

2D materials [16{18]. Finally, in terms of utilising its electronic properties, graphene

has seen some use in organic light emitting diodes [19], a multi-billion dollar industry
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that is still continuing to grow.

Despite graphene's unique properties at room temperature, the reason that graphene

spintronic devices have not yet been fully realised is a result of two key issues. The

�rst is graphene's weak intrinsic spin-orbit coupling (SOC) [20] which is too small

to result in the spin-Hall e�ect [12]. Thus a pristine monolayer of graphene alone

cannot act as a spintronic device and it is only through the decoration/intercalation

of atomic species that the SOC can be enhanced locally [21] or globally [22]. The

second issue is controlling the growth/production of graphene monolayers. Graphene

produced from the exfoliation of highly-oriented pyrolytic graphite (HOPG) has the

highest transport properties reported of any other form of graphene [23, 24], but,

with this method, it is di�cult to control the number of layers. Devices which

incorporate exfoliated graphene report primarily monolayer graphene growth, but

also some existence of bilayer graphene [25]. Unfortunately, this is problematic for

device applications since multilayer graphene as well as wrinkles and defects warp

the bandstructure of a single layer of graphene and drastically reduce the electron

mobility in-plane [26]. Controlling the growth of other 2D materials such as TMDs is

equally challenging, with factors such as temperature having a signi�cant in
uence

on the domain size [27].

Understanding, observing and characterising monolayers of graphene and how it

is in
uenced by the intercalation/decoration of heavy metallic species, requires a

range of complementary techniques which probe a variety of properties of the sur-

face. One way to approach analysis of graphene is by using photoemission electron

spectroscopy, which enables observation of valence band states with ultraviolet (UV)

photons and core states with X-ray photons. By tuning the photon source to around

40 eV, photoemission can be extremely surface sensitive, with minimal contribution

from subsurface and bulk states [28]. Angle-resolved photoemission spectroscopy

(ARPES) can be used to characterise the unique dispersion relation of graphene as

well as the in
uence of adatom decoration and intercalation on the spin-split density

of states [29]. Yet, despite the bene�ts of photoemission electron spectroscopy, there

is still some emission of bulk/subsurface state electrons which is not ideal when try-

ing to analyse a monolayer of graphene or any other 2D material. Ideally, there is

a need for techniques which only probe surface states whilst ignoring bulk states
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and one promising candidate is metastable de-excitation spectroscopy (MDS). This

technique uses metastable helium atoms prepared in the 23S state, which de-excite

when in close proximity to a surface resulting in the emission of an Auger electron

which carries information of the surface density of states of a material. Due to the

large de-excitation cross section of metastable helium, all de-excitation events occur

a couple of�Angstrom above a surface and consequently only the outermost surface

states are probed. The energy of the He 23S state is 19.8 eV which is very similar

to that of He I � UV photons of 21.2 eV, and so both techniques produce spectra

that in many cases are directly comparable.

Furthermore, the spin-polarised equivalent of MDS can be performed by preparing

the atoms in the mj = � 1 magnetic sublevels and applying a quantization axis,

thereby allowing the spin-split density of states of a material to be probed. The

technique is then known as spin-polarised metastable de-excitation spectroscopy

(SPMDS) [30, 31]. This has revealed unique phenomena relating to surface mag-

netic properties such as a small positive spin polarisation at the (111) face of mag-

netite [32] and the spin asymmetry of chemical vapour deposition graphene grown

on Ni(111) [33]. The surface sensitivity of MDS and the ability to spin-polarise the

source, coupled with complementary techniques such as photoemission, will allow

systematic studies of global spin-orbit coupling e�ects in graphene and 2D mate-

rial spintronic devices. Additionally, a He 23S source combined with an emission

electron microscope has been used to image the surfaces of various materials [34]

and in principle could be used as a spin-polarised microscopy technique. The work

presented in this thesis shows the �rst results of such a technique and o�ers an

attractive route to studying surface magnetic properties in 2D materials.

1.2 Thesis Overview

Following this Introduction, Chapter 2 explores 2D materials and their potential use

in spintronic applications in more detail, with a particular focus on graphene. This

chapter starts by outlining the structure and properties of graphene before moving

on to its role in spintronics and how spin-orbit coupling can be enhanced within the

material. Methods with which to fabricate graphene and related 2D materials are
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then introduced.

As a large part of this project has involved the use of a beam of He 23S atoms in the

form of MDS and its associated microscopy, Chapter 3 is dedicated to exploring how

these atoms de-excite when in contact with another gas or a surface. Additionally,

the application of optical pumping and a sextupole magnet in order to electron

spin-polarise the He 23S atoms is discussed.

Since multiple laboratories and experimental systems were used to exploit a va-

riety of techniques in this project, Chapter 4 explores both the systems used in

York, as well as that used at the National Institute for Materials Science (NIMS)

in Tsukuba, Japan. The principles and practicalities of surface analysis methods

including X-ray and ultraviolet photoemission spectroscopy and low-energy electron

di�raction are described, in addition to spin-polarised photoemission and sample

growth procedures. The chapter �nishes by brie
y describing CASTEP, a density

functional theory (DFT) code used to produce theoretical calculations that support

experimental measurements.

Chapter 5 explores the work performed at NIMS, in particular, the development of

spin-polarised metastable emission electron microscopy (SPMEEM), the microscopic

extension of SPMDS that is demonstrated here for the �rst time. Results from a

study of magnetic domain structure on the clean Fe3O4(001) surface are presented in

addition to the hydrogen-passivated and napthalene adsorbed Fe3O4(001) surfaces.

The majority of experiments performed in York revolved around analysing graphene

grown on six-hexagonal silicon carbide (6H-SiC) and how this could be tailored for

spintronic applications. In Chapter 6, the �rst carbon layer grown on the silicon-rich

face (bu�er layer) is explored through photoemission and MDS as well as simulations

using CASTEP for a clean crystal and after growth of the bu�er layer. This chapter

then explores how this can be activated using atomic hydrogen and potentially

erbium.

Organic monolayers grown on top of magnetic materials have also been of interest

within spintronics due to the observation of unique electronic phenomena such as

interfacial magnetoresistance. To further understand the interaction between or-

ganic molecules grown on ferromagnetic substrates, Chapter 7 explores growth of
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� -sexithiophene (6T) monolayers on La0:7Sr0:3MnO3 thin �lms. The clean surface

of LSMO thin �lms were analysed using di�erent electron spectroscopy techniques.

Di�erent coverages of� -sexithiophene were then deposited on top of these thin �lms

and characterised using electron spectroscopy and atomic force microscopy.

Finally, some suggestions for the future direction of the SPMEEM system as well as

how to develop on the results obtained for SiC are suggested.
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Chapter 2

2D Materials for Spintronic

Applications

Throughout the 20th century and into the early 21st century, experimental reports

on graphene (as well as other 2D materials) considered it to be part of a 3D struc-

ture rather than something which could exist on its own, for example monolayer

graphite on nickel [35]. It was not until the isolation of free-standing graphene by

a group in Manchester using the well-known Scotch tape method [10], that the 2D

materials revolution began. Interest in materials such as graphene [9], molybdenum

disulphide [36] and silicene [37] in spintronic applications stems primarily from their

extraordinary electrical properties at room temperature. This chapter introduces

2D materials and how their properties can be exploited for spintronic applications.

2.1 Graphene

As can be seen in Figure 2.1, a pristine monolayer of graphene is a 2D-material

spanning `in�nitely' in x and y, consisting ofsp2 hybridised carbon atoms arranged

in a honeycomb-like lattice [11]. The bond length between each carbon atom is

1.42 �A and all bond angles are 120� [11]. It is a single layer of graphite from

which other carbon allotropes can be made including Buckminsterfullerene (C60) [38]

and carbon nanotubes. Graphene at room temperature has extremely bene�cial

electronic properties such as a high charge carrier mobility of 200,000 cm2V � 1s� 1, an
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Figure 2.1: (a) Graphene can be split into two inequivalent sublattices A and B.

For an atom in the A sublattice, its nearest neighbours located at~� 1 = a
2(

p
3; 1),

~� 2 = a
2(�

p
3; 1), and ~� 3 = a(0; � 1), wherea is the lattice constant, can be used to

determine the reciprocal lattice vectors and consequently theK -point in reciprocal

space which is the intersection between the two Bravais lattices, as shown in (b).

electrical conductivity of 106 Scm� 1 and a thermal conductivity of 5000 Wm� 1K � 1,

thus making it an attractive material in both electronics and spintronics [39].

These transport properties originate from the bonding structure of graphene which

gives rise to a unique dispersion relation that is a feature of certain 2D electron gasses

and materials [37]. Graphene consists of two inequivalent sublattices,A and B, as

seen in Figure 2.1, where the hexagonal Bravais lattices consist of parallelogram unit

cells. The associated reciprocal lattice vectors are given by:

a�
1 =

2�
p

3a

�
î �

1
p

3
ĵ
�

and (2.1)

a�
2 =

4�
3a

ĵ (2.2)

wherea is the lattice constant (� 1:42�A). The K -point can be determined from these

vectors to beK = 4�
3
p

3a
î . To determine the electronic structure of graphene, a 2nd

31



order quantisation approach of tight binding theory for� electrons is used, restricting

electron interactions to nearest neighbours. The following unitary transformations

are used:

ai =
1

p
NA

X

k

e� i k �r i ak (2.3)

bi =
1

p
NB

X

k

e� i k �r i bk (2.4)

whereN is the number of atoms on sublattice sites A and B,k is the wave vector

and r i is the atomic site in a periodic lattice. By solving the Hamiltonian using

tight binding theory, the dispersion relationship can be found to be:

E(k) = st
s

3 +
X

a6= b

cos(k � � a � k � � b) (2.5)

where the Fermi velocity around theK -point is vf = 3at
2�h , t is the nearest-neighbour

hopping integral energy (� 3 eV), �h the reduced Planck constant, ands = � 1 is a

band index denoting the positive (negative) energy branches of the spectrum [40]. At

the K and K' points, at the edges of the Brillouin zone the valence and conduction

bands meet, as seen in Figure 2.2, withE(� K ) = 0. The meeting of these bands

is known as the Dirac point and graphene is therefore sometimes known as a zero-

overlap semimetal or a zero-gap semiconductor [9]. The Fermi edge is situated at the

intersection between the bands when graphene is charge neutral and it is only with

graphene grown on substrates such as SiC that the doping will shift the position of

the Fermi level into either the valence or conduction bands [41].

The result of linear dispersion in graphene is the formation of quasiparticles known

as massless Dirac fermions which can be seen as electrons that have lost their rest

mass [9, 40]. Theoretically, the speed of these fermions at theK -point is approx-

imately 300 times slower than the speed of light on substrates such as hexagonal

boron nitride (H-BN) or SiO2 [40, 42]. Yet, measurements for exfoliated graphene

on H-BN have measured the drift velocity to be 29.4% [43] of the theoretically pre-

dicted value [44]. This reduction in electron mobility in graphene is a consequence

of factors such as carrier scattering from surface optical phonons [43].
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Figure 2.2: The hybridisation of graphene results in the formation of linear dis-

persion in reciprocal space, where the valence and conduction bands meet at the

K -point, known as the Dirac point.

Graphene layers stacked on top of each other are van der Waals bound with the stacks

tending to align primarily in one of two ways: Bernal or rhombohedral [40]. Bernal

stacking (ABABAB) is the most favourable stacking formation with approximately

80% of naturally occurring graphite having this crystal structure [45]. The second

most favourable stacking structure is rhombohedral (ABCABC) [46{48] and other

stacking formations such as hexagonal can also occur in graphite. The average

separation between each of these stacks is around 3.4�A but this varies slightly

depending on the speci�c formation [40].

The �rst predictions of the bandstructure of graphene were made by Wallace in

1947 [49] who observed a linear-like dispersion around theK -point, labelling graphite

as a zero-activation-energy semiconductor. As discussed above, for a pristine layer of

free standing graphene, the bandstructure is linear around theK -point. Yet, as the

number of layers of graphene increase, tending towards graphite, the bandstructure

changes quite drastically as a consequence of interlayer interactions between each

carbon layer. For example, a bandgap was observed in multiple layers of graphene

due to disorder in the c-axis [50]. Furthermore, in Bernal-stacked graphene, the
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bandstructure around theK -point is modi�ed heavily when multilayer graphene is

grown on silicon carbide [45]. In graphite, the linear dispersion broadens at the

K -point [11].

Similar to multilayer growth, the introduction of wrinkles/defects [26] also modi�es

the bandstructure resulting in huge losses in electrical conductivity and mobility.

Therefore, progress in using graphene as a material for electronic devices has stalled

since a bandgap would be required for any conventional transistor. More recently,

graphene has received increasing interest for applications in spintronics due to its

large spin relaxation length at room temperature [9], with the aim of enhancing its

intrinsically small spin-orbit coupling (SOC) as de�ned below [20].

2.2 Spin-Orbit Coupling in Graphene

When an electron moves in the �nite electric �eld of its nucleus, it experiences a

magnetic �eld in its rest frame. This magnetic �eld couples with the electron's

associated magnetic moment (spin) and introduces a termVSOC = � � s � B in the

scattering potential [51]. The coupling between the electron's spin and its orbital

motion around the nucleus is known as spin-orbit coupling (SOC) which results

in a shift in the electron's atomic energy levels [52]. The strength of SOC scales

with atomic number (Z ) [52] and consequently, since graphene consists entirely of

carbon, its SOC is small. Around theK -point of graphene, there is a predicted

spectral bandgap of around 24µeV at 0.28 K due to a weak SOC splitting [12, 20].

