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Abstract

Intermetallic compounds have become promising candidates for heterogeneous catalysis
because of their structural stability and variable electronic properties. This study investi-
gates how crystallographic orientation affects the surface characteristics of the intermetal-
lic compound In3Nip, focusing specifically on the (001), (210) and (100) surfaces. It ex-
amines key properties: surface structure, chemical composition and oxidation behaviour,
using a range of surface sensitive techniques, including X-ray Photoelectron Spectroscopy
(XPS), Low Energy Ion Scattering (LEIS), Scanning Tunnelling Microscopy (STM) and Low
Energy Electron Diffraction (LEED).

This study demonstrates that the surface properties and reactivity of In3Ni, are de-
pendent on crystallographic orientation. The (001) and (100) surfaces are characterised by
indium (In)-terminated layers, with In atoms bonded to subsurface Ni. In contrast, the
(210) surface is terminated by In atoms bonded to Ni atoms within the same layer.

XPS and LEIS analyses reveal preferential sputtering of In, with the effect being most
distinct on the (001) and (100) surfaces due to their weaker Ni-In bonds. Upon annealing,
In segregates to the surface, with the extent of enrichment depending on surface geom-
etry; the more open (210) surface exhibits the highest degree of In segregation, whereas
the compact (001) and (100) surfaces partially shield subsurface In, thereby limiting its
segregation to the outermost layer. The observed preferential sputtering and segregation

are attributed to the lower surface free energy of In compared to Ni.

i1



LEED and STM show that the (001) surface undergoes a c(21/3 x 4) reconstruction
upon hydrogen (H) exposure, whereas the (100) and (210) surfaces remain unreconstructed
under the same conditions. Reactivity studies indicate that the (210) surface exhibits the
highest reactivity toward oxygen (O), attributable to its increased density of In atoms,
while the (001) surface is more reactive toward H due to its greater Ni content. In con-
trast, the (100) surface displays minimal oxidation under the same conditions.

This work provides fundamental insight into the surface structure of the intermetal-
lic compound In3Ni,, showing how crystallographic orientation governs atomic arrange-
ment and surface stability. The results reveal that In-Ni bonding plays a key role in sta-
bilising the surface, while the presence of Ni atoms at the outermost layer forms isolated

sites that may influence chemical interactions.
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1 | Introduction

Intermetallic compounds (IMCs) are materials composed of two or more elements in de-
fined stoichiometric ratios, with each element occupying specific positions within the
crystal lattice [1]. Their unique structural arrangement gives rise to a range of distinc-
tive properties, making them highly suitable for various applications, including hetero-
geneous catalysis [2, 3, 4]. Compared to metal catalysts, IMCs offer cost-effective and
environmentally friendly alternatives, which are particularly advantageous in reducing
reliance on expensive and rare metals [5].

For instance, the Alj3Fe4 intermetallic compound has been demonstrated to be an ef-
fective replacement for palladium (Pd) catalysts in semi-hydrogenation reactions [5]. A
key advantage of IMCs lies in their tunable electronic properties, which can be adjusted
through modifications in chemical composition [6, 7]. This tunability enables the optimi-
sation of their catalytic performance, rendering them versatile candidates for a wide range
of catalytic processes. Furthermore, IMCs often exhibit site isolation, wherein catalyti-
cally active sites are spatially separated within the crystal structure. This feature has been
shown to enhance both selectivity and thermal stability compared with metallic catalysts.
The spatial separation of active sites minimises undesired side reactions and facilitates
more controlled catalytic activity [8].

The In-Ni intermetallic compounds (IMCs), which are the focus of the present study,
have shown considerable potential as environmental catalysts [9]. These materials are par-

ticularly suited to the dry reforming of methane, a process that simultaneously utilises two



major greenhouse gases, carbon dioxide (CO;) and methane (CHy), to produce valuable
chemical products [10]. This reaction represents a significant step towards mitigating the
environmental effects of these gases. Moreover, In-Ni IMCs have demonstrated potential
as effective catalysts for the hydrogenation of carbonyl compounds, further emphasising
their versatile catalytic capabilities [11]. However, real-world catalysts are often highly
complex, which makes it challenging to obtain a fundamental understanding of their cat-
alytic behaviour. Consequently, catalytic activity is typically optimised through trial-and-
error approaches. To address this challenge, simpler and well-defined model systems
are commonly employed to investigate the underlying physical parameters that govern
catalytic activity. In particular, single-crystal samples, with surfaces prepared along well-
defined crystallographic planes, are used as model catalysts. These systems allow precise
control and characterisation of atomic and electronic properties. Surface science tech-
niques, typically conducted under ultra-high vacuum (UHV) conditions, are then used to
analyse the behaviour of these model catalysts in response to reactants in various chemi-
cal reactions [12].

Surface science plays a foundational role in the investigation and optimisation of cat-
alysts, as catalytic reactions predominantly occur at the material surface. The efficiency,
selectivity, and stability of a catalyst are closely linked to its surface properties, includ-
ing atomic structure, defects, and the spatial arrangement of active sites. These features
are crucial in determining not only the catalyst’s reactivity but also its durability and re-
sistance to deactivation [13]. Therefore, a comprehensive understanding of these surface
characteristics is essential for the development of more efficient and stable catalysts capa-
ble of operating under a variety of industrial conditions.

To achieve this understanding, advanced surface analysis techniques such as X-ray
Photoelectron Spectroscopy (XPS), Low Energy Ion Scattering (LEIS), Scanning Tunnelling
Microscopy (STM), and Low Energy Electron Diffraction (LEED) have been employed in

this thesis. XPS allows for the examination of the chemical composition and oxidation



behaviour of elements on the surface [14], LEIS offers information on the surface structure
and elemental distribution [15], while STM provides high-resolution imaging of surface
morphology and atomic arrangements [16]. These methods collectively enable a detailed
characterisation of the catalyst surface, providing the necessary data to inform the design

of more efficient catalytic materials.

Thesis Structure

Chapter Two offers a comprehensive overview of the historical development of catalysis,
tracing the evolution of catalytic processes through different periods. This chapter high-
lights significant advancements and key achievements in the field, with a particular focus
on the various types of catalysis. Special emphasis is placed on heterogeneous catalysis,
exploring its fundamental principles and applications in modern science. The chapter
concludes with a discussion of phase diagrams and a brief outline of the methodology
employed for the growth of In*3Nix2 crystals, providing the basis for the subsequent ex-
perimental work.

Chapter Three details the experimental methodologies utilised in this study. This in-
cludes an in-depth description of the UHV system and the associated sample preparation
techniques. Furthermore, the chapter introduces the surface analysis methods employed,
such as XPS, LEIS, STM, and LEED, providing an overview of their applications and rele-
vance in characterising surface properties.

Chapters Four, Five, and Six present the experimental results obtained from the study
of high-symmetry surfaces of Inx3Nix2, specifically the (001), (210), and (100) surfaces.
These chapters describe the characterisation of the atomic and chemical structure of these
surfaces, using a combination of surface science techniques including XPS, LEIS, STM, and
LEED. The surface atomic structures of the three orientations were investigated primarily
using LEED and STM, while XPS and LEIS were employed to analyse their chemical com-

position. Additionally, the oxidation behaviour of these surfaces was examined through



XPS, offering insights into the surface reactivity under various conditions.

Chapter Seven presents a comparison of the low-index surfaces, (001), (210), and (100),
to reveal how crystallographic orientation influences surface termination, atomic compo-
sition, segregation, and chemical reactivity.

Chapter Eight summarises the key findings of the thesis and discusses the implications
of the results. The chapter also provides suggestions for potential future studies, outlining

areas where further research could build upon the findings presented.



2 | Surface Science and Catalysis

2.1 Introduction

This chapter provides a comprehensive overview of the historical development of catal-
ysis and its various types, with a particular focus on intermetallic compounds as hetero-
geneous catalysts. Catalysis plays an essential role in numerous chemical processes, both
in industrial applications and in the fundamental understanding of reaction mechanisms
[17, 18]. The objective of this chapter is to outline the evolution of catalysis, highlighting
key milestones in its development and exploring the significance of surface science in ad-
vancing catalytic research.

The study of surface phenomena is fundamental in understanding the behaviour of
materials in catalysis and various other processes, such as relaxation, segregation and
reconstruction. Surface physics and surface chemistry, as sub-disciplines, examine the
properties and dynamics of solid surfaces, including the arrangement and interactions
of atoms and molecules. These investigations are essential for the development of more
efficient and selective catalytic systems, particularly when considering materials at the
atomic level.