The Hamiltonian of an electron a�ected by the SOC interaction is represented by

the following equation [12]:

ĤSO =
�h

4m2
ec2

(r V � p̂) � ŝ (2.6)

whereV is the e�ective crystal �eld potential, me is the rest mass of the electron,

c the speed of light,p̂ the momentum operator, and ^s represents the array of Pauli

matrices acting on spin degrees of freedom [12]. Since SOC in graphene is small, the

only way to enhance it is either by changing the hybridisation [21] or introducing

large atomic number species whose bands overlap with those of graphene. Many
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di�erent heavy metallic species such as ruthenium [53], cobalt [29] and gold [54]

have been used, enhancing the SOC through interactions described below.

Two approaches to enhancing SOC in graphene have been attempted so far: ei-

ther through adatom-decoration (extrinsic-like) [21, 55] or by placing graphene on

a substrate (typically a transition metal) and intercalating heavy metallic species

underneath (intrinsic-like) [13, 22]. Adatom decoration, for example using hydro-

gen [21], has resulted in a sizeable local extrinsic (scattering) SOC of around 10 meV

as a consequence of the diamond-like hybridisation at the point where the atoms

are bonded. Whilst this method results in a signi�cant enhancement to SOC there

are several issues with this approach. The �rst is that, although adatom-decoration

changes the hybridisation to enhance SOC, this is accompanied by a loss in lin-

ear dispersion at theK (K 0)-point. Secondly, adatom decoration further results in

inter-valley scattering (at the K (K 0)-point), which is detrimental to spintronic ap-

plications since it results in reduced performance of the device [13, 56].

Interest has also developed in growing graphene on metallic as well as semiconduct-

ing and insulating substrates [29, 57] and then intercalating with heavy metallic

species such as gold [54] or lead [22]. This results in the so-called \proximity e�ect",

an intrinsic (topological) and uniform global SOC which alters symmetries within

the graphene whilst maintaining thesp2 hybridisation [13, 58]. Proximity-induced

SOC avoids the issues introduced through adatom decoration whilst enhancing the

SOC and creating rich spin textures around theK (K 0)-point [59]. Some of the main

di�culties faced with this approach include the choice of substrate on which to grow

graphene as well as controlling the growth such that there exists only a monolayer

(to avoid interlayer interactions caused by bilayer/multilayer formation). For ex-

ample, graphene grown on single crystal Ni(111) has a very low lattice mismatch

enabling growth of large regions of epitaxial graphene, but this is much more closely

bound to the substrate resulting in back-bonds [60]. This alters the hybridisation of

graphene and it is only through the intercalation of atomic species that this back-

bond can be broken [54, 61]. A substantial amount of work has been performed to

determine the best systems for inducing SOC through the proximity e�ect, some of

which are discussed in Section 2.3.
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The consequence of enhancing SOC in graphene is a breaking of chiral symmetry

(described by the so-called Berry curvature in momentum space [62]) leading to a

transition in phase to one of various di�erent quantum e�ects such as the quantum

anomalous Hall e�ect, quantum spin-Hall e�ect (QSHE) and Rashba{Edelstein ef-

fect (current-induced spin-to-charge conversion) [6]. The quantum anomalous Hall

e�ect originates from the coupling of spontaneous magnetic moments and SOC.

This coupling gives rise to a topologically nontrivial structure, which results in the

quantised Hall e�ect in the absence of an external magnetic �eld [63]. The intrinsic

QSHE is de�ned as when a charge current is in
uenced by SOC such that under an

applied electric �eld, a spin current is generated which travels perpendicularly to

that applied �eld [62]. The importance of SOC in graphene is that it may result in

a transition to one of these phases which then may be used to tailor graphene for

spintronic applications. There has been a drive since the isolation of free-standing

graphene [10] to enhance SOC and generate a spin-current.

2.2.1 Symmetry in Graphene and Intrinsic SOC

A pristine monolayer of graphene belongs to theD6h point group symmetry, also

known as a dihexagonal-dipyramidal crystal structure [12, 64]. Graphene is sixfold

rotation and mirror inversion symmetric about its plane [62, 64] as can be seen

in Figure 2.3. As a consequence of graphene's symmetry, a pristine layer allows

only one type of SOC known as intrinsic SOC, characterised by a hopping length

of � I [12]. This SOC comes about primarily due to coupling betweenpz andd orbitals

at T = 0.28 K [12, 20, 65] for which � I is heavily dependent on the 3dxz � i3dyz

orbital con�guration [12, 65]. This splitting term is too weak experimentally for a

detectable transition into the quantum spin-Hall phase [12, 20] and it is only by

further manipulating symmetry that SOC in graphene can be enhanced.

2.2.2 Bychkov-Rashba Splitting

Bychkov-Rashba (mostly referred to as Rashba) splitting was �rst proposed in 1959

by Emmanuel Rashba in two separate papers studying the spin-orbit interaction in

w•urzite structures [66{68]. This type of spin-splitting results as a consequence of
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Figure 2.3: (a) A pristine monolayer of graphene, represented here by carbon atoms

belonging to the two nonequivalent lattice sites (green and orange), is sixfold-

rotation and mirror-inversion symmetric about its plane and is therefore of the point

group dihexagonal-dipyramidal (D6h). (b) As a consequence of coupling betweenpz

and d orbitals, a small bandgap of 24µeV opens up, known as intrinsic SOC.

graphene transitioning from theD6h point group symmetry to C6v (dihexagonal-

pyramidal) and an associated breaking of inversion symmetry through interaction

with the substrate resulting in a perpendicular electric �eld [62, 68, 69]; an example

of this symmetry change can be seen in Figure 2.4. The Hamiltonian used to describe

electrons at theK -point subject to a uniform Rashba interaction is:

H =
Z

dx 	 y(x) [v � � p + � BR (� � s) � ẑ + V(x)] 	( x) (2.7)

wherev is the bare velocity of massless Dirac fermions,p is the 2D kinematic mo-

mentum operator, k is the 2D quasi-momentum,� BR is the Bychkov-Rashba SOC

hopping length,V(x) is a disorder potential describing elastic scattering from non-

magnetic short-range impurities and� i ; si (i = x; y; z) are Pauli matrices associated

with sublattice (pseudospin) and spin degrees of freedom respectively [69]. In the

equation above, intervalley scattering processes have been ignored for simplicity [69].

The dispersion relation of the free Hamiltonian (H0 = H � V) for the subbands�; �

(majority and minority spin states) therefore becomes:
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Figure 2.4: (a) Rashba-type SOC is a result of breaking of inversion symmetry, trans-

forming the graphene into the point group dihexagonal-pyramidal (C6v). This results

in the formation (b) of a pseudogap (2� BR ) between the majority and minority spin-

states and (c) a Fermi level that intercepts a single subband whenj" f j < 2j� BR j.

(d) Counter-rotating spin textures result whenj" f j > 2j� BR j.

E �� (k) = �� BR + �
q

� 2
BR + v2jk j2 (2.8)

The Rashba interaction results in the formation of a pseudogap (spin gap) between

the majority and minority spin states equal to 2� and aligns the electron spin at

right angles to the wavevector, an e�ect known as spin momentum locking [69{71].

Depending on the Fermi level (" f ), there exists one of two di�erent regimes. The �rst

of these is whenj" f j < 2j� j such that the Fermi energy intersects a single subband

with electronic states having well-de�ned spin helicity and there is a topological-

insulator-like phase [69]. For a 2D electron gas (2DEG), this only occurs at a single

point where the two parabolic bands intercept [69, 72]. The other regime is when
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Figure 2.5: (a) Sublattice symmetry breaking leads to an energetic splitting in

spin states and transformation to point group ditrigonal-pyramidal (C3v) with (b)

subbands split by an amount characterised by the spin-valley SOC hopping length

� sv.

j" f j > 2j� j where the split Fermi surface displays counter-rotating spin textures

similar to that of nonchiral 2DEGs with the Rashba interaction [69, 73]. Rashba

SOC is a momentum splitting and therefore is only observable through techniques

which probe k-space such as ARPES. Importantly, large Rashba splitting has been

observed in a variety of systems including gold intercalation under graphene on

nickel [54] and graphene/Au/Co(0001) [29].

2.2.3 Spin-Valley Splitting

Further manipulation of SOC in graphene can be achieved through breaking of

sublattice symmetry [14, 59, 69, 74]. This changes the point group symmetry of

graphene to ditrigonal-pyramidal (C3v), making it only threefold rotationally sym-

metric as can be seen in Figure 2.5. This change of symmetry results in a splitting of

the two subbands, but not the formation of a bandgap and so this type of splitting is

known as spin-valley SOC (magnetic exchange coupling and valley-Zeeman are also

used), an out-of-plane spin-orbit interaction. This is a spin conserving interaction,

for which the Hamiltonian is expressed as [69]:
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Hsv = � sv� z� 0sz (2.9)

where� sv is the spin-valley hopping term,� z is the spin relaxation time,sz is the z

spin degree of freedom and� 0 is the Pauli identity matrix [69]. Whilst no bandgap

is opened from this proximity e�ect interaction alone, systems which experience

multiple SOC interactions (Rashba and spin-valley), such as graphene on various

dichalcogenides including MoS2, have been shown to have a small bandgap around

the K -point [14].

2.2.4 Kane-Mele Splitting

Kane-Mele SOC was �rst proposed in 2005 following analysis of the QSHE in

graphene [62]. This type of SOC shows that in an experimentally accessible low

temperature regime (near the temperature of liquid helium), the symmetry-allowed

spin-orbit potential converts graphene from a zero-overlap semimetallic state at the

K (K 0)-point to a quantum spin-Hall insulator. In this state of matter, it is `gapped'

in the bulk supporting transport of spin and charge in gapless nonchiral edge states

that are insensitive to disorder and propagate at the sample boundaries [62]. The

Hamiltonian of this state as presented in the original paper is:

H SO = � SO y� z� zsz (2.10)

where 2� SO is the energy gap when the Bychkov-Rashba hopping length� BR is

equal to zero. This gapped phase occurs when� BR < � SO [62]. It is important

to note that such splitting is weak and di�cult to detect but has been observed in

graphene decorated with Ir clusters at temperatures lower than 20 K [75].

2.3 Graphene in Spintronics

Early work in tailoring graphene for spintronics focused around adatom decoration

to enhance its intrinsically weak SOC [21]. However, as discussed earlier, this ap-

proach results in inter-valley scattering, which is not ideal for spintronic applications
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due to potential loss of information [13, 56]. Thus, there has recently been a greater

interest in the so-called proximity e�ect and �nding systems in which it exists such

that there is a transition to the spin-Hall phase. One such system is graphene grown

on the Ni(111) surface due to its low lattice mismatch of 1.2% and its well-ordered

(1 � 1) atomic structure [76]. Spin-asymmetry has been observed in graphene on

Ni(111) due to splitting between� and � � orbitals which strongly overlap with nickel

d states [33, 76, 77]. However, graphene on Ni has also been found to back-bond to

the substrate, resulting in a loss of linear dispersion at theK -point [60]. Through the

intercalation of atomic species such as gold [54] and bismuth [78], this back-bonding

can be broken leading to the observation of large SOC. The di�culty though is con-

trolling the intercalation [79] and therefore other ferromagnetic/metallic substrates

have been investigated. Alternative substrates such as copper [13, 57] and iridium

have been used [22] and have reported proximity-e�ect SOC enhancement within

the graphene.

One system that has garnered a lot of interest in recent years is graphene on group-

VI dichalcogenides (also referred to as TMDs) such as MoS2 [14]. The general for-

mula for TMDs is MX 2 whereM refers to a transition metal, typically tungsten or

molybdenum, andX is one of the group VI elements such as sulphur or selenium [14].

What makes systems such as MoS2 interesting is the lack of inversion symmetry in

a monolayer [14, 80], which enables spin and valley selective light absorption [80],

meaning these heterostructures have applications in both spin and valley electron-

ics [81, 82]. In fact, optical injection of spin has been observed in TMD-graphene

spin valves [25, 83] as has large proximity-e�ect SOC in graphene/WS2 heterostruc-

tures [84, 85] and high mobility in H-BN/MoS2/graphene monolayers [86]. Rich

spin textures have been predicted theoretically at theK -point, consisting of a com-

bination of Rashba and spin-valley SOC, enabling a transition into the quantum

spin-Hall and anomalous-Hall phase [14, 59]. This has led to the realisation of

graphene/TMD spin valves [25] and observation of the QSHE at room temperature

in graphene/MoS2 heterostructures [87]. However, fabrication of such devices has

typically involved using exfoliated graphene, where it can be quite di�cult to control

the thickness/number of layers of graphene [25].

One other promising route for graphene as a system for spintronic applications is
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through growth on silicon carbide. This system is of interest due to silicon car-

bide's large bandgap of 3.02 eV [88], the ability to change the face polarity of the

substrate [89] and the cuto� angle. By controlling the preparation conditions, it is

also possible to grow large regions of epitaxial graphene, making it a much more

controlled form of fabrication compared to the exfoliation technique. Various high-Z

species have been intercalated including Eu [90], Re [91], Ir [92] and Au [93, 94].

In certain cases, for example Au, large Rashba SOC has been predicted [95] and

experimentally observed [93]; similarly Eu has been shown to intercalate and not

oxidise after months of exposure to atmospheric pressure [90], but no measurements

have yet been made to measure possible SOC e�ects of rare-earth metal intercala-

tion on SiC. The quantum Hall e�ect and nonlocal transport have been observed

in graphene Hall bars formed on 4H-SiC [96] and, furthermore, there has been a

keen focus on activating the bu�er layer [41], with interesting phenomena such as

observation of the Dirac point in unpinned regions of the bu�er layer, but with a

bandgap of 0.4 eV due to nanoscale superperiodicity [97].

2.4 Fabrication of Graphene

2.4.1 Exfoliated Graphene

Multiple techniques exist in order to produce graphene. One of these methods is

through the exfoliation of graphene from highly-oriented pyrolytic graphite (HOPG)

using the well-known scotch tape method, the same technique used to �rst isolate

graphene in 2004 [10]. By using adhesive tape, multilayer graphene is removed from

HOPG over multiple cycles, gradually reducing the number of layers. Eventually,

when the layers have been minimised, ideally to a monolayer, the tape is dissolved

leaving large regions of free-standing graphene. This is then placed onto substrates

such as SiO2 or H-BN, which isolate the graphene such that resistivity measure-

ments can be made. Theoretically, exfoliated graphene on substrates such as H-BN

and SiO2 has been predicted to have mobilities of 170,000 and 200,000 cm2V � 1s� 1

respectively [44]. However, due to factors such as scattering from surface optical

phonons or impurity scattering in the substrate, the measured mobility for exfoli-
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ated graphene varies drastically with values ranging from 120,000 cm2V � 1s� 1 [23, 98]

to 50,000 cm2V � 1s� 1 [43]. Yet, as it stands, exfoliated graphene still presents the

highest electron mobility compared to other methods of growth of graphene such as

thermal decomposition of silicon carbide which has been measured to yield values

varying between 3,000 cm2V � 1s� 1 at room temperature and 11,000 cm2V � 1s� 1 at

0.3 K [24].

The higher electron mobility in exfoliated graphene has made it one of the most

attractive candidates for device fabrication. Yet, one major di�culty faced with

such an approach is isolating a single layer of graphene. As mentioned in Sec-

tion 2.3, typical devices which use exfoliated graphene do not always consist of a

monolayer [25]. The consequence of this is interlayer interactions between regions of

multilayer graphene which will in
uence the electronic properties of the device and

consequently a�ect its performance. Furthermore, exfoliated graphene is more often

subject to wrinkles/defects which will further in
uence its electronic properties [26].

2.4.2 Chemical Vapour Deposition Growth

Chemical vapour deposition (CVD) involves the cracking of precursor organic gasses

on a hot metallic surface to form graphene [99]. Typically, a thin �lm [29, 54]

is grown using molecular beam epitaxy (MBE) or a single crystal (for example

Cu(110) [100]) of the metallic substrate is prepared through cycles of annealing and

argon sputtering. The sample is then 
ashed at temperatures greater than 1373 K

for a single crystal, or a lower temperature of around 873 K for thin �lms, after which

it is exposed to an organic gas [101{103]. Upon cooling, the carbon aggregates to

form large regions of graphene [57, 60].

The kinematics of growth for CVD are in
uenced by a number of parameters which

a�ect graphene formation. Previous studies have suggested the growth to be de-

pendent on the carbon solubility [104], however, whilst this model applies to nickel

(2.03 atom%) [60], it is not applicable for copper due to its much lower carbon

solubility of 0.04 atom% [105]. Instead a Gompertzian sigmoidal growth has been

suggested, where the size of the graphene 
akes is dependent on the 
ow rate of the

organic gas [105]. Recent experimental work of graphene on copper foil supports this
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idea, whereµm grain boundaries were achieved by varying the gas 
ow rate [106].

Aside from gas 
ow and carbon solubility, temperature is also known to in
uence

the formation of graphene grains. High enough temperatures are needed in order

for hydrocarbon dissociation to occur, which is problematic for substrates such as

copper where the melting temperature of the surface is close to the dissociation

temperature of ethylene [57, 103]. Consequently, grain sizes of graphene on copper

using ethylene are much smaller than those for nickel because of the maximum

temperature which the substrate can be annealed to [99]. Yet, it has also been

theoretically predicted that as the temperature transitions from 973 K to 1273 K,

the rate of graphene formation slows and there is a small change to the size of the

grains [107]. Therefore, it may be possible that lower temperatures could be used to

form large graphene grains provided the hydrocarbon used has a lower dissociation

temperature. Annealing 
akes of graphene on copper foil has also been shown to

in
uence the electronic properties around theK -point, where the graphene became

n-doped and a bandgap was opened, occurring as a consequence of di�usion of

oxygen at around 573 K [108].

One �nal parameter which in
uences CVD growth is the choice of organic gas. A

variety of di�erent sources have been used including ethylene [57, 101, 105], 1,3,5-

benzenetribenzoic acid [102], naphthalene [109] and petroleum asphalt [99]. Ethy-

lene has been one of the most popular choices, but could be expensive for mass

production and it has been suggested that petroleum asphalt could be used instead

to grow relatively defect-free graphene [99].

2.5 Beyond Graphene and Alternative 2D Mate-

rials

It is not just graphene that has been of interest for device applications. Graphene

oxide has attracted a huge amount of attention in a variety of di�erent applications

including water �ltration devices [110, 111], as an anode in lithium ion batteries [112,

113], and in self-assembling monolayers for hydrogels [114]. Whilst these areas are

not the main focus of this project, they certainly highlight alternative applications
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for graphene aside from spintronics.

As discussed earlier, MoS2 monolayers have been of interest due to their inherent

lack of inversion symmetry [80, 115] enabling valley-dependent optical selection rules

for interband transitions at the K -point [80]. Furthermore, MoS2 monolayers give

rise to the valley Hall e�ect where carriers in di�erent valleys 
ow to opposite trans-

verse edges when an in-plane electric �eld is applied [80, 81], thus highlighting this

material's role not only in spintronics but also valleytronics.

As has been brie
y mentioned, other 2D materials have been of interest such as sil-

icene [37] and germanene [116] due to their sizeable electron mobilities at room

temperature. The mobility of silicene, for example, has been measured to be

3900 cm2V � 1s� 1 [37]. As for graphene, these materials display a linear dispersion

at the K -point. Consequently, their transport properties are very much akin to

graphene with some suggestions that silicene could compete with graphene for de-

vice applications [37]. However, silicene and germanene are di�cult to fabricate and,

additionally, germanium is not as inexpensive to produce compared to graphene.
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Chapter 3

Metastable De-excitation

Spectroscopy and Microscopy

When studying the interaction of graphene (and other 2D materials) with a support-

ing substrate and/or intercalated atomic species, it is desirable to isolate interface

and surface e�ects from bulk properties. The challenge is that the majority of tech-

niques typically applied to this task, both in spectroscopy and microscopy, probe

not only the top surface but also sub-surface and bulk interactions. One technique

that is not commonly used but that is extremely surface sensitive is metastable de-

excitation spectroscopy (MDS). MDS involves directing helium atoms in the excited

metastable 23S state to within close proximity of a surface of a sample where various

de-excitation processes may occur usually resulting in the emission of an Auger-type

electron [117]. In addition to MDS, several other names have been used to describe

this method including metastable atom electron spectroscopy and metastable im-

pact electron spectroscopy. The reader, however, should be careful not to confuse

this with the related technique of ion neutralisation spectroscopy which instead uses

higher energy helium ions to induce electron emission. This chapter will detail the

main He 23S de-excitation processes, how a He 23S beam can be spin-polarised for

magnetic studies and the bene�ts of using MDS and metastable emission electron

microscopy (MEEM).
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3.1 A Metastable Helium 23S Beam

In 1924, the �rst observation of electron emission from a surface due to the impact of

atoms in an excited state was made by Webb when exposing a nickel plate to a beam

of metastable Hg atoms [118]. Further observation of this phenomena was performed

by Penning who noticed electron emission from a gas due to metastable atoms,

leading to this electron emission process taking the name Penning ionisation [119].

Electron emission due to metastable de-excitation is a consequence of overlap of

orbitals of the topmost surface atoms (or target atoms or molecules in the case of

Penning ionisation) with the 2s metastable state or 1s ground state of helium. Due to

the overlap, which occurs within several�Angstrom above a surface, the metastable

atoms de-excite causing an electron to be emitted from either the surface or the

atom. The electron emitted is an Auger-type electron, although other de-excitation

channels can occur for He 23S as discussed in Section 3.2.

Since helium (as well as other noble gas atoms) has a large de-excitation cross-section

(for example the He 23S - N2 cross-section is approximately 1� 10� 19 m2 [120]),

only states at the topmost surface will overlap with the 23S state or the ground

state of helium. Therefore, the resulting electron emission spectrum contains in-

formation only on the surface density of states (SDOS). Hence MDS is extremely

surface sensitive when compared to other spectroscopic or microscopic techniques

which use electrons or photons to probe the surface where emitted electrons carry

information from both the top-most surface and sub-surface [121]; examples include

low energy electron microscopy (LEEM) and ultraviolet photoemission spectroscopy

(UPS). Surface sensitivity is particularly relevant when studying 2D materials such

as graphene [122] as well as magnetic structures on the surface of magnetic materials

such as magnetite [123] for which it is also desirable to only probe surface states

whilst ignoring subsurface and bulk contributions. For example, understanding the

Fermi-level spin polarisation at the surface of magnetic materials is key to designing

devices for spintronic applications.

Whilst there are several noble gas atoms that possess a metastable state, the helium

23S state is the most bene�cial in terms of surface analysis. This is due to its energy

of 19.8196 eV [124] compared to Ne (33P2; 16.62 eV) and Ar (43P2; 11.55 eV) [125],
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making it the highest available energy of any metastable noble gas atom and giving

access to the broadest range of electronic states in the valence band. An additional

bene�t of He 23S is its long lifetime of 8000-9000 s, which is much longer than for

any other metastable noble gas atom [125]. This long lifetime is a consequence of

a doubly forbidden transition back to the true ground state. Selection rules state

that the change in the spin quantum number for a transition must be �S = 0. Yet,

due to Pauli's exclusion principle, the transition from 23S1 to 11S0 (ground state)

would require � S = 1. Secondly, the change in orbital angular momentum (l ) is

equal to zero, since both the excited and ground state havel=0 (for the s state).

The relevant selection rule for orbital angular momentum states that �l = � 1,

hence making the transition from 23S1 to 11S0 doubly forbidden. For the He 23S

atom to decay back to the ground state, a two-photon process is required; however

this itself needs emission of radiation from a source such as an oscillating magnetic

dipole. A schematic of relevant electron transition processes in helium can be seen

in Figure 3.1.

MDS is generally a non-destructive technique due to its small associated kinetic

energy. The average thermal velocity of helium atoms produced from a cold cath-

ode discharge source is typically around 1000 ms� 1 which corresponds to a kinetic

energy of 21 meV [121]. Consequently, MDS can be used for a variety of systems

whilst avoiding damage to the structure or changes to the stoichiometry of a sur-

face. In fact, of particular relevance to the scope of this project, various studies on

graphite [126] and graphene [76, 122] have shown no damage to the surface as a

consequence of exposure to a beam of metastable helium atoms. Furthermore, MDS

can be used to study the orientation of molecules [127] which, as seen later, becomes

relevant when considering the e�ect of naphthalene on the surface of magnetite and

the formation of organic/magnetic interfaces [128].

Since MDS uses orthohelium, a spin-triplet system, it is possible to access the mag-

netic sublevelsmj = +1 and mj = � 1 of the 23S metastable state enabling spin-

polarised equivalents of MDS and metastable emission electron microscopy (MEEM)

to be performed. The He 23S source will produce atoms that occupy all three states,

mj = +1 ; 0; � 1, and a speci�c sublevel can be accessed either through optical pump-

ing [129] or using a sextupole magnet [130]. As can be seen in Figure 3.1, another
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Figure 3.1: Energy level diagram of helium (left) and schematic of the ground state

and 23S1 metastable state of helium (right). The 23S1 ! 11S0 transition is doubly

forbidden and therefore requires a two-step electron transition process. The 23S1 -

23P2 transition at 1083.331 nm is used to spin polarise He 23S atoms using optical

pumping.

possible excited state which helium can occupy is the 21S singlet state in para-

helium. The He 21S state has a higher energy of 20.62 eV as a consequence of

Hund's 1st rule, has a lifetime of 20 ms and cannot be spin polarised [131]. Helium

atoms excited in the source have a 21S:23S ratio of 1:10 and, if not removed, singlet

states will contribute to MDS spectra and can make it more di�cult to interpret

the data [117].

3.2 He 23S De-excitation Mechanisms

In MDS, there are two dominant de-excitation mechanisms which can occur when a

helium atom in the 23S state is incident on a surface, both resulting in the emission

of an Auger-type electron. The de-excitation mechanism that occurs is dependent
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on the workfunction (� ) of the material and the position of the Fermi level and

energy distribution of surface orbitals with respect to the excited state. For metallic

and semiconducting surfaces, the dominant de-excitation mechanism is a two-step

process of resonance ionisation (RI) followed by Auger neutralisation (AN). In the

majority of cases for an insulating surface, de-excitation occurs via the one-step

process of Auger de-excitation (AD). The yield of electrons varies as a consequence

of these two di�erent transitions, with more electrons emitted through AD. As ex-

plained below, this is a consequence of the emission of an electron from Auger neu-

tralisation being dependent on the electron which neutralises the helium ion. Some

surfaces may undergo both electron transition processes which can make it more

di�cult to interpret the resulting spectrum. Additionally, Auger neutralisation is a

two-step de-excitation process which leads to a convolution of the SDOS. The con-

tributions of RI followed by AN (RIAN) and AD in a spectrum can be determined

through methods such as single value decomposition [122] and the spectra resulting

from AN can be deconvoluted through a Fourier transform of the self-folded integral

of the transition probability [132].

3.2.1 Penning Ionisation

In 1927 [117, 119], it was �rst demonstrated that when a metastable atom (A � )

comes from in�nity to within close proximity of another atom or molecule (T ), the

interaction switches from predominantly van der Waals forces to Pauli repulsion (as

described by the well-known Lennard-Jones potential). As a consequence of this,

the following ionisation process occurs:

T + A � ! T+ + A + e� : (3.1)

The ionisation is a result of an overlapping of orbitals of the metastable atom and

the target atom/molecule. Following this, an electron from the atom/molecule will

tunnel into a lower energy state of the metastable atom to neutralise it, whilst caus-

ing the simultaneous emission of the electron from the metastable state leaving the

target atom or molecule positively charged. This phenomena is known as Penning

ionisation and can be observed by exposing a gas to a He 23S beam and obtaining
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Figure 3.2: The Auger de-excitation process for a metastable He 23S atom. Since

there is no possible way for the 2s electron to tunnel into the surface, an electron

from the surface tunnels into the ground state of the He atom causing the release

of the excited 2s electron in an Auger-type process.� , � , E i and Ek are de�ned in

the text.

the electron emission spectrum. As such, this spectroscopy technique can be used

to infer information regarding molecular orbitals and states within the gas.