A key aspect of surface science is the identification and characterisation of surface
atoms, the chemical composition of surfaces and their atomic structure. Understanding
how atoms are arranged on the surface, the electronic properties of the surface and the

nature of interactions with adsorbed elements is fundamental for designing materials with



optimal catalytic performance. In the case of heterogeneous catalysis, these interactions
often dictate the reaction pathways and overall efficiency of the catalyst.

To gain a comprehensive understanding of surface properties, a variety of surface
analysis techniques are employed. Techniques such as X-ray photoelectron spectroscopy
(XPS) and low-energy ion scattering (LEIS) provide insight into the chemical composition
of surfaces, revealing information about surface elements and their oxidation behaviour.
Additionally, scanning tunnelling microscopy (STM) and low-energy electron diffraction
(LEED) are powerful methods to determine surface structure at the atomic scale. These
techniques enable the study of atomic arrangements and the chemical composition of the
surface. The importance of these surface characterisation methods, which are integral to
this thesis, will be explained in detail in the following sections.

Furthermore, this chapter will explore the role of intermetallic compounds in hetero-
geneous catalysis, specifically the In3Ni2 system. Intermetallic compounds, with their
unique electronic structures and well-defined stoichiometries, have demonstrated cat-
alytic activity in a wide range of reactions. The phase diagram and crystal structure of
In3Ni2, which are essential for understanding its catalytic properties, will be discussed
alongside its surface characteristics, thereby providing a foundation for the experimental
work presented later in the thesis.

By integrating principles from surface science with the study of intermetallic catalysts,
this chapter develops the theoretical and experimental basis for the research presented
in subsequent chapters. Furthermore, it highlights the significance of surface characteri-
sation techniques in advancing our understanding of catalytic mechanisms at the atomic

level.



2.2 A Brief History of Catalysis

Catalysis is an essential topic of investigation across various scientific fields, including
chemical engineering, physics, and chemistry [19]. This technique, in which a material
(the catalyst) facilitates chemical reactions at significantly lower temperatures and pres-
sures without being consumed during the reaction, boasts a long and distinguished his-
tory that extends back centuries [2]. The term catalysis was first introduced in the early
19th century by the Swedish chemist Jéns Jacob Berzelius in 1836 [20]. Nevertheless, the
phenomenon of catalysis was documented long before its formal definition, with early
evidence of catalytic reactions observed in the contributions of chemists such as Louis
Pasteur (1860). [21]

In the early 19t century, Berzelius described the catalytic effects of certain substances
in reactions such as the oxidation of alcohol. However, it was not until the 19th century
that the foundational principles of catalysis began to be comprehensively understood [22].
During the late 19" and early 20" centuries, significant progress was made in the study
of catalysis, particularly with the introduction of the concept of surface catalysis by Sir
William Ostwald. He expanded upon the understanding of how reactions occur at the
surface of a catalyst [20, 21].

The discovery of industrial catalytic processes, such as the Haber—Bosch process for
ammonia synthesis in the early 20t century, revolutionised both chemistry and industry.
This advancement was achieved by Fritz Haber and Carl Bosch, who developed a process
that utilised iron as a catalyst to fix nitrogen from the air, a key breakthrough for agricul-
ture and the development of fertilisers [22].

In the 20t century, the field of catalysis expanded into areas such as heterogeneous, ho-
mogeneous, and enzymatic catalysis [20]. The emergence of X-ray diffraction techniques
in the 1930s allowed scientists to begin studying the atomic structure of catalysts, and the

development of new catalytic materials, such as zeolites and palladium catalysts, paved



the way for numerous chemical advancements [23]. Today, catalysis remains an essential
tield of study with applications in industrial chemistry, energy production, environmental
protection, and biological processes.

The fundamental principle of catalysis involves reactants bonding to a catalyst, as il-
lustrated in Figure 2.1. The interaction between reactants A and B occurs while they are
bound to the catalyst surface, allowing for the subsequent separation of the product from
the catalytic surface. Consequently, the formation of this compound is exothermic, result-
ing in a reduction in free energy. Finally, the endothermic process of detaching product
P from the catalyst occurs. Catalysts operate as substances that facilitate the breaking of
bonds and the formation of new ones. Catalysis can be categorised into three distinct sub-

disciplines: homogeneous, heterogeneous, and biocatalysis [24].

Q Separation

Catalyst

P,

Bonding Catalyst

Reaction

Catalyst

Figure 2.1: Cyclic catalytic reaction: in a catalytic reaction, reactant molecules bind to
the catalyst, where molecules A and B react, and the product P then separates from the
catalyst, releasing it for use in the next cycle. Reproduced and modified from [25].

In homogeneous catalysis, both the catalyst and the reactants exist in the same phase,
typically in a liquid solution. This uniformity facilitates efficient molecular interaction
and often results in high reaction selectivity. Conversely, heterogeneous catalysis involves
multiple phases, most commonly a solid catalyst interacting with liquid or gas reactants,

where the catalytic activity occurs at the surface interface.
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The reaction pathways in heterogeneous catalysis are commonly described by the
Langmuir-Hinshelwood and Eley-Rideal mechanisms, as illustrated schematically in Fig-
ure 2.2. In the Langmuir-Hinshelwood mechanism, both reactant species are first ad-
sorbed onto the catalyst surface before reacting to form products. Consequently, the reac-
tion occurs between two adsorbed species, making surface coverage, adsorption strength,
and the availability of active sites important factors governing catalytic activity and se-
lectivity. This mechanism is widely used to describe reactions occurring on metallic and
intermetallic catalyst surfaces.

In contrast, the Eley—Rideal mechanism involves a direct reaction between a gas-phase
species and a reactant already adsorbed onto the catalyst surface. In this pathway, only
one reactant is adsorbed prior to the reaction, while the second interacts directly from the
gas phase. Such behaviour is commonly associated with systems in which one reactant
exhibits relatively weak adsorption or under conditions of low surface coverage.

Together, these mechanisms provide a fundamental framework for understanding het-
erogeneous catalytic reactions and emphasise the critical role of surface atomic structure,

adsorption geometry, and active surface sites in determining catalytic performance.[25]

Figure 2.2: Schematic representation of the Langmuir-Hinshelwood and Eley-Rideal
mechanisms in heterogeneous catalysis. In the Langmuir-Hinshelwood pathway (a), both
reactants are adsorbed onto the catalyst surface before reacting to form products. In the
Eley-Rideal pathway (b), a gas-phase species reacts directly with an adsorbed surface
species. The grey spheres represent catalyst surface atoms, whereas the coloured spheres
indicate reactant species and intermediates [26].



Biocatalysis, on the other hand, utilises naturally occurring catalysts such as enzymes
or whole cells to accelerate chemical reactions, often under mild and environmentally

friendly conditions [24].

2.3 A Brief Introduction to Alloys and Intermetallic Com-
pounds

The term "intermetallic" has only recently been used in its technically accurate sense, mov-
ing away from its former use as a synonym for "alloy." An intermetallic compound refers
to a solid phase formed by at least two metals, characterised by a well-defined crystal
structure where atoms occupy fixed positions and exhibit long-range order [27]. For ex-
ample, the PdZn intermetallic structure has (P4/mmm), with palladium (Pd) atoms lo-
cated at (0, 0, 0) and zinc (Zn) atoms at (0.5, 0.5, 0.5) [28]. In contrast, an alloy is a solid
solution composed of at least two metals, but with a random distribution of atoms across
the lattice sites, where the arrangement of constituent elements is not fixed, as shown in

Figure 2.3 (a-b) [29]. The atomic site distribution in alloys is generally governed by statis-

tical factors that depend on the stoichiometry of the mixture [30].

Intermetallic Alloy

Figure 2.3: (a) An ordered intermetallic structure. (b) An alloy that lacks periodic order or
well-defined site occupation [29].
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A key factor contributing to the well-defined periodicity observed in intermetallic
compounds is the strong ionic and electronic interactions between their constituent ele-
ments. These interactions facilitate the development of unique and often complex crystal
structures that differ significantly from those of the individual parent metals. In con-
trast, alloys typically preserve the crystal structure of the more abundant component,
commonly referred to as the solvent. The advantage of intermetallic compounds over
alloys for catalysis is succinctly demonstrated by Armbruster et al. [31].