3.2.2 Auger De-excitation

Similar to Penning ionisation, Auger de-excitation (AD) is a single step process

which involves the emission of the 2s electron from a helium atom instead of an

electron from the surface. The emission of an electron from helium occurs as a

result of an electron from the surface tunnelling into the 1s ground state as shown

schematically in Figure 3.2. The di�erence between AD and PI is that in AD a solid

surface or liquid is involved contrary to a single atom/molecule. This process will

only take place when there are no empty states in the surface for the 23S electron

to tunnel into, for example when the Fermi level of the surface is at a higher energy

than the excitation energy of the helium atom.

The AD process is most commonly seen in materials with a large band gap or that

have a small workfunction [121, 133], which generally occurs in insulators and or-
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ganic molecules. The atomic radius of the metastable helium atom is approximately

2.9 �A [134, 135], so for the bands to overlap and AD to occur, the helium atom must

be in close proximity to the surface. Similarly to PI, the highest probability of AD

occurring is in the range of 3 to 5�A from the surface [117]. The features due to AD

are sharp and energy broadening is limited [136] contrary to the two-step electron

process of RIAN. Thus the results from AD are comparable to those observed in

UPS.

The kinetic energy of the electron emitted in AD can be described by the following

equation, whereEk is the kinetic energy,E i is the e�ective ionisation potential of

the ground state He atom,� is the energy di�erence between the surface state and

the vacuum level and� is the energy di�erence between the 2s metastable state and

the vacuum level:

Ek = E i � � � �: (3.2)

Since this is a quasi one-electron process [132] the initial energy of the emitted

electron is constant. Therefore, the only variable in AD is the energy released by

the surface electron that tunnels into the 1s state. Consequently, the ionisation

energy can be approximated to be equal to the following:

E i � � � 19:82 eV: (3.3)

Expressing this in terms of kinetic energy, the AD process can be approximated to

the following equation, where� is the work-function of the surface andEB is the

binding energy of the electron from the solid:

Ek � 19:82� � � EB : (3.4)

3.2.3 Resonance Ionisation and Auger Neutralisation

If Auger de-excitation is the dominant de-excitation mechanism for insulators, then

the two-step electron process of resonance ionisation (RI) and Auger neutralisation
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Figure 3.3: Schematic diagrams of the resonance ionisation (RI) and Auger neutral-

isation (AN) electron transition processes. For this two-stage de-excitation mecha-

nism, � is the initial energy of the neutralising electron and� is the initial energy

of the emitted Auger-type electron.

(AN) will generally be the dominant de-excitation process for metallic and semicon-

ducting surfaces. Contrary to AD, the Fermi level (EF) now lies below the energy of

the 23S state, meaning that there are unoccupied states aboveEF for the electron

to tunnel into. Figure 3.3 shows schematic diagrams of both RI and AN.

As the metastable atom approaches the surface of the material, at about 9�A [137],

the 2s electron will tunnel into an empty state resulting in the ionisation of the

helium atom; this process is known as resonance ionisation (RI). The created He+

ion will then continue to travel towards the surface until, at a distance of around

5-3 �A [138, 139], an electron from the surface will tunnel into the 1s hole to neu-

tralise the ion. The energy of this transition, equivalent toE i � � (see Figure 3.3)

is transferred to another electron in the surface such that no energy is lost as radia-

tion [132]. If the energy of the transition is su�ciently large [117], an Auger electron

will be emitted with kinetic energy as described by Equation 3.2. This de-excitation

mechanism is known as Auger neutralisation (AN). The maximum possible kinetic

energy of the liberated electron is when both electrons involved in AN are initially

at the Fermi edge. If this is the case, it can therefore be deduced from Figure 3.3

that � = � = � meaning that the maximum kinetic energy can be derived as:
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Ekmax = E i � 2�: (3.5)

Contrary to UPS, or MDS where the He 23S has de-excited though AD, the elec-

tron emission spectrum obtained from RIAN is convoluted as a consequence of two

di�erent factors. Firstly, the e�ective ionisation energy will vary due to the image

potential (as described in Section 3.2.5) resulting in the kinetic energy of the elec-

tron emitted to vary slightly. Secondly, the neutralising electron and the emitted

electron will not always originate from the same level (excluding the Fermi level),

i.e. � 6= � . This arises from the fact that the location of the emitted electron will

vary as a consequence of the distance from the surface where de-excitation of the He

23S atom occurs [138] as well as the termination of the surface [139]. Since neither

the neutralising or emitted electrons originate from a set energy, the binding energy

of the electron cannot be directly calculated from its kinetic energy [132]. Therefore

the spectrum is a self-convoluted SDOS described by a self-folded integral, where

F (") is the transition probability (which relates to the intensity of the spectrum at

a given energy"), H f i is the Auger matrix element andN (") is the local density of

states:

F (") /
Z "

� "
jH f i j2N (" � � " )N (" + � ")d(� " ): (3.6)

Furthermore, for any given surface, there is a probability of both AD and RIAN

occurring. According to Dunning et al., this happens when the helium atom is

approximately 3-4 �A from the surface, where AD may compete e�ectively with

RI [140]. The RIAN de-excitation mechanism will still remain the dominant process

for metallic and semiconducting surfaces, but this additional factor further compli-

cates interpretation of the obtained spectra.

3.2.4 Resonance Neutralisation

Similar to Auger de-excitation, resonance neutralisation (RN) of He+ ions can occur

when the work function of the surface is su�ciently low that the Fermi level is

at a higher energy than that of the empty He+ 2s state [117]. Subsequently, an
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electron from the surface tunnels into the excited level in order to neutralise the atom

which leaves a metastable helium atom which may then undergo AD. The transition

probability for this process becomes more appreciable with larger atoms [117], but

is low in most cases since the state lifetime is approximately 106 times longer than

that of Auger neutralisation. Therefore, for the majority of systems which have

been looked at in this project, the contribution due to RN is small enough to ignore.

However, it is worth noting that due to the band e�ect in highly-oriented pyrolytic

graphite (HOPG), the transition probability of RN is increased [141] by one order

of magnitude and has been predicted to be similar with graphene [142].

3.2.5 Image Potential

The e�ective ionisation potential of a helium ion undergoing Auger neutralisation,

E i , is dependent on the image charge potential experienced by the ion as it ap-

proaches the surface. The image potential is a function of separation from the sur-

face due to the image force, which itself is a consequence of the Coulomb interaction

between the helium ion and the surface [143]. Since the maximum kinetic energy of

the emitted Auger electron in RIAN is dependent onE i , in order to interpret the

obtained spectrum, the image potential of the surface needs to be considered. The

e�ective ionisation potential of helium has a gas phase value of 24.6 eV. This value

is then reduced according to the relationship described by Equation 3.7, when a He+

interacts with a solid surface. Here �E i is the change in ionisation potential (eV),

R is the distance from the centre of the ion to the surface (�A) and d is a corrective

distance to account for the image force (which is generally about 0.6�A) [144, 145].

� E i = �
3:6

(R � d)=�A
eV (3.7)

Consequently, when Auger neutralisation occurs at a greater distance, �E i will be

smaller and therefore the kinetic energy of the emitted electron will be larger. For

distances smaller than 1 a.u., this approximation breaks down as the potential no

longer scales withQ2 (where Q is the charge on the point charge) and energy no

longer changes as a function of distance [144].
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3.3 Spin-Polarised Measurements

In certain materials, the spin resolved density of states is asymmetric and the number

of electrons in each spin state is not equal leading to majority and minority spin

states at di�erent energies [132]. This occurs in ferromagnetic and ferrimagnetic

materials, whose electron spins and magnetic moments are arranged in a regular

order [146]. Spin polarisation is expressed as a ratio of the di�erence in the density

of majority and minority spin states. The spin polarisation at the Fermi level can

be de�ned by the following expression:

P(EF) =
n" � n#

n" + n#
(3.8)

wheren" ;# are the densities of state at the Fermi level for majority (" ) and minority

(#) spin states. As discussed in Section 3.6, spin polarised metastable helium atoms

can be used to determine this property. However, it is worth �rst highlighting how

the response from spin polarised helium atoms di�ers depending on the de-excitation

mechanism which takes place.

In Chapter 5, the surface spin polarisation of magnetite is explored using SPMEEM.

Since magnetite is a semimetal, the dominant de-excitation mechanism for such a

surface will be the two-step de-excitation process of RIAN (Section 3.2.3). Following

ionisation of the helium atom as a consequence of the metastable 2s electron tun-

nelling into an empty state above the Fermi level (RI), an electron from the surface

tunnels to the 1s state to neutralise the ion (AN). Due to Pauli's exclusion principle,

the neutralising electron must be of opposite spin state to the helium 1s electron

already present in the ground state (Figure 3.4). RI+AN is therefore dependent on

the spin state which exists at the surface [132].

The electron generated through AN may arise from either spin state, however it

has been observed that both electrons involved in Auger neutralisation tend to have

anti-parallel spins [140]. Two mechanisms have been proposed for why this occurs:

(1) despite RIAN being the dominant de-excitation mechanism for a given surface,

AD still plays a role in the observed SPMDS spectrum [132] or alternatively, (2) a

two-hole singlet state in the surface is preferred. The latter is consistent with Pauli's
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Figure 3.4: The resonance ionisation (RI) and Auger neutralisation (AN) de-

excitation mechanism for a magnetic surface. The neutralising electron in the AN

step must have the opposite spin state to the ground state electron of the helium

ion in order to obey Pauli's exclusion principle.

exclusion principle and the couplet e�ect is more pronounced when both electrons

originate close to the Fermi edge [147, 148]. Since the spin of the electrons involved in

AN can have both parallel and anti-parallel con�gurations, then subjecting a surface

where RIAN is the dominant de-excitation mechanism to a particular metastable

magnetic sublevel, does not only probe one spin state of the SDOS as a certain

contribution of electrons will be generated from the other spin state [132].

The consequence of both the neutralising electron and the emitted electron having

anti-parallel spins is that it further complicates the spectrum making it more di�cult

to interpret the data. As was discussed in Section 3.2.3, the RIAN de-excitation

mechanism results in a convoluted spectrum due to the fact that neither electron

necessarily originates from the same energy. In the circumstance of both electrons

originating from the same spin state but not the same energy, then the spectrum

is only convoluted as a consequence of energy. However, if both the energy and
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Figure 3.5: The Auger de-excitation (AD) process for a magnetic surface. The

electron that tunnels from the surface into the 1s state of the helium atom must

have opposite spin state to the 2s electron.

spin state of the neutralising electron and the emitted electron are di�erent, then

the spectrum is doubly convoluted. In reality, both the antiparallel and parallel

cases exist, and yet despite the prior being favoured, some information regarding

the spin-split SDOS is retained within the RIAN process. The actual value of spin

asymmetry measured by SPMDS will be less than the corresponding value for the

spin polarisation of the material.

When analysing insulating magnetic surfaces, metastable helium atoms will most

likely de-excite by the one-electron process of Auger de-excitation, as shown schemat-

ically in Figure 3.5. Here the surface electron that tunnels into the 1s hole of He

will have the opposite spin state to that already present. If the majority spin state

of the surface is antiparallel to that of the metastable state, there will be a more

substantial yield of electrons emitted, contrary to if the spins were parallel. If the

polarisation of the helium beam is aligned to the magnetisation direction of the sam-

ple, then only the opposite spin state will be probed and the emitted electrons will
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have the same spin polarisation as that of the initial metastable helium beam. Con-

sequently, the spin-split SDOS for a surface which undergoes AD is not convoluted

compared to a surface which undergoes RIAN, and the measured spin asymmetry is

much closer to the actual value. The only problem with surfaces which undergo AD

is that the production of secondary electrons from the surface will lead to a slight

deviation between the measured spin asymmetry and the actual spin asymmetry in

the spin-split SDOS [147].

3.4 A Metastable Helium Source

The various methods that have been employed to produce a metastable helium beam

include colliding helium gas with a coaxial electron beam [149, 150], using a pulsed

discharge [151], and using a liquid-nitrogen-cooled direct-current (DC) discharge

(similar to that used in UPS) [152, 153]. The approaches used during this project at

NIMS and York involve the later two due to their high yield of metastable helium

atoms of up to 1014 atoms s� 1 sr� 1 [152]. For more information on the use of a

coaxial electron beam, the reader is referred to Rundelet al. [149] and Johnsonet

al. [150].

3.4.1 Electron Spectroscopy System (York)

The source on the electron spectroscopy system at York uses a liquid-nitrogen-cooled

DC discharge to produce a high 
ux of metastable helium atoms. This consists of

a hollow oxygen-free copper cylinder measuring 60 mm in length and 20 mm in

diameter which acts as a cathode as shown in Figure 3.6. Regulated helium gas of

99.999% purity is fed through a leak valve into the cathode which is cooled using a

liquid nitrogen (LN 2) cold �nger. At the end of the cathode is a boron nitride disk

with a central 0.3 mm aperture used to generate conditions for supersonic expansion

of the emitted helium gas. Boron nitride is used due to its high durability and good

thermal conductivity. Using this ceramic is ideal since the velocity distribution of

the source is dependent on the temperature of the �nal point of contact between the

exiting helium atoms and the source [121, 129]. A threaded polyimide cap is placed
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Figure 3.6: Schematic of the liquid nitrogen cooled hollow-cathode metastable he-

lium (He*) source used in York. Reproduced from Ref. [121].

at the end of the copper cathode to insulate it from the anodes.

To strike the discharge, attached to the end of the polyimide cap are two anodes

made of tungsten wire. The wire anode is held at 5.0 kV to strike a discharge at

which point the voltage drops to� 600 V (current limited to 3 mA). To help start the

discharge but more importantly to stabilise it, nearer to the boron nitride aperture is

a ring shaped anode (loop) held at 1.2 kV. Following this, at the end of the chamber

sits the skimmer (a frustrum) held at -500 V, which constrains the electric �eld

of the discharge, helping to reduce the pro�le of the beam whilst simultaneously

increasing the charge density around the source exit so that more metastable atoms

are generated [121]. To initially strike the source, a high inlet pressure of helium

(around 60 mbar) is used and, once struck, the pressure is then rapidly reduced to

10 - 12 mbar.

The 
ux of the source against driving pressure follows a log-normal distribution, with

a maximum at 11 mbar based on previous measurements made in our group [129].

The source cannot sustain a discharge at low pressures and is likely to therefore
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extinguish. However, at higher pressures, collisions between the atoms result in de-

excitation before reaching the sample. Therefore, the helium inlet pressure of the

source during operation is kept at 11 mbar to produce the highest 
ux of He 23S

atoms which has been reported to be 5� 1013 atoms s� 1 sr� 1 [121].

Additionally, temperature will a�ect the velocity distribution of the He 2 3S atoms

and it is therefore important to make sure the source is constantly cooled. Atoms

which have a lower temperature will have a lower velocity. The velocity distribution

of this metastable helium source peaks at� 950 ms� 1 with a speed ratio,v=� v, of

� 1.5 indicating the beam is weakly supersonic [121]. The combination of temper-

ature and inlet pressure will not only in
uence the intensity of the source but also

its lifetime before needing to be serviced, so maintaining a constant pressure and

temperature is desirable.

During the initial stage of igniting the discharge, the pressure inside the chamber is

quite high and consequently a large proportion of UV photons are produced in the

source [132]. To counteract this, the source is allowed to run for about 10 minutes to

ensure a pressure equilibrium has been achieved and ensure stability of the source.

Furthermore, to help reduce the number of UV photons arriving at the sample

(creating background noise and peaks in the spectrum), a beam blocker is used.

As shown schematically in Figure 3.7, this consists of a 5 mm stainless-steel foil

disk supported on a 60 mm copper gasket mounted on a rotatable and translational

feedthrough. The size of the aperture is the same as the one prior to the analysis

chamber and is used to limit the pro�le of the beam since any particles in line with

the foil disk will be blocked. An alternative approach to limiting the number of UV

photons reaching the sample is through a velocity selective chopper wheel [121].

To measure the 
ux of the source, a Faraday cup is used. A Faraday cup consists of

a stainless-steel plate (the cup) grounded through a picoammeter with an additional

stainless-steel cylinder surrounding the cup. When metastable atoms de-excite at

the plate, electrons are liberated from the surface and the compensation current

is measured through the picoammeter. To ensure that a true value is measured

on the picoammeter and low kinetic energy electrons are not attracted back to the

plate, the stainless-steel cylinder surrounding the cup is held at +50 V to attract
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Figure 3.7: The beam blocker is rotated in-line with respect to the metastable helium

beamline in order to block a proportion of particles exiting the source and therefore

restrict the number of UV photons reaching the sample.

the emitted electrons.

He 23S Source Vacuum Setup

The metastable helium source at York is positioned in a chamber that has a base

pressure of around 1� 10� 7 mbar. To manage the pressure at the source and pump

away excess helium which may collide with metastable helium atoms thus causing

them to de-excite, as shown schematically in Figure 3.8, a Varian NRC di�usion

pump with a nominal pumping capacity of 4000 ls� 1 is used, backed by a single

stage Edwards M40 rotary pump. During operation, this provides a pressure of

approximately 10� 5 mbar in the source chamber. After the skimmer and towards

the analysis chamber where the sample is located, various chambers are pumped by

two turbomolecular pumps, an Edwards EXT250 and a modi�ed Leybold Turbovac

360CSV with respective pumping rates of 240 ls� 1 and 345 ls� 1. Both of these pumps

are backed by a two-stage Edwards M40 rotary pump. These chambers enable laser

cooling to be applied to the He 23S beam, greatly enhancing its intensity; for more

information, the reader is referred to Ref. [121]. The beamline chambers are all

suspended by a frame in order to isolate the beamline from the optical table which

is used to enable techniques of laser cooling to be applied to collimate and focus

the He 23S beam and greatly increase its intensity. See Ref. [121] for a detailed
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Figure 3.8: Schematic of the metastable helium beamline used in York. MOL

= magneto-optical lens. TP = turbomolecular pump. Figure reproduced from

Ref. [121].

description of this set up. Since vibrations from the pumps may interfere with the

various optical elements used, suspending the beamline is necessary.

3.4.2 MEEM System (NIMS)

The metastable helium source at NIMS, shown schematically in Figure 3.9, uses a

pulsed discharge to generate a He 23S beam. The helium gas is LN2 cooled through a

copper pipe which then feeds into a pyrex tube (diameter of 9 mm) with a concentric

ori�ce of 0.3 mm acting as the nozzle. Placed behind the nozzle and central with it

is a tantalum wire needle 1 mm in diameter spot-welded to a stainless steel cylinder

6.4 mm in outer diameter. Between a skimmer and the pyrex tube is a trigger

electrode held at ground potential through a 200 kWresistor. To strike a discharge

and maintain it, the needle and cylinder are supplied with a �xed pulse of up to

900 V superimposed upon a variable DC voltage of up to 600 V [151]. The pulsed

discharge is stabilised in two domains. First of all, a series resistor coarsely regulates

the discharge current, but fast enough for a pulse duration of 10 - 100µs. Secondly,
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Figure 3.9: Schematic of the source used at NIMS in order to perform metastable

emission electron microscopy. Reproduced from Ref. [151].

the average discharge current is simultaneously controlled slowly and precisely by

a DC power supply in constant current mode [151]. Similar to the source in York,

the He 23S beam then passes through a skimmer but with a 1 mm ori�ce and this

is held at ground potential.

The pulsed discharge time-of-
ight set-up is reported to be equivalent to an in-

tense metastable helium beam with mechanical chopping [151]. Therefore, due to

the extremely low 
ux of UV photons being generated at the source, no additional

procedures are applied to further limit UV photons from reaching the sample. Ad-

ditionally a 1000 ls� 1 turbomolecular pump is used to provide the correct pressure

pro�le through the system to generate a stable beam. For more information on this

source, the reader is encouraged to read Ref. [151].

3.5 Spin Polarisation of the He 23S Beam

In order to perform spin-polarised measurements in SPMDS and SPMEEM, the He

23S beam needs to be spin polarised so that all of the atoms are in either themj =+1
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or mj = � 1 magnetic sublevel. To spin polarise the metastable helium beam, optical

pumping or a sextupole magnet can be used as described below.

3.5.1 Spin Polarisation Using Optical Pumping

In addition to providing optical forces needed to intensify the He 23S beam through

laser cooling, laser light tuned to the 23S1 ! 23P2 transition at 1083.331 nm can

also be used to selectively place the metastable helium atoms into themj = � 1

sublevels using optical pumping. Since photons are massless, excitation events due

to an incident photon are bound by the selection rule of �mj = � 1. Due to the

coupling between the aligned spin of the photon (s = 1) and the electron
�
s = 1

2

�
,

using right-hand circularly polarised light (� + ) will result in the He 23S atoms being

placed into the mj = +1 magnetic sublevel with left-hand circularly polarised light

(� � ) resulting in atoms in the mj = � 1 state.

By applying a weak magnetic �eld across the metastable helium beam, the degen-

eracy of the 23P2 state is lifted and separated into �ve di�erent magnetic sublevels

from mj =-2 to mj =+2 as shown schematically in Figure 3.10. The 23P (J=2) sub-

level is chosen since 23S1 (mj =-1,0,+1) magnetic sublevels can all be excited to the

next highest magnetic sublevel based on the selection rule discussed above. Whilst

the J=1 sublevel could be used, this transition would see a reduced e�ciency in op-

tical pumping since excitation to themj =+2 magnetic sublevel (from the mj =+1

sublevel of 23S1) would not be possible. All de-excitations from the 23P2 level follow

the rule � mj = 0; � 1 and therefore atoms in the 23P2 (mj =+2) can only de-excite

back to the 23S1 (mj =+1) magnetic sublevel forming a closed transition cycle, since

no other de-excitation routes are available [132]. Over several cycles, the result is

that the majority of He 23S atoms will occupy themj =+1 magnetic sublevel. Sim-

ilarly, if � � light is used, then the majority of helium atoms will occupy themj =-1

magnetic sublevel. A quantisation axis is de�ned in optical pumping by applying a

weak transverse magnetic �eld in the direction of the laser [121].

Circularly polarised light is generated by passing the linearly polarised light pro-

duced from a diode laser locked to the 23S1-23P2 transition through a quarter-wave

(�= 4) plate. A �= 4-waveplate consists of a birefringent material where the refractive
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Figure 3.10: The helium 23S1 ! 23P2 transition used for optical pumping showing

the magnetic sublevel structure and transition strengths normalised to the weakest

transition. Excitation with resonant � + circularly polarised light optically pumps

atoms into the 23P2 (mj =2) magnetic sublevel where it forms a closed transition

with the 23S1 (mj =1) magnetic sublevel. Figure reproduced from Ref. [121].

index varies depending on the linear polarisation of the light, and consequently the

linearly polarised light with the larger refractive index will be retarded by�= 4 in

phase with the linear polarisation with the smaller refractive index.

3.5.2 Spin Polarisation Using Permanent Magnets

An alternative method of placing the majority of He 23S beam into the mj = � 1

magnetic sublevels is through the application of a series of permanent magnets.

Here, an arrangement of hard and soft magnetic materials (composing of Nd, Fe

and B) are arranged in a cylinder-like shape around the beamline [154], as shown

in Figure 3.11. When metastable helium atoms travel through the pole gap, they

66



Figure 3.11: (a) The sextupole magnet consists of a series of soft and hard magnets

arranged in a cylinder like shape around the beamline. (b) As a consequence of this

magnet, metastable helium atomsmj = +1 state will experience a force towards the

beamline axis whilst atoms in themj = � 1 state will feel a force away from the axis

and the magnet therefore behaves like a positive lens. The design of this magnet is

based on work by Baumet al. [155].

experience an inhomogeneous magnetic �eld [155] the force of which is proportional

to their radial distance from the axis (the beam axis which is in the direction towards

the sample) [155]. Atoms in themj = +1 state experience a force towards this axis,

whilst atoms in the mj = � 1 state will feel a force away from the axis and those of

mj = 0 experience no force at all. The result is that the sextupole magnet behaves

like a positive lens which only directs metastable helium atoms in themj = +1 state

towards the sample and the focus of the beam is limited by the velocity spread of the

helium atoms [155]. To restrictmj = 0 metastable helium atoms and parahelium

from reaching the sample, a central stop is placed at the exit point of the sextupole

magnet. This is a 1.5 mm diameter disk held by a thin needle with the position

adjusted using a linear drive [155].

Since around 95% of the metastable helium atoms are placed in themj = +1 state

by this method (adiabatic case), to also producemj = � 1 He 23S atoms, a zero-

�eld spin-
ipper is used, as described by Kurahashiet al. [130, 155]. If the magnetic

�eld seen by the metastable helium atom changes more quickly with respect to its

Larmor precession frequency (diabatic case), then the spin state will 
ip tomj = � 1.

Since the Larmor frequency is proportional to the magnetic �eld, a weak B-�eld is
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applied within the 
ipping region [130]. Furthermore, to eliminate leakage �elds,

primarily due to the Earth's magnetic �eld (measured to be around 50µT [130]),

the 
ipping region is contained within a series of permalloy shields. The extent of

spin polarisation of the metastable helium beam can be seen in Figure 3.13 where

250 mG is the strength of the transverse magnetic �eld applied in the zero-�eld

spin-
ipper.

3.6 Spin Asymmetry Measurements

Spin asymmetry is the ratio of the di�erence over the sum of electrons generated

and measured from He 23S atoms whose spin magnetic moments are aligned parallel

(antiparallel) to an applied magnetic �eld [32]. This is expressed as:

A(%) =
1

jPzj
I " � I #

I " + I #
� 100 (3.9)

where Pz is the polarisation of the He 23S beam andI " and I # are the intensities

of electrons collected by the analyser when the metastable helium atoms are in the

mj = +1 ( " ) and mj = � 1 (#) states respectively. The polarisation of the metastable

helium beam is expressed as:

Pz� =
n" � n#

n" + n0 + n#
(3.10)

wheren" , n# and n0 are the number of helium atoms in themj +1, -1 and 0 magnetic

sublevels [147]. The beam polarisation is measured using a Stern-Gerlach analyser

(see below) and the polarity of the spin-polarisation is changed by using either the

spin-
ipper and sextupole magnet setup or alternatively by changing the helicity of

circularly polarised light [147].

3.7 Stern-Gerlach Analyser

Before attempting spin polarised measurements, it is �rst important to check the

extent of spin polarisation of the He 23S beam since it needs to be ideally> 95%.
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(a) (b)

Figure 3.12: In order to determine the extent of spin polarisation of the metastable

helium beam, a Stern-Gerlach analyser is used. (a) Plan view of the Stern-Gerlach

analyser setup used in the electron spectroscopy laboratory at York. (b) Cross-

section of the horseshoe magnet used to produce an inhomogeneous magnetic �eld

across the beamline.

This spin polarisation can be checked using the same principles as those of the

1922 landmark Stern-Gerlach experiment [156]. By passing a beam of silver atoms

through an inhomogeneous magnetic �eld, Stern and Gerlach were able to demon-

strate quantisation of angular momentum of the electron. After passing through the

magnetic �eld, these silver atoms were observed on a photographic plate and it was

found that the quantisation of the electron spin had two orientations, later to be

de�ned as spin up and spin down.