IMCs frequently demonstrate superior catalytic performance compared to conven-
tional alloys, primarily due to their unique crystal structures and long-range atomic or-
dering. These structural characteristics enable greater precision in controlling the mor-
phology of active sites and improve the overall rationality of catalyst design. In contrast
to alloys, where atomic site occupancy is typically random and composition dependent,
IMCs display a well-defined atomic arrangement that, in principle, guarantees homoge-
neous and reproducible catalytic surfaces. This distinction has established intermetallics
as ideal candidates for model catalyst systems.

Although it must be acknowledged that surface composition may deviate from the
bulk under varying reaction temperatures or chemical environments, intermetallic com-
pounds display a greater resistance to surface segregation than alloys. This behaviour is
attributed to their intrinsic “enthalpy driving force” to preserve structural order, as sug-
gested by Meyer et al. [32] and corroborated by Kovnir et al. [30], thereby promoting
stability during catalytic reactions. Furthermore, intermetallics can adopt distinct crystal
phases such as the y-brass structure observed in certain Ni-Zn systems, which are uncom-
mon in pure metals or conventional alloys. These unique structures often yield specific
coordination geometries that enhance both electronic and geometric catalytic effects, con-

tributing to their improved performance in heterogeneous catalysis [33].
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2.3.1 Principles of Heterogeneous Catalyst

Heterogeneous catalysis is a process in which a solid catalyst facilitates chemical reac-
tions between reactants in different phases, typically gaseous or liquid, without being
consumed in the reaction [34]. The catalytic cycle comprises three main steps: adsorption,
reaction, and desorption. Initially, reactant molecules adsorb onto the catalyst surface, of-
ten through chemisorption, forming stronger interactions such as covalent or ionic bonds.
This step activates the reactants, rendering them more reactive. Following adsorption, the
catalyst surface facilitates the chemical transformation of the reactants by lowering the
activation energy. Finally, the products are desorbed from the surface, regenerating the
catalyst for subsequent cycles [35].

The efficiency of the process is largely influenced by the catalyst’s surface properties,
such as the nature and distribution of active sites, its electronic structure, and the presence
of defects. The strength of the interaction between the catalyst and the reactant is also
crucial; weak interactions may result in insufficient adsorption, while excessively strong
interactions can hinder further reactions. In addition, the catalyst must remain stable un-
der reaction conditions to avoid deactivation due to sintering, poisoning, or leaching. The
design of heterogeneous catalysts requires a balance of these factors to optimise reaction
rates, selectivity, and long-term performance, making them essential for a wide array of
industrial applications, from petrochemical refining to environmental protection [36].

Figure 2.4 illustrates the process of heterogeneous catalysis. The reactants first diffuse
to the catalyst surface, where they make contact with the external surface. Some molecules
then overcome the surface barrier, entering the interior, including pathways and cracks.
These molecules adhere to available adsorption sites, increasing the likelihood of interac-
tions between the reactants.

This results in the formation of an intermediate compound. Following this, the inter-
mediate is desorbed from the surface, making the adsorption sites available for additional

reactants. The intermediate then decomposes to form the final products, which diffuse
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out through both the internal pores and the external surface of the catalyst [37].

Figure 2.4: A schematic diagram
of heterogeneous catalysis process [37].

2.3.2 Intermetallic Compounds as Heterogeneous Catalysis

Intermetallic compounds (IMCs) have gained considerable attention as candidates for het-
erogeneous catalysis due to their unique structural and electronic properties. Unlike con-
ventional alloys, IMCs exhibit a well defined atomic arrangement and long range order-
ing, which enable precise control over the morphology of active sites and enhance catalyst
design [1].

The distinct crystal structures of IMCs result in the formation of specific electronic
environments at the surface, which can facilitate selective adsorption and activation of
reactants. This structural regularity makes IMCs particularly advantageous over tradi-
tional catalysts, as they tend to exhibit enhanced catalytic stability, reproducibility, and
improved resistance to surface segregation under reaction conditions. Moreover, the in-
teraction between the constituent metals in IMCs often leads to a synergistic effect, modi-

tying the d band centre and thereby optimising adsorption energies and reactions [38].
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These properties make IMCs suitable for a range of catalytic applications, including
selective hydrogenation, oxidation, and methane reforming. The superior performance
of IMCs is, however, contingent on maintaining phase purity and surface stability, which
remains a challenge during their synthesis and under operating conditions. Despite these
challenges, ongoing research continues to highlight the potential of IMCs as highly effi-
cient catalysts for industrial processes [39].

The concept of site isolation has been experimentally investigated in intermetallic Pd—
Ga compounds, such as Pd3Gay, PdGa, and Pd,Ga, for their role in hydrogenation reac-
tions [6, 40, 41, 42]. In these Pd—Ga intermetallics, palladium (Pd) atoms are surrounded
by gallium (Ga), effectively isolating the Pd atoms from one another within the crystal
structure. This spatial isolation not only prevents direct Pd-Pd interactions but also re-
sults in significant modifications to the electronic structure of Pd near the Fermi level,
distinguishing it from that of elemental Pd. These structural and electronic changes are be-
lieved to contribute to the enhanced catalytic performance of Pd—Ga intermetallics, which
exhibit catalytic properties superior to those of their pure metal counterparts [43].

Similarly, Tsai et al. investigated the correlation between catalytic activity and the va-
lence electron density of states in isostructural compounds such as PdZn, PtZn, and ZnNi
[44]. They observed that the valence electron density of states in PdZn closely resembles
that of elemental copper (Cu), in contrast to the valence electron density of the other two
compounds. On the basis of this finding, it was proposed that PdZn could potentially
replace copper catalysts in the steam reforming of methanol. The study further suggested
that Zn—-Pd bonds, which form on the catalyst surface, play a crucial role in the excellent
catalytic properties exhibited by PdZn [45].

In addition to hydrogenation reactions, Ni-based catalysts are extensively used in a va-
riety of oxidation reactions, such as carbon monoxide oxidation [46], methane conversion
to syngas [47, 48, 49], and synthesis of essential industrial chemicals [50]. These versatile

catalysts are crucial in various industrial processes, highlighting their broad utility in cat-
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alytic applications.

2.4 Structure and Properties of Intermetallic Catalysts

Segregation is a crucial phenomenon that can significantly influence the properties and
performance of intermetallic compounds (IMCs) and catalysts [2]. It refers to the redistri-
bution of constituent elements within a material, often occurring at the surface or grain
boundaries, which can lead to the formation of non-stoichiometric phases or the exposure
of less active sites [51]. In the case of IMCs, segregation is typically observed under reac-
tion conditions, particularly at high temperatures or in reactive environments [52].

This phenomenon can alter the ideal atomic ordering of the catalyst, leading to changes
in the electronic structure and, consequently, in catalytic activity. For example, in bimetal-
lic catalysts, surface segregation can cause a metal to accumulate on the surface, poten-
tially disrupting the interaction between the metals and impairing the stability and effi-
ciency of the catalyst. Although some degree of segregation may be beneficial in promot-
ing the formation of active sites, excessive segregation often leads to the loss of catalytic
properties or catalyst deactivation. Therefore, understanding and controlling segrega-
tion processes is essential for the design of stable, high-performance intermetallic cata-
lysts, particularly for reactions such as hydrogenation, oxidation, and carbon monoxide
removal [30].

Segregation influences the properties and performance of IMCs, particularly under
catalytic and high-temperature conditions. In the study of ZrNiAl, YNiAl, and UNiAl
IMCs, segregation behaviour was found to significantly alter the surface composition and
stability of these materials [53]. In these compounds, surface segregation of the more
electropositive element, such as Ni in the case of ZrNiAl and YNiAl, was observed at high
temperatures. This segregation occurs due to the lower surface energy of Ni, which tends

to accumulate at the surface, leaving the less electropositive elements, such as Zr, Y, and
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U, in the bulk of the material. This behaviour aligns with the findings of this research, in
which a comparable segregation of In was observed, driven by its lower surface energy.