Both at York and NIMS, a similar setup to that of the original experiment is used.

After the analysis chamber where MDS/MEEM takes place, an extra vacuum system

is located in which the helium atoms �rst pass through a narrow vertical rectangular

slit of width around 50 µm. This is used to provide a well-de�ned beam pro�le that

results in clearly resolvable magnetic sublevels. Immediately after the slit is an

inhomogeneous magnetic �eld; at York, this is produced using a horseshoe magnet

with three extra soft Fe pole pieces in the arrangement shown in Figure 3.12. This
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Figure 3.13: The measured response on a channel electron multiplier (CEM) from

a spin polarised He 23S source in the MEEM system before (blue) and after (red)

the spin 
ipper is used. Position is the vertical height of the CEM relative to the

beamline axis.

non-uniform magnetic �eld causes a splitting along the direction of the �eld gradient,

resulting in three vertical spots on the detector corresponding tomj = � 1; 0; +1.

If the source is 100% spin-polarised, then only one spot will be observed at the

detector.

The detector is either a scanning channel electron multiplier mounted on an auto-

matic adjustable height platform (NIMS) or a microchannel plate/phosphor screen

assembly (York); see Chapter 4 for more information on this.

The extent of spin polarisation obtained using a sextupole magnet and a zero-�eld

spin-
ipper can be seen in Figure 3.13. In the adiabatic case, not all of the helium

atoms are in themj = +1 state and there is a small population of atoms in the

mj = 0 magnetic sublevel (less than 10%). After applying the spin-
ipper, 99% of

the He 23S atoms now occupy themj = � 1 magnetic sublevel.
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3.8 Quantisation Axis

One further challenge faced with spin polarised measurements is the in
uence of the

Earth's magnetic �eld which causes the spin of the He 23S to precess to align with

this �eld [130]. This will in
uence spectroscopic/microscopic measurements when

attempting to measure the surface spin polarisation of a material in a particular

magnetisation direction. To account for the Earth's magnetic �eld, a series of coils

are placed around the sample region. By applying a small current within the coils,

the Earth's magnetic �eld is cancelled out (as checked using a Hall probe). A small

�eld ( � 0:1 Gauss) is applied in a particular magnetisation direction to de�ne a

quantisation direction at the sample surface. A quantisation axis is applied to align

the spins of the He 23S atoms parallel with that of the magnetisation axis of the

sample or to enable in-plane and out-of-plane magnetisation to be probed.

At York, six sets of coils, in pairs of two, connected in series with an equal number of

turns and separation of approximately 140 cm (Helmholtz coils), are placed around

the spectroscopy system such that each pair of coils acts in a particular direction

(x, y, z) [157].

At NIMS, the photoemission electron microscopy (PEEM)/MEEM system has two

di�erent coils wound around the chamber of the main system with each de�ning a

quantisation axis either in-plane or out-of-plane relative to the sample. One coil

applies an in-plane quantisation axis in the plane of the surface of the sample, with

a �eld strength of 50 mG across the plane (I=4.5 A). The other axis is out-of-plane,

with a �eld strength of 630 mG (I=2.8 A) out of the plane of the sample.
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Chapter 4

Experimental Techniques

This chapter aims to detail the main experimental systems used in this project and

the techniques (aside from MDS) used to characterise graphene, Fe3O4 and other

systems studied. Starting with a description of ultra-high vacuum systems, this is

then followed by an explanation of the setups used both in York and at NIMS. The

chapter then covers the various surface analysis techniques used in this project with

a focus on photoemission spectroscopy and emission electron microscopy. Finally, a

brief overview of CASTEP, a DFT code used here to provideab intio calculations

to support experimental results is also covered.

4.1 Ultrahigh Vacuum Systems

In order to characterise organic/ferromagnetic interfaces and the proximity e�ect in

2D materials, it is desirable to produce these systems in a clean environment, where

contaminant gasses do not modify the material's properties or make the surface

\dirty". To prepare samples in such a manner and perform certain experimental

techniques, for the majority of experiments performed in this project an ultra-high

vacuum (UHV) was used. UHV conditions exist in systems where the pressure is

between 8� 10� 9 to 10� 10 mbar [158]. Anything lower than 1� 10� 10 mbar is classed

as extreme high vacuum [159] and pressures at 10� 8 mbar and above are classed as

high vacuum. At pressures of 1� 10� 10 mbar, in theory, it takes approximately three

days for a monolayer of residual gas to form on a surface therefore enabling growth
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and preservation of clean surfaces. In practice, contamination of the sample is lim-

ited to no more than one day but this is dependent on the sticking coe�cient of the

surface [158]. A further bene�t of UHV is the ability to perform certain techniques

which cannot be carried out at atmosphere such as the electron spectroscopy and

microscopy methods used here [160].

During this project, three main systems were developed and used, as detailed in

the following sections: the electron spectroscopy laboratory, the low energy electron

di�raction (LEED) I/V system (both in York) and the SPMEEM system at NIMS.

All of these are described in more detail below.

4.1.1 Electron Spectroscopy System

The electron spectroscopy system, shown schematically in Figure 4.1, is where the

majority of the work performed in this project took place. The system consists of

three chambers: a fast entry lock (FEL), a preparation chamber for growth and

preparation, and an analysis chamber which hosts the various di�erent spectroscopy

techniques.

The FEL is equipped with an Omicron-style storage rack with three slots enabling

up to four samples to be used in the system at any given time. The sample storage

rack is connected to a six way cross (CF40 
anges for each face) which acts as the

FEL chamber. A transfer arm 160 cm long connects all three chambers together

and a gate valve separates the FEL from the preparation chamber. Between the

transfer arm and the FEL chamber is an adjustable CF40 bellows section for �ne

tuning of the transfer arm position.

An Edwards EXT75DX 61 ls� 1 turbomolecular pump backed by an Edwards RV5

rotary vane pump is used to pump the FEL chamber. An ion gauge (sensitivity set

to N2) measures the pressure and when a value of 5� 10� 7 mbar or lower is reached,

samples are transferred to the analysis or preparation chamber. Nitrogen gas is used

to vent the chamber during sample exchange to help maintain clean conditions.

The FEL is separated from the preparation chamber by a CF40 gate valve and

a large CF160 gate valve connects the other side of the preparation chamber to
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Figure 4.1: Plan view schematic of the electron spectroscopy system at York devel-

oped and used throughout this project. See text for details.

the analysis chamber. The preparation chamber holds samples using an Omicron

sample stage equipped with both a Th/W �lament for e-beam heating and a Mo

comb for DC heating. This sample stage is mounted on a modi�ed transfer arm and

port aligner which provide the necessary range of positions for di�erent purposes.

The sample stage is also equipped with a quartz crystal microbalance (QCM) for

monitoring the deposition rate of the metallic and organic deposition sources in the

preparation chamber.

The preparation chamber is pumped beneath its supporting table using a 420 ls� 1

Seiko Seiki STP-400 turbomolecular pump, backed by an Edwards RV3 rotary pump.
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Combined with a titanium sublimation pump, this results in a base pressure of

< 5 � 10� 10 mbar (as measured using an ion gauge). For more information on the

layout see Ref. [157].

Mounted on a CF160 
ange of the main chamber is a cluster 
ange with four CF40


anges. In the �nal arrangement used in this work, the cluster 
ange supported

an erbium source, an Omicron EFM3 Fe source and an MBE-Komponenten NTEZ

low temperature e�usion cell for deposition of organic molecules. The �nal 
ange

is for a gas doser with two Swagelok 6 mm gas delivery lines. Externally, these

gas lines are connected to two needle valves followed by two stop valves. One of

these is used generally for the inlet of oxygen and the other for hydrogen. The

hydrogen gas line is connected to a 50 W tungsten �lament DC bulb with 2 mm

holes drilled either side. The purpose of this is to act as a hot tungsten �lament to

crack molecular hydrogen to atomic hydrogen (as discussed in Chapter 6), and this

requires a temperature of 1873 K or greater [161]. For most cases, approximately

30 W was used to successfully crack molecular hydrogen into its atomic form. This

gas doser is mounted on a linear drive allowing it to be brought in close proximity to

the sample. Additionally, there is a SmartLAB residual gas analyser for monitoring

partial pressures of remnant gases in the chamber.

A pulse magnet on a rotational drive to position it around a sample in the prepa-

ration chamber can be used to magnetise thin �lms. This provides a �eld strength

up to 100 mT, in a 30.1µs period using a 127 V pulse delivered from a 100µF

capacitor. Testing of this as well as calculations and its design are explored in much

more detail in Ref. [157]. There is also an ISE10 ion gun for Ar+ sputtering and

cleaning of samples. Finally, the preparation chamber is equipped with an Omicron

SPECTALEED low energy electron di�raction (LEED) apparatus equipped with a

W/Th �lament to probe the surface reconstruction of samples.

The analysis chamber is equipped with a �ve-axis Omicron manipulator enabling

motion in the x, y and z directions as well as rotation around the vertical axis and the

sample normal axis (azimuthal). This range of motion is important when considering

sample position with respect to the various probe sources as well as the entrance

aperture of the hemispherical energy analyser (Section 4.4). The manipulator can
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be cooled to liquid nitrogen temperatures through a copper labyrinth and braid.

The analysis manipulator is equipped with the same Omicron DC setup as the

preparation chamber but instead of a Th/W �lament for e-beam heating, there is

instead a pyrolytic boron nitride heater for more gentle heating of samples up to

1073 K. A thermocouple is attached to the end of the stage to measure the sample

stage temperature.

The analysis chamber is pumped beneath the table using a 400 ls� 1 Edwards nEXT

400 turbomolecular pump backed by an Edwards RV3 rotary pump, with a mesh

above to prevent samples from falling into the turbomolecular pump. Attached to

the chamber is a titanium sublimation pump to help reach lower pressures. The

base pressure in the chamber reaches values� 1� 10� 10 mbar (ion gauge sensitivity

tuned to N2) and has a general backing pressure of 5� 10� 3 mbar (pirani guage).

For more information on the pumping arrangement, the reader is encouraged to look

at Ref. [157].

The UPS source, an Omicron VUV HIS 13, is connected to the analysis chamber

through a CF40 
ange and sits at a 45� angle to the analyser and monochromator,

as can be seen in Figure 4.1. Using a cold cathode discharge, He I� photons

(hf =21.22 eV) are produced when helium is introduced through a needle valve

which is connected to a 99.999% pure He cylinder. The helium is let into the

chamber through a thin glass capillary which requires additional pumping to control

the pressure at both ends of the source. This is achieved using a 33 ls� 1 Leybold

Turbovac 50 turbomolecular pump backed by an Edwards RV5 (the same one that

backs the FEL). To pump excess helium, an additional pumping line is used during

source operation, backed temporarily by an RV12 rotary pump. This source requires

cooling during operation and this is achieved through a shroud surrounding the

source supplied with cold mains water.

The monochromated X-ray source (Oxford Instruments XM1000 MKII Mono X-ray)

is connected to a bespoke CF160 to CF100 adaptor with a 5� o�set to ensure correct

alignment relative to the sample position. The source is mounted at 90� to the anal-

yser. X-ray Al K� photons (1486:7� 0:1 eV) are produced from one of two �laments,

either short or long enabling control of the emission current and consequently the in-
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tensity of X-rays being generated. The power used in standard operating conditions

ranges from 300-450 W depending on the �lament, and to maintain a constant tem-

perature, this source is cooled with a recirculating temperature-controlled cooling

system driven by an ATC KT1 chiller pumping deionised water at 18� C. The emit-

ted X-rays are aligned via a port aligner to the quartz crystal in the monochromator

which focuses and monochromates the X-rays onto the sample stage. An additional

CF40 pumping line is connected to one of the ports on the main chamber to provide

additional pumping of the source.

To analyse electrons produced from the three forms of spectroscopy available in this

system (UPS, XPS or MDS), an Omicron EA 125 hemispherical energy analyser

is used. The analyser consists of seven channel multipliers with a reported energy

resolution of 10 meV over a range of up to 2000 eV and a maximum count rate of

107 s� 1. This is mounted at 90� to the transfer position and the entrance optics are

set at the same height as the transfer mechanism, UV source and Mott detector.

For more information on how this functions, see Section 4.4.

4.1.2 Low Energy Electron Di�raction I/V System

To perform LEED I/V measurements, an additional system was used that is pri-

marily for room temperature scanning tunnelling microscopy (STM). This system

has an Omicron SPECTALEED instrument but instead of an Th/W �lament, the

electron gun here is equipped with a LaB6 �lament for a more stable source of elec-

trons. LEED I/V measurements are performed on two pieces of software, Neptune

and kSA 400 and images are taken using a kSA K-30FW camera. The system has

a �ve-axis Omicron manipulator, and, as for the electron spectroscopy system, uses

an Omicron sample stage, with both a Th/W �lament for e-beam heating and a Mo

comb for DC heating. There are multiple metallic sources available including for

rare-earth metals and iron as well as an argon sputter gun for cleaning samples. In

an adjacent chamber there is a hydrogen cracking source, similar to the one used

in the electron spectroscopy system [162]. The capabilities of both of these system

allow samples to be prepared under the same conditions so that, nominally, the same

surfaces are studied.
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Figure 4.2: A photograph (above) and plan view schematic (below) of the

MEEM/PEEM system at NIMS in Tsukuba, Japan, used during this project.

4.1.3 Emission Electron Microscopy System

All SPMEEM data in Chapter 5 were collected in an emission electron microscopy

system at the National Institute for Materials Science (NIMS) in Tsukuba, Japan.

This consists of four chambers: a FEL for transferring in samples from atmosphere,

the He 23S source, the main chamber which contains the PEEM/MEEM optics,

and a �nal chamber used for checking the spin-polarisation of the He 23S source

(Stern-Gerlach analyser). A photograph and schematic view of this system can be

seen in Figure 4.2.

The main chamber is pumped by two turbomolecular pumps, an 800 ls� 1 Shimazu
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TMP-803L and a 50 ls� 1 Mitsubishi PT-50; these are connected in tandem to obtain

a high compression ratio for hydrogen and helium and ensure e�cient di�erential

pumping between the He 23S source and the sample. These turbos are backed by an

Adixen rotary pump with a pumping rate of 324 ls� 1. Additionally, below the sup-

port table is a titanium sublimation pump for helping maintain low pressures within

the system. Typical base pressures are, for the main chamber, 1:3� 10� 10 mbar, for

the FEL, 1 � 10� 9 mbar and for the beamline, 5� 10� 9 mbar.

The main chamber is equipped with an Elmitec XYZ-manipulator to enable full

range of motion, with an internal reservoir enabling temperatures as low as 126 K

to be reached using liquid nitrogen. Di�erent positions along the z axis enable

transfer, imaging, cleaning or deposition on the sample. The main chamber consists

of a Ni molecular beam epitaxy (MBE) source, an argon sputter gun (PHI 04-191;

N.B this was originally a 
ood-type ion gun but was modi�ed to enable di�erential

pumping capability at the source), and a leak valve which was used as a source

of both oxygen and naphthalene. The electron optical system used is a STAIB-

PEEM-350 instrument and a PHOTONIS APD 2 PS 40/12/10/8 I 60:1 6"FM P20

microchannel plate was used for imaging. Samples are mounted in Elmitec sample

plates made of non-magnetic metals equipped with a W/Th �lament enabling e-

beam heating of the sample.

Three di�erent excitation sources are present on the system (He 23S, Hg/Xe UV arc-

lamp, and a UV laser), all mounted at an angle of 72� with respect to the sample. A

Hg/Xe ORIEL UV arc-lamp is used for photoemission electron microscopy (PEEM)

imaging and a UV laser with a wavelength of 266 nm is used for spin-polarised

PEEM; a detailed schematic of this setup can be seen in Figure 4.3. Finally, a He

23S beamline using the source described in Section 3.4.2 provides the capability for

(spin-polarised) MEEM.

The UV laser is generated using a series of di�erent optics. Firstly, a diode-pumped

Nd3+ :YVO 4 vanadate laser is used to generate 1064 nm laser light. This is then

passed through the �rst frequency doubler made of potassium titanyl phosphate

(KTP) which is a crystal material lacking inversion symmetry and exhibiting non-

linearity [163]. Consequently, when an input wave passes through this material, it

79



Figure 4.3: Demonstration of how a 266 nm UV laser is used in the PEEM/MEEM

system and input through a series of lenses and �lters. 1064 nm laser light is gen-

erated using a diode-pumped Nd3+ :YVO 4 vanadate laser and then passed through

two frequency doublers of potassium titanyl phosphate (KTP) and� -barium borate

(BBO) to reduce the wavelength to 266 nm. This light is cycled using mirrors and

quartz glass to ensure an intense UV beam before being passed through a 266 nm

pass �lter to remove any other wavelengths of light. Finally, before reaching the

sample, the light is circularly polarised through a�= 4-waveplate. The graph below

the laser setup is the power output of the 266 nm UV laser.

generates a wave with double the frequency of the input wave and in this case a

532 nm wavelength. This is then passed through a mirror and into a second fre-

quency doubler of� -barium borate (BBO, � -BaB2O4) which converts the 532 nm

laser light to 266 nm light. Excess 532 nm light is re
ected back through the BBO

using a glass prism to improve the intensity of the UV laser. A 266 nm pass �l-

ter then removes any additional wavelengths of light before the laser is circularly

polarised using a� /4-waveplate.

To check the spin polarisation of the He 23S beam, in-line with the source, a Stern-

Gerlach analyser is mounted consisting of a slit to provide a de�ned beam, an
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inhomogeneous magnetic �eld created using NdFeB magnets and a channel electron

multiplier (CEM) mounted on an electronically adjustable stage.

For the experiments described in Chapter 5, the FEL was temporarily setup to act

as a chamber in which samples could be exposed to atomic hydrogen. The design of

the hydrogen cracker is the same as that used in the electron spectroscopy system

at York, but the tungsten bulb has a tolerance of 20 W instead of 50 W. It was

found that around 10.3 W was needed to successfully turn molecular hydrogen into

atomic hydrogen. Additionally, a needle valve was used to allow the introduction of

oxygen.

4.1.4 Bakeout

Ultra-high vacuum is generally regarded as a region where the pressure is below

10� 9 mbar [158, 164]. UHV systems are generally made of steel with low rates

of outgassing of absorbed and desorbed gases, and by using a series of pumps in

tandem, UHV conditions can eventually be reached over time [164]. A challenge

faced with UHV systems is that the chamber pressure is increased by desorption

of absorbed gases within chamber walls, where residual gas has absorbed into these

walls whilst the system is exposed to atmospheric pressure. Since water and other

gases from air have slow desorption rates, it is di�cult to achieve UHV conditions

in a short period of time. To reduce the time needed to achieve UHV, the system

is \baked" which is a process of bringing the entire system to temperatures above

373 K. This causes gases which have adsorbed in the chamber walls to more rapidly

desorb and then be pumped away reducing the time needed to achieve UHV to no

more than a couple of days.

The electron spectroscopy and LEED I/V system both use bake-out panels combined

with fan heaters to uniformly raise the temperature of each system. Heating tape

is also sometimes used during bake-out with the current regulated using variable

AC power supplies. The temperature of the electron spectroscopy system is set

to 403 K due to the quartz crystal housing in the monochromator which can be

damaged by heating the system above this temperature. These systems are typically

baked between 24 - 48 hours, with the bake only starting when pressures reach
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the mid-10� 7 mbar range and then stopped when the pressure does not reduce

signi�cantly. For the electron spectroscopy system, this is typically around 2�

10� 7 mbar. Immediately afterwards, whilst the system is still hot, the titanium

sublimation pumps are outgassed and then �red every 10 minutes for the �rst hour

to help remove residual gas as the system cools.

4.2 Low Energy Electron Di�raction

To prepare certain materials such as Si(111) or 6H-SiC(0001) for studies relevant to

electronic and spintronic applications, a clean, well-ordered surface is required. A

surface reconstruction is a stable con�guration of atoms at the surface of a material

with a low free energy and a minimum number of dangling bonds [165]. To check the

surface reconstruction of a material, one technique which can be used is low energy

electron di�raction (LEED) which involves di�raction of low energy electrons by a

material which constructively and destructively interfere. The resulting di�raction

pattern can then be used to determine the surface reconstruction based on the same

principle as Bragg scattering [164, 166].

The basis of LEED was �rst demonstrated by Davisson and Germer in 1927 who

were studying the di�raction of electrons through nickel in order to probe the wave

nature of the electron [167]. Since then, this has been developed into a commonplace

UHV technique which is used to provide information on the surface structure. An

example of a LEED setup as well as an example di�raction pattern can be seen

in Figure 4.4. By 
ashing a surface at high temperatures followed by a slow cool,

certain surface reconstructions such as the 6H-SiC(0001)-((
p

3 �
p

3)R30� ) can be

achieved as seen in Figure 4.4 (b).

The de Broglie wavelength of an electron with respect to its kinetic energy is ex-

pressed by the following equation:

� =
h

p
2meEk

(4.1)

where � is the de Broglie wavelength,h is Planck's constant,me is the mass of an

electron andEk is the kinetic energy. From this equation, it can be seen that elec-

82



Figure 4.4: (a) A diagram of a typical setup for performing LEED where the sample

surface sits orthogonal to and within close proximity of the electron gun. (b) LEED

pattern of the 6H-SiC(0001) (
p

3�
p

3)R30� reconstruction wherea� and b � are the

reciprocal lattice vectors. Image taken at 80 eV.

trons with a kinetic energy in the range of 20 - 200 eV have a de Broglie wavelength

e�ectively equivalent to the atomic spacing of a well-ordered crystal. Electrons

within this energy range will therefore di�ract constructively and destructively (as

described by the Laue equations), resulting in a di�raction pattern which can be

observed using a phosphor screen or other detector. The energy of the escaping

electron relates to the information depth of the technique. In LEED, the electrons

are of low energy and so the information depth according to the universal curve

(Figure 4.5 [28]) is within the range of a few atomic layers thus making it a surface

sensitive technique.

The Omicron SPECTALEED generates a cathode ray through thermionic emission

from a Th/W or a LaB 6 �lament, with the latter being a more stable source of

electron emission and also having a longer lifetime and greater current density [168].

These electrons are then focused and accelerated to a point on the surface of the

sample using a series of electrostatic lenses. A negative potential, the Wehnelt

potential, is used to focus the beam by retarding the electrons being emitted from

the cathode. After hitting the sample, the di�racted electrons then pass through

a series of �ne mesh retarding grids which remove inelastically scattered electrons

which may reduce the sharpness and contrast of the di�raction pattern. Beyond
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these grids, the electrons are accelerated by a large positive potential (5 - 6 kV)

applied to the screen to visualise the pattern.

To interpret LEED patterns, Wood's notation is used [164]. This notation is valid

when the overlayer structure and the bulk planar structure have the same symmetry;

i.e. the angles between the lattice vectors of the surface unit cell in the bulk,a1 and

a2, are equal to the angle between lattice vectors of the overlayerb1 and b2. Take

for example the (
p

3 �
p

3)R30� of the 6H-SiC(0001) reconstruction in which the

notation is split into two parts. The �rst part speci�es the length of the overlayer

with respect to the bulk where in this case,jb1j=
p

3ja1j and jb2j=
p

3ja2j. The

second part of the notation indicates rotation of the overlaying cell with respect

to the bulk, so the (
p

3 �
p

3)R30� reconstruction has a 30� rotation. The LEED

pattern of the (
p

3 �
p

3)R30� surface reconstruction is shown in Figure 4.4 with

the reciprocal lattice vectors highlighted.

4.2.1 LEED I/V

LEED can be further developed in a technique known as LEED I/V which mea-

sures the intensity (I) of particular spots as a function of electron voltage (V) or

energy. This can be used to characterise the extent of growth in certain systems,

and is particularly useful when looking at graphene growth on SiC. As discussed in

Chapter 6, the (6
p

3 � 6
p

3)R30� surface reconstruction indicates the formation of

a bu�er layer [169, 170] but may also indicate the existence of additional layers of

graphene (monolayer, bilayer, etc.). Depending on the number of layers present, the

intensity of the di�raction spots associated with graphene will change at particular

electron energies. Therefore, LEED I/V can be used to characterise the number of

layers of graphene on SiC [41, 171].

The software used to track the spots and measure their intensity as a function of

beam current is kSA 400. This tracks a spot's intensity by predicting its position

using the following equation:

t =
�

L �h
ndk

p
2me

�
1

p
E

=
A

p
E

(4.2)
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where t is the distance between specular and nth-order di�raction spots,L is the

distance from the centre of the sample to the centre of the phosphor screen,dk is the

atomic spacing between rows of atoms in the plane of the surface andE the beam

energy. Such a technique has been used to solve a variety of di�erent structures

such as SiC [41] and to theoretically predict structural e�ects due to oxidisation of

ferromagnetic surfaces [172].

4.3 Photoemission Spectroscopy

One of the earliest examples of photoemission was in 1887 when Hertz experimented

with UV light on a spark gap and observed passage of the spark [173]. However, it

was not until 1905 that Einstein was able to describe the phenomenon of emission

of electrons from a surface due to incident light, a process given the name \the

photoelectric e�ect" [174]. Previously, light had been treated as a wave, but the

observation of the photoelectric e�ect led to light being considered instead as quanta,

with an electron only emitted if the energy of the incident photon is greater than or

equal to the workfunction of the surface. Explanation of this process would result

in Einstein being awarded the physics Nobel prize in 1921 [174].

The kinetic energy, Ek , of the electron emitted due to the photoelectric e�ect is

given by the following equation:

Ek = hf � � s � EB (4.3)

where � s is the work function of the surface,hf is the energy of the photon with

f the frequency of incident light, andEB is the binding energy of the state from

which the electron originates. By measuring the intensity of the emitted electrons

as a function of their energy, a spectrum is obtained which will contain peaks that

correspond to the discrete energy states from which they are emitted. Inspection

of Equation 4.3 shows that the maximum kinetic energy of a photoelectron is a

function of the energy of the incident photon and the work function of the surface.

Similar to LEED and other techniques involving electrons, the energy of the emitted

photoelectron also corresponds to the information depth. The surface sensitivity of
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Figure 4.5: A plot, known as the universal curve, showing the relationship between

attenuation length (� , in atomic monolayers) and kinetic energy of the emerging

electron for a wide range of materials. It is photons in the range of 50 - 200 eV

that are most surface sensitive, with� 40 eV being an ideal energy for the escaping

electron. Graph taken from Briggset al. [28].

photoemission does not depend on the penetration depth of the photon but instead

the probability of the photoelectron, once generated, being able to escape to the

surface without further energy losses [164]. Plasmons, electron-electron interactions

and single or double-particle excitations can all result in the escaping electron losing

energy. For the greatest surface sensitivity (smallest information depth), the wave-

length of light needs to be in principle closest to the minimum of the universal curve

seen in Figure 4.5 which appears at around 40 eV; therefore an ideal energy range

for photons is between 50-200 eV [164]. Aside from synchrotron facilities, some

progress has been made towards developing UV sources with variable energy, for

example, \harmonium", a laser-assisted source for time-resolved UV photoemission

spectroscopy [175].

It is also worth noting that the emission of electrons from the surface is a�ected
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by the response of the atom to the creation of the hole/photoelectron which can

result in additional features in the spectrum intrinsic to the photoemission process.

Extrinsic losses such as plasmon excitation can also in
uence the spectrum [176].