Segregation can modify the electronic structure and the catalytic properties of the sur-
face, potentially leading to changes in reactivity and selectivity [53]. For example, in the
ZrNiAl system, the segregation of Ni at the surface enhanced its catalytic performance in
hydrogenation reactions due to the exposure of the Ni-rich surface, which is more active
for such processes. However, excessive segregation can also lead to catalyst deactivation,
as the exposed metal may suffer from sintering or poisoning effects. The segregation be-
haviour of these IMCs is therefore a crucial factor that must be carefully controlled for
effective catalytic applications. This study underscores the importance of understanding
the segregation phenomena in designing more stable and efficient catalysts based on IMCs
[39, 54].

Relaxation in IMCs refers to the process by which these materials undergo atomic re-
arrangements to relieve internal stresses that may arise due to differences in atomic size,
composition, or external environmental conditions. Such relaxation is a crucial aspect
of the stability and performance of IMCs, especially under operational conditions where
temperature fluctuations or mechanical stress can induce strain in the crystal lattice. For
instance, in Pd-based intermetallics, atomic rearrangements at the surface can lead to a
reduction in surface energy, which, in turn, enhances the material’s catalytic activity by
exposing more active sites for reactions. The extent of relaxation depends on the specific
IMC, its crystal structure, and the nature of the atomic interactions within the material.
Additionally, relaxation can influence the electronic structure of IMCs, thereby affecting
their reactivity and stability.

In the case of the PdGa system, surface relaxation leads to the exposure of Pd-rich sites,
which are beneficial for selective hydrogenation reactions. However, relaxation may also
cause deviations from the ideal stoichiometry, potentially resulting in surface segregation

or deactivation over time. Therefore, understanding relaxation mechanisms in IMCs is
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essential for optimising their use in catalytic applications, as these processes directly affect

both the material performance and its long-term durability [32, 55].

2.5 Applications of Intermetallic Compounds in Catalysis

The distinct atomic arrangement and bonding characteristics of IMCs often result in su-
perior catalytic performance, including enhanced activity, selectivity, and stability, com-
pared to conventional monometallic catalysts. These materials possess the ability to mod-
ify the electronic structure of active sites, which optimises the adsorption energies and
facilitates the tailoring of reaction pathways. This feature is particularly advantageous
in reactions that require precise control over product distribution, such as selective hy-
drogenation and methanol steam reforming. Moreover, IMCs are capable of mitigating
the overbinding of intermediates, a common issue observed in monometallic catalysts,
thereby enabling higher reaction rates and improved selectivity for the desired products.
However, despite these benefits, significant challenges persist in the synthesis, surface
characterisation, and preservation of the phase purity of IMCs under operational condi-
tions. Despite these obstacles, ongoing research continues to emphasise the potential of
IMCs in advancing sustainable and efficient catalytic processes for a range of industrial
applications, such as fuel reform and CO, reduction.

For instance, PdGa and PdZ intermetallic compounds have demonstrated exceptional
performance in selective hydrogenation, steam reforming of methanol and CO; reduction,
providing enhanced catalytic activity while addressing the overbinding of intermediates
commonly encountered in monometallic systems [39, 56]. The electronic synergy between
the constituent metals within these IMCs leads to modifications in the d-band centres,
which play a critical role in governing the adsorption energies and reaction pathways.
However, challenges remain with respect to the precise synthesis and surface characteri-

sation of these materials, particularly with regard to maintaining phase purity and surface
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termination under catalytic conditions. Despite these issues, the inherent structural regu-
larity and thermodynamic stability of IMCs position them as a promising class of catalysts
for both fundamental research and industrial applications, particularly as efforts are in-
tensifying to design more sustainable and efficient catalytic processes [28].

Table 2.1 provides a comprehensive summary of various intermetallic compounds and
the catalytic reactions they facilitate, highlighting instances where they outperform con-

ventional monometallic catalysts in terms of activity, selectivity, and stability.

Reaction Chemistry Intermetallic Compound Advantage
PdZn [39], Ni5Zn21 [57],
. . PdIn [55], Pd,Ga [56], Higher ethylene
Hydrogenation Reactions | - p 4. 1561 pd;Gay [40], selectivity.

A113F84 [5]

Higher resistance to

Methanol Steam PdZn [58] sintering and higher CO,
Reforming .
selectivity.
Operated at ambient
CO; Reduction NisGaj [59] pressure instead of 50-100

bar.

Table 2.1: Summary of chemical reactions catalysed and key advantages of selected inter-
metallic compounds.

2.6 Surface Studies of Intermetallic Catalysts

Recent developments in the field of intermetallic catalysts have underscored their sig-
nificant potential in heterogeneous catalysis, primarily due to their well defined crystal
structures, tunable electronic properties and exceptional thermal and chemical stability
under various reaction environments. These materials exhibit site specific reactivity that
arises from their ordered atomic arrangements and compositional precision, making them
particularly attractive for selective catalytic transformations. IMCs such as PdGa, PdZn,

InPd, Al;3Co4 and Alyj3Fes have been extensively studied as model systems to understand
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structure reactivity relationships [40, 56]. To probe the surface characteristics of these cat-
alysts, surface sensitive techniques have been widely employed, including XPS, STM and
LEED, providing detailed insights into their atomic structure, surface terminations, recon-
structions and chemical compositions.

A critical parameter influencing catalytic performance in intermetallic systems is the
nature of surface termination, which defines the atomic configuration of the outermost
layer. Surface terminations often distinct from bulk structures as a result of surface re-
laxation, reconstruction, or segregation phenomena, which can significantly influence the
adsorption behaviour, reactivity and selectivity of a catalyst. As catalytic reactions are
inherently surface dependent, understanding and controlling surface terminations is es-
sential for the rational design of active and selective catalysts. Moreover, these surface
structures are sensitive to environmental conditions such as temperature, pressure and re-
actant atmosphere, necessitating in depth investigation under ultra high vacuum (UHV)
to accurately predict catalytic behaviour.

Despite their promising catalytic properties, characterising the surface structure and
composition of IMCs remains a significant challenge due to their complex surface be-
haviour, including preferential sputtering, segregation and temperature dependent re-
constructions. For example, Pd-based intermetallic such as PdGa, InPd and PdZn have
demonstrated unique catalytic activity for hydrogenation and CO; conversion, yet their
surface structures are often distinct from their bulk terminations. Studies employing
LEED and STM have revealed a range of surface reconstructions and order-disorder tran-
sitions that depend sensitively on preparation conditions. XPS and LEIS have further
shown that surface compositions can vary significantly with annealing, indicating surface
segregation of the constituent elements. These findings highlight the necessity of employ-
ing multiple complementary surface sensitive techniques to accurately resolve the atomic
and chemical structure of intermetallic surfaces. Such an integrated approach is essential

not only for understanding catalytic mechanisms but also for guiding the design of inter-
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metallic materials with tailored surface properties for specific reactions.

Comparative analysis of the PdGa (111) and InPd surfaces reveals distinct differences
in structural stability, surface ordering and response to thermal and chemical treatments,
despite the fact that both are Pd based IMCs of interest in heterogeneous catalysis [38,
60]. The surface of PdGa(111) exhibits a well ordered, unreconstructed (1x1) hexagonal
structure, characterised by atomically flat terraces and uniform step heights, as evidenced
by LEED and STM analyses (Figure 2.5 (a—d)) [38]. This morphology reflects a stable, bulk
terminated surface that remains free from contamination or reconstruction under UHV
conditions. Furthermore, the low background intensity observed in the LEED patterns

suggests that there is no surface segregation.

[110)

112) -
40 eV 105eV

Figure 2.5: (1x1) LEED patterns after annealing the PdGa(111) surface with different beam
energies (a) 40 eV. (b) 105 eV [38]. (c) STM images of the PdGa(111) surface after sputtering
and annealing show (c) A highly terraced surface area (1000 A x1000A, —1V,0.5nA). (d)
atomic resolution of a smaller region (200 A x200A, —25V,05 nA), with the FFT [38].

The corresponding XPS measurements further corroborate the structural stability of
the PdGa(111) surface, as indicated by the STM and LEED analyses, showing minimal
surface contamination and no significant segregation of Pd or Ga after sputtering and an-
nealing. However, surface terminations are observed to vary depending on the annealing
temperature, highlighting the critical role of thermal treatment in stabilising particular
surface structures and compositions. TDS and high resolution STM data suggest that the

Pd; termination is favoured at a preparation temperature of 870 K, while the terminations
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of Gaz and Pd3 are more prevalent at lower preparation temperatures. A substantial pos-
itive shift of approximately 1.2 eV in the Pd 3d5,, binding energy is observed, indicative
of strong Pd—Ga interactions, whereas the Ga 2pj3 /, signal remains unshifted [38].