4.3.1 Ultraviolet Photoemission Spectroscopy

Due to the low energy of ultraviolet photons, the corresponding photoelectrons will

originate from loosely bound occupied states from the Fermi level to within> 10 eV

of the valence band. Ultraviolet photoemission spectroscopy (UPS) in this project

used He I� photons with an energy of 21.22 eV. From inspection of Equation 4.3, it

can be seen that each electron will have a measured kinetic energy that corresponds

to a particular binding energy. Measuring the intensity of electrons over a range of

di�erent kinetic energies will result in an electron emission spectrum that directly

relates to the density of states of the valence band for the surface and �rst few

sublayers of the sample. A representation of this electron emission process is shown

in Figure 4.6.

The penetration depth of UPS is around 1 - 2 nm, however, the information depth

is dependent on the energy of the incident UV photon. Based on the universal curve

(Figure 4.5), photoelectrons generated from He I� UV photons which have escaped

to the surface without undergoing inelastic collisions will originate from around one

to three atomic monolayers of the material. Consequently, probing valence band

states using He I� UV photons is fairly surface sensitive. Since some photoelectrons

generated will originate from bulk states, the electron emission spectrum obtained

will be a mixture of both subsurface and surface states.

One feature of using this particular transition is that the excitation energy of the

He I � UV photons, 21.22 eV, is very similar to that of the 23S metastable state of

helium, 19.82 eV. Consequently, the spectra collected from both of these techniques

are relatively comparable, depending on the de-excitation mechanism of He 23S

atoms. In particular, in the case of the one-electron process (Auger de-excitation),

the spectra obtained through MDS and UPS are similar, as seen, for example, for

many organic molecules on various surfaces such as C60 on Si(111) [177]. An example

of this is shown in Figure 4.7, where the molecular orbitals are clearly observed with
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Figure 4.6: When a UV photon is incident on the surface of a material, an electron

from an occupied state in the valence band is emitted. The resulting emission

electron spectrum (top right) represents the density of states of the valence band

(bottom right).

both techniques.

One further bene�t of UPS is that it can be used to measure the surface work func-

tion of a material. The work function is de�ned as the minimum energy required

to remove an electron from a solid to a distance where it no longer experiences a

Coulomb interaction with its corresponding image charge, created as a result of its

removal [121]. Measuring this parameter is particularly important when designing

multilayer electronic devices which ideally require matching of the valence and con-

duction bands of di�erent layers. Additionally, changes in the workfunction can

be used to indicate structural changes at the surface, for example, the number of

layers of graphene present on 6H-SiC [178]. Measuring the workfunction using UPS

is achieved by applying a negative bias to the sample, typically -15 V. This o�sets

the measured spectrum, separating the workfunction of the surface from that of the
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Figure 4.7: Multilayer C60 results in the observation of highest occupied molecular

orbitals (HOMOs) both in UPS and MDS. The spectra, in particular peak positions,

are directly comparable since the main de-excitation mechanism with C60 is Auger

de-excitation. For more information on these states, the reader is encouraged to

read Ref. [157].

hemispherical energy analyser, such that both the Fermi edge and low kinetic energy

cut o� of the spectrum can be measured. The di�erence between these values (the

spectral width) is then subtracted from 21.22 eV to give the surface workfunction.

To produce He I� UV photons, a cold cathode discharge source is used. Helium gas

of 99.999% purity is passed through a glass capillary surrounded by a water-cooled

shroud. Helium is let into the source until the analysis chamber pressure reaches

� 1 � 10� 8 mbar and a positive 1 kV bias is then applied to an anode at the end

of the capillary to cause breakdown of the gas. Typical operating conditions for

the discharge are an emission current of 100 mA and a voltage of� 480 V. UPS

measurements were performed with the sample at 45� to both the source and the

analyser. To ensure that the majority of electrons originate from the sample, a 1 mm
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Figure 4.8: When a negative bias is applied to a sample when taking UPS mea-

surements, the work function of the surface can be determined by subtracting the

spectral width from the photon energy, in this case 21.22 eV.

entrance aperture of the hemispherical energy analyser is typically used which still

yields count rates of� 50,000 per second. For reference, the typical SiC sample size

was 13� 4 mm2.

4.3.2 X-ray Photoemission Spectroscopy

X-ray photoemission spectroscopy (XPS) in a standard laboratory setup involves

photons of a much higher energy than used for UPS. These are soft X-rays with an

energy between 1000 - 1500 eV so that the photoelectrons generated originate from

much more tightly bound states, known as core electronic states. These electronic

states do not overlap with their neighbours contrary to electrons within the valence

band. Consequently, they form distinct states with unique energies corresponding to

each element as shown schematically in Figure 4.9. Therefore, by comparing spectra
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Figure 4.9: Photons with an energy between 1000 - 1500 eV liberate more tightly

bound electrons in core states which do not overlap with one another. XPS therefore

allows elemental identi�cation of a sample.

taken using XPS to known peak positions of a particular element, the composition

of a surface can be determined.

Not only can XPS be used to determine the elements present in the sample but it can

also determine the abundance of a particular element through quantitative analysis;

this aspect of XPS is of particular interest when checking the extent of deposition

when attempting submonolayer growth of iron [179] or erbium. To determine the

abundance of a given element on a sample, the following expression is used:

I i / N i � i � i (4.4)

where I i is the intensity of peak i , N i is the average concentration of the peak,� i

the photoionisation cross-section of the state and� i the inelastic mean free path

of the emitted electron. Whilst other factors such as angle of emission, analyser

transmission function and vacuum chamber pressure may a�ect the relative intensity
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of the peak, these are generally kept constant and are therefore ignored as the sample

is typically exposed to the same experimental conditions.

The sampling depth of XPS is related to the inelastic mean free path of the electron

which can be described by the Beer-Lambert law:

I = I 0e� d
� (4.5)

where I is the intensity of the transmitted radiation at a particular kinetic energy,

I 0 is the intensity of radiation falling on the sample,d is the depth inside the

surface and� the inelastic mean free path. Around 95% of electrons escaping from

the surface are emitted within 3� of the surface, which is considered the sampling

depth. Since for most materials� falls within 1 - 3.5 nm [28], the sampling depth for

this technique is around 3 - 10 nm. Whilst more electrons originate from bulk-like

states, this technique is still considered to be fairly surface sensitive. To further

improve surface sensitivity, the sample can be placed at more of a grazing angle

with respect to the source, lowering the e�ective penetration depth of the X-ray

photons. This however does also reduce the number of photoelectrons generated

which consequently lowers the count rate measured by the hemispherical energy

analyser.

Monochromated XPS source

The main application of using XPS is to infer di�erent chemical environments in a

sample due to di�erent bonding states. All electrons within a material contribute

to the electrostatic shielding of the nuclear charge. Di�erent chemical environments

from di�erent bonding states change this shielding consequently resulting in a shift

in the e�ective binding energy of certain core states to higher or lower energies.

If multiple chemical environments exist within a material then the linewidth of a

measured peak corresponding to a certain core state, for example C 1s, will increase

due to a convolution of peaks at di�erent binding energies; this peak can then be

deconvoluted into a series of Lorentzian/Gaussian peaks. An example of where this

can be used is in analysing the extent of graphene growth on 6H-SiC where the

carbon-carbon chemical environment increases with further graphitisation of the
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material [179, 180].

Di�erent chemical environments can be observed by illuminating the surface of a

material with non-monochromated X-rays. However, due to multiple frequencies

impinging on the surface of the sample, the linewidth of the observed peaks will be

broadened, and thus it is more di�cult to deconvolute or even distinguish the di�er-

ence between di�erent chemical environments which may exist. As an example, light

produced from a non-monochromated aluminium X-ray source will contain both Al

K� and K� radiation. Furthermore, such sources also produce Bremsstrahlung ra-

diation, which is not ideal as it can damage the surface of a material over extended

periods of time. To improve the energy resolution of XPS and remove harmful ra-

diation from impinging on the sample, a monochromated X-ray source can be used.

At York, this monochromated X-ray corresponds to the AlK� 1 (1486:7 � 0:1 eV)

spectral line. To produce monochromated X-rays, an aluminium anode is used to

�rst generate various di�erent X-rays which are then directed through a quartz

crystal back-plane. As the lattice spacing of the quartz crystal planes matches the

wavelength of the Al K� 1 spectral line, X-rays incident on the crystal undergo

constructive interference according to Bragg's law:

n� = 2dsin(� ) (4.6)

where � is the wavelength of the X-ray,d is the lattice spacing and� is the Bragg

angle. The Al K� 1 X-ray has a line width of 0.25 eV and the quartz crystal is

curved to focus the di�racted X-rays onto a roughly 2� 5 mm2 spot reducing the

chance of photoelectrons being generated outside the sample region.

The Oxford Instruments XM1000 MKII Mono X-ray source consists of two di�er-

ent �laments (long and short) which can be controlled using the �lament current

(0-4.8 A), emission current (0-20 mA) and anode voltage (0-15 kV). Typical op-

erating conditions for this source are an emission current of 18 mA and an anode

voltage of 12 kV corresponding to a power of 216 W. Due to the relatively low in-

tensity of counts produced by this source, a 6 mm circular entrance aperture to the

hemispherical energy analyser is typically used.
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4.4 Hemispherical Energy Analyser

An Omicron EA 125 hemispherical energy analyser is used to analyse the electrons

generated in MDS, UPS and XPS. As can be seen in Figure 4.10, the electrons

emitted from a sample pass through a series of cylindrical electrodes before then

being de
ected around two concentric hemispheres. Between each electrode exist

lines of equipotential which refract the electrons. By employing a three electrode

arrangement and changing the bias applied to each electrode, the passing electrons

can be accelerated/retarded by varying amounts whilst keeping the focusing prop-

erties constant; therefore these electrodes behave like a series of electrostatic lenses.

The �rst set of electrodes act as an Einzel lens which selects the analysis area (spot

size) and angular acceptance. This does not change the electron energy and operates

in three di�erent magni�cation modes: high, medium and low. High magni�cation

mode (most regularly used) results in the focal plane being near to the sample and

accepts a wide angle of electrons from a small region. A second lens then accelerates

or retards the electrons to match the pass energy of the analyser and uses a zoom

lens function to ensure that the focal point remains on the analyser entrance aper-

ture. The pass energy is a bias applied just before the electrons enter the hemisphere

acting as a bandpass �lter only admitting electrons within a certain bandwidth of

this potential. The entrance aperture consists of a set of built in slits and apertures.

These are matched with an exit plate slit which lies just before the detector.

The electrons are then de
ected in a semicircular path around two concentric hemi-

spheres, with the inner hemisphere (V1) held at a negative potential and the outer

one held at a positive potential (V2) with respect to the pass energy of the analyser.

On the other side of the hemisphere, these electrons then pass through an exit aper-

ture into the detector which consists of seven channel electron multipliers (CEMs)

placed at di�erent positions in the exit plane. Each CEM is made of a material with

a high surface resistance. A high voltage is applied between the funnel-shaped input

and cylinder-shaped output resulting in the formation of a continuous dynode, where

secondary electrons are produced by an incident electron impinging on the surface

of the walls of the CEM [181]. Generation of these secondary electrons causes an

avalanche-like e�ect where secondary electrons generate further electrons resulting
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Figure 4.10: The Omicron EA 125 hemispherical energy analyser is equipped with a

series of lenses, used to focus and then decelerate the electrons towards the two con-

centric hemispheres. Lines of equipotential between the lenses refract the electrons.

Upon reaching the input aperture, they are then de
ected in a semicircular path

around the inner hemisphere towards an array of seven channeltrons. This �gure is

based on schematics presented in the EA 125 Energy Analyser User's Guide.

in 107 to 108 electrons at the output. The duration of each pulse of electrons tends

to be around 8 ns [181]. Therefore, the maximum count rate can be exceeded if the

bias voltage or incident electron intensity is too high.

The measured kinetic energy of electrons collected by the analyser is expressed as

the following equation:

EKm = ER + Ep + � a = hf � EB (4.7)

whereEKm is the measured kinetic energy of the electron,ER is the retarding energy,
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Ep is the pass energy and� a is the analyser workfunction. The true kinetic energy

of the electron requires the surface workfunction� s to be known and is expressed

as EK = EKm � � s. The energy resolution of the hemispherical energy analyser is

represented by the following equation:

� E = Ep

�
d

2R0
+ � 2

�
(4.8)

where � E is the energy resolution,R0 is the mean radius of the hemispheres,d is the

slit width and � is the half angle of electrons entering the analyser. The angular term

tends to be very small and therefore is generally ignored. The Omicron EA 125 used

has a mean radius of 125 mm and a chosen exit aperture width of 2 mm. Therefore,

calculated values of �E are 0.08 eV using a pass energy of 10 eV (typically used

in UPS) and 0.4 eV for a pass energy of 50 eV (typically used in XPS). All spectra

obtained for this project were obtained in constant analyser energy mode which keeps

the pass energy constant whilst scanning through various kinetic energies. Since the

pass energy is constant, the resolution remains constant as well. To improve the

energy resolution, the pass energy needs to be lowered or the radius of the semi-

circular path increased.

4.5 Photoemission Electron Microscopy

Data presented in Chapter 5 involved the use of an emission electron microscope

to image surface structure from both photoelectons and electrons generated from

He 23S atoms. Similar to the hemispherical energy analyser used in electron spec-

troscopy, the instrument involves focusing and manipulating electrons using a series

of electrostatic lenses. One di�erence between this technique and electron spec-

troscopy is that when performing photoemission/metastable emission electron mi-

croscopy (PEEM/MEEM), the sample is situated at a much closer proximity to

the entrance aperture at around 5-10 mm. Therefore, electrons emitted from either

photoemission or from a metastable helium beam are accelerated from the surface

towards the �rst electrode as a result of the electric �eld generated by the transfer

voltage. The transfer voltage is the potential applied between the �rst electrode and
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