In contrast, the InPd system demonstrates more complex and dynamic surface be-
haviour in its low index surfaces, with sensitivity to temperature and surface orientation
[60]. On the (100) surface, low temperature LEED measurements revealed a diffuse (4x4)
pattern, indicative of a surface reconstruction. Upon annealing, this pattern evolved into a
sharp superstructure c(3v/2 x v/2)R45°, which was also noted on polycrystalline grains at
970 K, suggesting its thermodynamic stability at high temperatures [60]. The (111) surface,
in contrast, undergoes a transformation from Pd- to In-rich termination, accompanied by

a transient (1/3 x 1/3)R30° superstructure and increased surface disorder (Figure 2.6 (a-

e)).

Annealing the (100) surface to 500 K Annealing the (100) surface to 970 K

Figure 2.6: (a) Bulk terminated structural models of the InPd(100) surface, illustrating
terminations at either a pure In or pure Pd atomic plane. (b) LEED pattern of the InPd(100)
surface exhibiting the p(4 x4) reconstruction, recorded at a primary beam energy of 50 eV.
The (1x1) reciprocal unit cell is outlined with a dashed line for reference. (c) STM image
of the same p(4 x4) structure, revealing quasi ordered square surface features (scan area,
15x15 nm?, +1.8 V, 0.09 nA). (d) LEED pattern of the c¢(3v/2 x v/2)R45° superstructure
recorded at beam energy of 46 eV. (c) STM image (5x5 nm?, +1.4 V, 0.25 nA) showing a
single domain of the c(3v/2 x v/2)R45° reconstruction, with both rectangular (solid line)
and primitive (dashed line) unit cells superimposed [60].

The (110) surface displays the most significant reconstruction behaviour, remaining
disordered at lower temperatures and adopting c(4x2) and p(2x1) structures with in-
crease temperature from 675 °C to 875 °C, along with the formation of faceted craters and

buckled surface terminations (Figure 2.7). DFT calculations and STM imaging suggest a
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protrusion of In atoms by 0.26 A above Pd atoms, with theoretical work indicating that
strong In-Pd bonding inhibits significant segregation, although anti-site defects can ap-

pear under non stoichiometric conditions [60].

Annealing to 625 K Annealing to 675 K n Annealing to 875 K

InPd(110)

Figure 2.7: (a) Bulk terminated structure models of the InPd(110) surface, the unit cells
corresponding to (110) surface reconstructions observed during sample preparation are
illustrated and labelled. LEED patterns of the (b) (1x1), (c) (2x1), (d) c(4x2) phases ob-
served on the InPd(110) surface, recorded at a consistent electron beam energy of 63 eV.
The primitive reciprocal space unit cells for each surface phase are indicated by green
solid lines. (e) STM image of the same surface, revealing linear atomic rows attributed to
either In or Pa (9.4x9.4 nm?,-1.5V, 0.08 nA) [60].

In additional evidence of the reactive nature of InPd surfaces, poor LEED order and
rough topography on the InPd(111) surface was observed after annealing to 1070 K. A well
ordered c(3v/2 x 31/2)R45° phase was found after oxygen exposure at 750 K, highlighting

oxygen induced restructuring (Figure 2.8) [60].

a
,

InPd(111)

Figure 2.8: (a) Bulk terminated structural models of the (111) surface. LEED images, both
taken at a primary beam energy of 50 eV, showing (b) the (1x1) phase and (c) the (V3 x
V/3)R30° superstructure on the InPd(111) surface. The reciprocal unit cells are marked by
solid lines. (d) STM image (30x30 nm?, +1.8 V, 0.09 nA) of the InPd(111)-(v/3 x v/3)R30°
phase [60].
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During surface preparation, preferential sputtering results in a depletion of indium
(In) within the topmost layers of the three low index InPd surfaces ((100), (110) and (111)).
The near surface region remains slightly Pd rich until it is annealed to approximately 580
K. A compositional transition occurs between 580 K and 660 K, where In segregates to the
surface, rendering the near surface region slightly In-rich above 660 K [60].

Across all three surfaces, this transition reflects a systematic change from In-depleted
to In-enriched surface compositions. The In rich limit is more significant on the (100)
and (111) surfaces (60 at.% In) compared to the (110) surface (55 at.%), attributed to the
exposure of pure In atomic planes on (100) and (111), while the (110) surface terminates in

stoichiometric planes [60].

Figure 2.9: (a) LEED pattern of the clean InPd(111) surface recorded at beam energy of
68eV, exhibiting a (1x1) surface symmetry indicative of an unreconstructed termination
under UHV conditions. (b) LEED pattern of the c(3v/2 x 31/2)R45° oxygen overlayer
formed on the InPd(111) surface following exposure to 20 L of O at 750 K, recorded at
beam energy of 69 eV [60].

The surface behaviour of PdZn has been investigated through a combination of XPS,
STM, uLEED, LEEM, PEEM and DFT based modelling, establishing its structural and
compositional stability under UHV conditions [45]. XPS identified ZnO formation on
air exposed surfaces and preferential Zn sputtering, which led to Pd surface enrichment.
However, subsequent annealing restored near bulk stoichiometry, demonstrating the ther-

modynamic stability of the surface.
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LEED analyses confirmed that surface orientations correspond to bulk truncations,
with the (114) surface, which demonstrates long range order. DFT calculations indicated
that the (101) and (110) surfaces are thermodynamically favourable but kinetically less
stable upon annealing, whereas (111) and (114) surfaces remain stable, reflecting a bal-
ance between thermodynamic and kinetic influences. Notably, the stabilising function of
Zn-Pd interactions is highlighted by the absence of the (001) surface, which would result
in a single element termination [45].

STM investigations revealed stepped surface morphologies dominated by the (101)
surface, with less frequent occurrence of (110), (111) and (114) orientations. High resolu-
tion imaging of the (114) and (111) surfaces showed well ordered atomic lattices, whereas
(110) facets appeared too narrow for atomic contrast. Bias dependent STM contrast analy-
sis, supported by DFT, demonstrated that Pd atoms dominate the tunnelling current due
to their 4d states near the Fermi level, which strongly contribute to the local DOS. At
negative bias, filled Pd 4d states appear prominently, enhancing Pd contrast, while at pos-
itive bias, unoccupied Zn-derived states contribute modestly, resulting in reduced atomic
corrugation. This clear link between bias dependent imaging and the calculated DOS con-
tirms that the tunnelling current is highly sensitive to Pd electronic contributions, which

govern the apparent topography [45].

1101] (110) (111) (114) (001)

o ROE -

Figure 2.10: Schematic of various PdZn surfaces. The (110), (101), (111) and (114) surfaces,
observed by STM, contain both Zn and Pd atoms in or near the top surface layer. The (001)
surface, which has not been observed, shows single element termination [45].
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The NiAlI(110) surface exhibits a stoichiometric termination with equal proportions of
Ni and Al (50% Ni, 50% Al) and displays a (1x1) LEED pattern in the clean state. Ex-
periments involving hydrogen exposure have shown that molecular Hy, when dosed at
either 115 K or 300 K, does not adsorb onto this surface, as evidenced by thermal desorp-
tion spectroscopy (TDS), LEED and vibrational spectroscopy measurements. In contrast,
atomic hydrogen readily adsorbs, indicating that the dissociative adsorption of Hj is an
activated process on the rippled NiAl(110) surface. Both experimental and theoretical re-
sults confirm that atomic hydrogen adsorption induces a restructuring of the surface [61].

Atlow atomic hydrogen exposures, the (1 x1) LEED pattern remains unchanged. How-
ever, at exposures between 10 and 20 L, a weak c(2x2) LEED pattern appears, correspond-
ing to approximately one hydrogen atom per two surface unit cells, as quantified by nu-
clear reaction analysis (NRA). In this regime, LEED I-V profiles of the (1, 0) and (0, 1) spots
differ significantly from those of the clean surface, with peak shifts of up to 7 eV. Theoret-
ical modelling predicts that in the 1 ML (1x1) overlayer, hydrogen atoms preferentially
occupy Ni-Ni bridge sites, effectively removing the rippled relaxation characteristic of
the clean AINi(110) surface. The distinct adsorption behaviour compared to pure Ni or Al
surfaces reflects the unique electronic structure of AINi(110), where alloying modifies the
chemical reactivity. The presence of an activation barrier for H; dissociation, coupled with
the restructuring induced by atomic hydrogen, highlights the interplay between surface

geometry, electronic structure and adsorption energetics in intermetallic systems [61].

2.7 Phase Diagram, Growth and Crystal Structure of In3;Ni,

Phase Diagram

The phase diagram acts as a fundamental tool for understanding the thermodynamic be-
haviour and phase relationships within the binary alloy system In-Ni. This system spans

from pure In, which melts at 156 °C, to pure Ni, with a significantly higher melting point
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of 1455 °C. The significant decline in the liquidus line from the melting point of pure Ni
reflects the strong interactions between the constituent elements, highlighting the com-

plexity of their alloying behaviour.
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Figure 2.11: Thermodynamic phase diagram for the In-Ni binary system [62].

Within this system, InzNi, represents a distinct intermetallic phase that forms under
specific compositional and thermal conditions. According to the In-Ni binary phase di-
agram, InzNip is thermodynamically stable at intermediate temperatures and typically
forms through solid-state diffusion between In-rich and Ni-rich regions [62]. This phase
stability is essential when preparing well-defined surfaces for experimental investigation,
as it directly influences the surface atomic structure and chemical reactivity.

The surface stability of different crystallographic orientations, such as (001), (210) and
(100), is governed not only by the bulk phase equilibria, but also by surface-specific ther-
modynamic considerations, including surface energy minimisation and atomic rearrange-
ment, particularly under UHV conditions. Thus, a thorough understanding of the phase

diagram is critical for maintaining the structural and compositional integrity of the sur-
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face during preparation procedures such as sputtering, annealing and oxidation. More-
overt, this thermodynamic insight underpins the interpretation of surface-sensitive mea-
surements and guides the optimisation of experimental procedures for surface character-

isation and catalytic applications.

Crystal Growth and Structure Characterisation

The single crystal growth was carried out using the Czochralski process, which is one of
the methods that can be used for crystal growth. The samples have been grown and given
for examination by Professor Peter Gille [63].

An earlier attempt to obtain IngNip from a previously synthesised isostructural GazNip
seed was unsuccessful due to a significant lattice parameter misfit of approximately 8%
[63].

The initial stage of the Czochralski method of synthesising In3Ni, single crystals is the
preparation of a homogeneous melt. For In-Ni IMCs, starting with an In-rich solution
of In7»Nipg, the mixture is melted to a temperature where the alloy is completely molten,
typically ranging from 1000 to 1200 °C, dependent upon the particular alloy composition
and its melting-point characteristics. As we see in Figure 2.11, In3Ni, exhibits a peritectic
decomposition temperature of 869 °C, around 80 K lower than that of GazNi, [62]. The
crystallisation temperature range has correspondingly decreased by the same amount.
Then, a [001]-orientated native seed was used to grow a high-quality crystal [64]. It was
immersed in the molten alloy and then carefully drawn upward while being rotated. The
rate of crystal neck formation began at 0.1 mm/hr, which decreased to 0.05 mm/hr after
three days and finally to 0.025 mm/hr, allowing crystal growth for a duration of 22 days.
The crucible maintained a continuous rotation of 6.7 rpm, while the crystal was counter-
rotated at 70 rpm to assist with the transfer of material at the growth interface [63]. An
essential characteristic that determines the size and quality of the growing crystal is the

pulling rate.
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Figure 2.12: (a) A schematic of the Czochralski method [65]. (b) An image of the In3Ni,
single crystal that was grown using the Czochralski method, with the 33 rotating axis
pulled along [001] [66].

By gradually reducing the temperature of the alloy below its melting point, which can
be controlled using the heating and cooling systems of the crucible, the crystal will grow.
The crystal will take on a cylindrical shape as depicted in Figure 2.12 (b).

Following this, cooling must be done gradually and consistently once the crystal has
been stretched into 3 samples, each one with a different crystallographic orientation, (001),
(100) and (210). Subsequently, each surface is polished using a diamond grit paste with
decreasing grain size, progressing from 6 ym to 0.25 ym, with methanol cleaning per-
formed between each grain in an ultrasonic bath [65].

The quality of the IngNi, crystal is assessed after its growth by subjecting it to several
characterisation procedures, such as back-scattered Laue diffraction, which is a common
technique for ensuring the correct crystallographic orientation. The back-scattered Laue
diffraction images, shown in Figure 2.13, were taken with the main X-ray beam oriented

along the three distinct directions of the point group symmetry 3m [66].

28



Figure 2.13: Laue diffraction images obtained from the grown In3Ni; crystal with the
principal X-ray beam parallel to the three symmetrically different orientations indicated
in the stereographic projection: (a) [100], (b) [001], (c) [210].

Crystal Structure

In3Nij; is an intermetallic compound, with a structure identical to the AI3Ni; type, which
is trigonal, space group P3m1 (Figure 2.12 (a)) [65]. The lattice parameters are a = b =
4.387 A, and ¢ =5.295 A, with a = B = 90° and «y = 120° [65]. The notable selectivity of this
intermetallic compound is due to the isolation of the site [9], which is shown in Figure 2.14,
as all Ni atoms in grey are surrounded by four In atoms in purple, which isolate Ni atoms
from one another.

Although a study has been published on the physical properties (magnetoresistance,
electrical resistivity, thermal conductivity, thermoelectric power), the magnetic character-
istics, specific heat and electronic density of In3Ni, there are no surface studies reported

on single crystals of bulk In3Ni, IMCs[66].
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Figure 2.14: The unit cell of the In3Ni, surface. Ni atoms are structurally isolated from
each other by In first neighbours.

In summary, this chapter has outlined key concepts in surface science and catalysis,
focusing on the role of IMCs in heterogeneous catalysis. The subsequent chapters will ex-
plore experimental methodologies and results in more depth, providing a detailed analy-

sis of the catalytic properties of InzNi; and other intermetallic materials.
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3 | Experimental Methods and Techniques

3.1 Introduction

This chapter presents the experimental methodologies used to investigate the atomic struc-
ture, chemical composition and oxidation behaviour of the InzNi, intermetallic compound
in its three distinct crystallographic orientations. The techniques used in this study in-
clude XPS, LEIS, STM and LEED. To ensure the purity of the samples and to minimise po-
tential contamination during these measurements, all experiments were carried out under
ultra-high vacuum (UHV) conditions.

The use of UHV is crucial in surface science, as it allows the study of clean, well-
defined surfaces, free from adsorbed gases or contaminants from the atmosphere, which
could otherwise compromise the accuracy of the results. In this chapter, we first describe
the design and operational principles of the UHV system, detailing the necessary equip-
ment and procedures required to achieve and maintain UHV conditions. Following this,
each of the surface analysis techniques employed in this research will be discussed, from
their theoretical foundations to their practical working principles and experimental se-
tups. The combination of these advanced surface analysis techniques enables a compre-

hensive characterisation of the In3Ni, surface properties.

31



3.2 Basic Principles and Design of Ultra High Vacuum (UHV)

Ultra high vacuum plays an essential role in surface science experiments by providing
a clean environment. The sample surface is maintained clean, and interaction with for-
eign materials is minimised, ensuring a stable environment free of contamination [67].
This procedure requires maintaining low pressure to ensure that the surface remains clean
throughout the experiment.

There are various vacuum regimes , to understand the difference between them, they
can be divided into five regions according to pressure as shown in Table 3.1 [68]. An ultra

high vacuum is usually defined as an environment with a pressure below approximately

10~% mbar.
Vacuum Level Pressure Range
Rough Vacuum Atmospheric pressure — 10~2 mbar
Medium Vacuum 1073 mbar — 10~° mbar
High Vacuum (HV) 10~® mbar — 102 mbar
Ultra high Vacuum (UHV) 10~2 mbar — 10~ ! mbar
Extremely High Vacuum (XHV) 10~ mbar and below

Table 3.1: Classification of vacuum levels and their corresponding pressure ranges [68].

Gas Flow

The nature of gas flow is a key characteristic that varies across different pressure regions
within a vacuum system. The ratio of the mean free path (A) of gas molecules and the
diameter of the vacuum chamber (d) can be used to characterise the type of gas flow [69].
There are three different gas flow regimes that occur as gas passes through a system, which

are determined by the pressure region.
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At high and ultra high vacuum (UHV) pressures, the gas flow is classified as molecular
flow. In this regime, gas molecules flow freely without significant collisions with one
another , and they primarily interact with the walls of the vacuum chamber. In molecular
flow, the mean free path of the gas molecules is much greater than the diameter of the
conducting tube (A > d), which has important implications for the design and operation
of vacuum pumps [69, 70, 71].

The region between rough vacuum and high vacuum is commonly referred to as the
medium vacuum range, where the flow regime transitions from continuum flow to molec-
ular flow. In this intermediate regime, known as transitional flow, the mean free path of
gas molecules becomes comparable to the characteristic dimension of the system, typically
the diameter of the tube (A ~ d). Under these conditions, gas molecules undergo colli-
sions both with the chamber walls and with each other, resulting in more complex flow
dynamics than those observed in either the continuum or molecular regimes. This tran-
sitional behaviour necessitates careful consideration when designing vacuum systems, as
neither the assumptions of viscous nor free-molecular flow alone are sufficient to describe
the gas transport accurately [69, 70, 71].

In contrast, when the diameter of the tube (d) is much larger than the mean free path (1)
of the gas particles (A < d), the system operates in the low (rough) vacuum region. In this
case, gas molecules undergo frequent intermolecular interactions, leading to a continuum
(or viscous) flow regime. The continuum flow can be further classified as either laminar
flow or turbulent flow, depending on the behaviour of the gas particles. In laminar flow,
the gas flows smoothly in parallel layers, while in turbulent flow, the motion is chaotic,
with the appearance of vortices. The specific flow regime is influenced by the interactions

between the gas particles and the geometry of the vacuum system [69, 70, 71].
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Mean Free Path (\)

As particles pass through a material, they undergo several collisions that may change their
direction of motion or other properties of the particle. The average distance that a particle,
atom, molecule, or ion travels in a system before colliding with other particles is referred

to as the mean free path [72].

KpT

A= anp W

where , Kp refers to the Boltzmann constant (Kg = 1.380 x 1072 JK™1), T is the tem-
perature in K, € is the diameter of the molecule in m, and P is the gas pressure in N'm 2
[73].

Ais influenced by factors such as temperature, pressure, and the size of the gas molecules.
It plays a crucial role in determining the flow regime of gases, distinguishing between
molecular, transitional , and continuum flow regimes.

From Equation 1, the mean free path is inversely proportional to the pressure, which
means that high pressure results in a shorter mean free path. This leads to collisions be-
tween gas molecules and has an effect on the surface cleanliness. In low pressure regimes,
where gas molecules are far apart, the mean free path can be relatively long, allowing

molecules to travel substantial distances before colliding with other particles [67, 73].

The Incident Flux (Z2)

The incident flux is a critical parameter in surface science and vacuum technology, quan-
tifying the rate at which particles, including atoms, ions, or molecules, impact a surface. It
is commonly defined as the number of particles striking a unit area of the surface per unit
time [74]. Several factors influence the incident flux, including the intensity of the particle
source, the configuration of the system , and the spatial separation between the particle

source and the surface.
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Where , P refers to ambient pressure in N m~2, T is the temperature in K, M is the mass
of a molecule in kg, and Kj is the Boltzmann constant (kg = 1.380 x 10~23 JK~1).

Equation 2 indicates that the incident flux of gas molecules is directly proportional to
the pressure, indicating that increased pressure increases the density of particles (molecules,
atoms, or ions) impacting the surface. This results in surface contamination [67, 75].

Sticking Coefficient (S)

The sticking coefficient is a parameter that quantifies the probability that a gas-phase par-
ticle, upon colliding with a surface, will adsorb rather than reflect or scatter. It is defined
as the ratio of the number of particles that adhere to the surface to the total number of

particles that impact it.

S — Nadsorbed ( 4)
N incident

where:

* Nadsorbed 18 the number of particles that successfully adsorb onto the surface.
® Nincident 1S the total number of incident particles on the surface.

The value of the sticking coefficient ranges from 0 to 1:

* S = lindicates that every particle striking the surface is adsorbed.
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* S = 0 indicates that no particles stick to the surface.

The sticking coefficient is influenced by several variables, including particle kinetic
energy, surface coverage, gas composition and surface chemical composition and surface

temperature [76, 77].

3.21 UHYV Pumps

Maintaining a clean surface is essential in surface analysis, as any contamination can sig-
nificantly affect the accuracy of the results. To ensure surface cleanliness during measure-
ments, analyses are performed under UHV conditions. The UHV system employed for
the experimental measurements in this study is illustrated in Figure 3.6.

Various materials are commonly used in the construction of UHV systems, including
stainless steel, glass, copper, ceramics, specific plastics, and refractory metals such as tan-
talum, tungsten, and molybdenum. In contrast, materials with high vapour pressures are
unsuitable for UHV environments due to their tendency to evaporate at relatively low
temperatures. Alloys containing these elements are also generally avoided, as they can
release gases that compromise the vacuum quality [75, 78].

Achieving the extremely low pressures required for UHV systems involves the use
of several types of vacuum pumps, each offering distinct operational characteristics such
as a rotary pump, a turbo-molecular pump, an ion getter pump , and and a titanium
sublimation pump [69]. A detailed explanation of these pumping systems, ion gauges
and mass spectrometers is provided in this section. a titanium sublimation pump [69].
A detailed explanation of these pumping systems, ion gauges, and mass spectrometers is

provided in this section.

Rotary Pump (Rough Pump)

The rotary vane pump is widely employed due to its effectiveness in serving both rough-

ing and primary pumping. It is used as a first pumping stage to remove bulk gas (air)

36



from the chamber and create a pre-vacuum for another pump by use of rotors, set off-
centre within the chamber [69]. When the pump is intaking gas, there is an expanding
volume. As the rotor continues to rotate, the volume is compressed, the valve is opened ,
and gas molecules are removed from the system, causing the pressure to fall from atmo-

spheric pressure to 10~ mbar. This cycle is repeated several times [69, 75].

Cam Ring Surface

Jjocmtn‘cily

Vane
Figure 3.1: Schematic of a rotary pump [79].

Turbo Molecular Pump

turbo molecular pump consists of two blades, the rotors and the stators, oppositely in-
clined to each other (Figure 3.2) and is used as the second stage of a pumping system to
pump the chamber to the UHV range. It operates by spinning up the rotors to 30,000 rpm
and transferring momentum to gas molecules that enter from the inlet. The molecules
then go straight to the stator’s transfer holes. Finally, a pump linked to the bottom re-
moves the molecules.

This pump, which operates in the molecular flow regime, can reduce the pressure
from 103 mbar down to 1019 mbar and therefore must be exhausted to a backing pump,
typically a rotary vane pump. For correct operation, the system must be at molecular
flow conditions. In other words, the mean free path is larger than the blade spacing
[69]. A turbo molecular pump may achieve UHV; however, the vibrations generated are
frequently detrimental for vibration-sensitive methods such as scanning tunnelling mi-

Croscopy.
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Figure 3.2: (a) Schematic of a turbo molecular pump [79]. (b) Turbo molecular pump at
the Surface Science Research Centre of the University of Liverpool.

Ion Pump (UHV Pump)

Ion pumps maintain the pressure low to 10~!! mbar [69], by binding residual gas, there-
fore preventing it from influencing the pressure. The basic components of ion pumps are
short cylindrical anodes, made of stainless steel, positioned between two titanium cath-
odes [77].

The pump works through sorption processes initiated by ionised gas particles follow-
ing a cold cathode discharge. The significant potential difference (several keV) drives
the ionised particles towards the titanium cathode, where they are either collected or
chemisorbed. The pumps are surrounded by substantial magnets, which induce the dis-
charge electrons to traverse a helical path, increasing the route length and, consequently,
the probability of ionising collisions [77]. The operational concept of this pump type is

shown in Figure 3.3.
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Figure 3.3: Schematic of an ion pump [79].

Titanium Sublimation Pump (TSP)

A titanium sublimation pump is commonly employed as a supplementary pumping de-
vice within vacuum chambers, particularly in conjunction with ion pumps. It operates
effectively under low pressure conditions.

The mechanism involves heating a titanium filament with a high electric current, caus-
ing the metal to sublimate and deposit onto the chamber walls (Figure 3.4). This deposi-
tion forms a highly reactive surface that promotes chemisorption, especially of hydrogen,
which is otherwise difficult to remove. The pumping efficiency can be significantly en-
hanced by cooling the chamber walls using a liquid nitrogen trap. However, this cooling

technique is not implemented in the experimental systems used in this study [67].
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Figure 3.4: Schematic of a titanium sublimation pump [79].

3.2.2 Pressure Gauges

Pressure measurement requires several methods depending on the flow regime. There are

two gauges used in UHV systems.

Pirani Gauge

In the higher pressure, viscous flow region, the Pirani gauge is commonly used to measure
pressures down to approximately 10~2 mbar. This gauge operates based on the thermal
conductivity of gases, which varies with pressure. A constant electric current is passed
through a filament within the vacuum chamber. The interaction of gas particles impacts
the filament’s temperature, thus affecting its resistance. At higher pressures, more heat
is transferred, leading to a decrease in filament temperature, which in turn alters its elec-
trical resistance. This change in resistance is detected using a Wheatstone bridge circuit,
providing a measure of the pressure [67].

However, below 10~2 mbar, the decreased frequency of molecular collisions limits the
gauge sensitivity, as there are insufficient interactions to cause a measurable change in the

filament resistance.
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Ion Gauge

The molecular flow regime gauge requires an ionisation gauge for pressure measurement
(Figure 3.5). Electrons are pushed over a large potential difference and into a positively
biased cage by use of a filament, which enhances thermionic emission. It is common for
electrons to go through the cage before returning to the anode, but sometimes an electron
will ionise a gas particle inside the cage, which then accelerates into the collector with a
negative bias. The pressure can then be calculated the current that is measured from the

collector [67].
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Figure 3.5: (a) Schematic of an ionisation gauge [67]. (b) Anionisation gauge at the Surface
Science Research Centre of the University of Liverpool.

3.2.3 Laboratory Equipment

Ultra high vacuum is essential for surface science studies as it ensures a clean environ-
ment and minimises interaction with extraneous materials to ensure a stable environment
free from contamination [67]. This procedure requires low pressure to maintain surface
cleanliness during the experiment. The ultra high vacuum equipment used in this thesis,
situated in the Surface Science Research Centre of the University of Liverpool, is shown

in Figure 3.6.
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Figure 3.6: Ultra high vacuum chamber at the Surface Science Research Centre of the
University of Liverpool used in this thesis.

3.24 Venting and Baking the System

Venting the UHV system requires exposing it to atmospheric pressure. It may need open-
ing so that some broken parts, such as the tip in the STM or a leak in the main chamber,
can be repaired. To vent a UHV system, all components and pumps must be turned off.
During baking, weakly bonded surface water and hydrocarbon molecules that adhere
to the walls of the UHV chamber after venting of the system are eliminated. To begin the
baking process, all chamber windows must be covered with aluminium foil to prevent
breakage and all electrical connection plugs must be unplugged, as seen in Figure 3.7. This
technique is conducted while the turbo molecular pump operates. It entails heating the
whole chamber to a temperature range of 120-200 °C with ceramic heaters and insulating

panels for a duration of 24 to 48 hours [76].
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Figure 3.7: Baking ultra high vacuum equipment at the Surface Science Research Centre
of the University of Liverpool.

3.2.5 Mass Spectrometry

Mass spectrometry is essential in UHV systems, particularly for the analysis and identifi-
cation of residual gases at exceedingly low pressures (<10~° mbar).

The mass spectrometer uses quadrupole technology to selectively filter ions before
they reach the detector. The primary operations within the mass spectrometer include
the ionisation of gas molecules, the filtration of ions via the detector and the subsequent
detection of the ions. The spectrometer subsequently amalgamates the findings into a
spectrum, displaying the peaks for each identified ion. This enables the user to identify the
gases present, accurately measure their concentration, or verify the purity of any manually
provided gases.

A heated cathode first experiences thermionic emission, ionising gas molecules and

propelling electrons towards the anode. The quadrupole analyser ionises the gas molecules
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passing through this region and then propels them along a path. The quadrupole selec-
tively causes resonance in ions with certain mass-to-charge ratios as they move by apply-
ing oscillating radio frequency voltages between one pair of rods and another. All other
ions move away from the detector and towards the poles. The detector picks up the ions
post quadrupole passage and turns it into an intensity that is related to the number of ions
that were collected [80].

By analysing the voltage frequencies at the poles, the device examines the mass-to-
charge ratios and quantifies the quantity of ions for every period. This approach enables
the collection of a spectrum of the present gas molecules.

The high sensitivity and selectivity of mass spectrometry make it an essential instru-
ment for maintaining ultra high vacuum conditions, identifying leaks and ensuring the

dependability of high-precision experiments and industrial operations.
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Figure 3.8: Mass spectrometer used in the Surface Science Research Centre of the Univer-
sity of Liverpool, which is used to indicate the elements inside the UHV chamber.

3.3 Surface Preparation

It is essential to make sure that the surface is clean before measuring its characteristics. To
achieve the required cleanliness, it is necessary to eliminate surface contaminants on both
a macroscopic and microscopic level. This section will detail the preparation of each of

the three samples before and after their positioning in the UHV chamber.
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Ex situ

To prepare In3Ni2 samples for the surface study, we used a standard stainless steel sample
holder and cleaned it by placing it in an ultrasonic bath with methanol for 15 minutes to
remove residual contamination that could be emitted in the UHV system (Figure 3.9 (a)).
The sample holder was then degassed in the UHV system to ensure that the sample holder
surface was free of contaminants before placing the sample on it. We placed the sample
in the clean holder using a tantalum wire (Ta), a welding instrument and a microscope,
as seen in Figure 3.9 (b). Once the sample was mounted, it was put in an ultrasonic bath
once again (Figure 3.9 (c)). Then it was placed in the load lock, pumped until the desired
pressure was reached and then moved to the main chamber to start the measurements

(Figure 3.9 (d)).
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Figure 3.9: (a) Stainless steel sample holder cleaned by immersing it in methanol and an
ultrasonic device for 15 minutes. (b) Sample attached to
the holder by using tantalum (Ta) wire. (c) Ultrasonic device used to clean sample after
being placed on the holder. (d) In3Ni(001) sample inserted into the UHV chamber after
cleaning.

45



In situ

Atomic surface preparation is done within the UHV system using ion bombardment (sput-
tering) and high temperature treatment (annealing) cycles, which are common techniques
used to clean the surface. The degassing was carried out in an ultra high vacuum system
with a base pressure around 3.6x10 ~10 mbar at 560 °C for 30 minutes. This was followed
by multiple cycles of sputtering with noble gas ions (Ar™) for 30 minutes at a pressure of
approximately 7.4x10 ~6 mbar, with an average drain current of 7 nA. Subsequently, the
sample was annealed at different temperatures ranging from 360 °C to 560 °C for (60-180)
minutes to ensure thermal equilibrium, with a base pressure around 6x10 ~10 mbar.

This process was carried out several times until LEED patterns were seen from the
surface or until an XPS analysis revealed no contamination on the surface. One of the
highest temperatures used to anneal all the samples was 560 °C. After directly annealing
the surface, an optical pyrometer with an emissivity of 0.40 measured all temperatures,
while using thermocouples for LEIS experiments.

To determine the appropriate emissivity setting for the optical pyrometer, a thermo-
couple was used as a reference in the LEIS (Low Energy Ion Scattering) setup. The InzNi
surface was mounted in such a way that both the optical pyrometer and the thermocou-
ple could accurately measure the temperature of the sample. Temperature readings were
recorded from the thermocouple in the LEIS chamber and the emissivity of the optical
pyrometer was adjusted until the temperature indicated by the pyrometer corresponded
to that measured by the thermocouple. The emissivity value was varied at different tem-

peratures to achieve a match with the thermocouple readings presented in Table 3.2.
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Emissivity Optical Pyrometer Thermocouple
0.1 389 °C 319 °C
0.2 336 °C 309 °C
0.3 319 °C 306 °C
0.4 286 °C 300 °C
0.5 294 °C 297 °C
0.6 281 °C 293 °C
0.7 255 °C 287 °C
0.8 249 °C 284 °C
0.9 249 °C 275 °C

Table 3.2: Comparison of temperature measurements obtained from the thermocouple
and the optical pyrometer at various emissivity settings. Emissivity values between 0.4
and 0.5, highlighted in blue, represent the most accurate correspondence between the two
measurement methods.

The emissivity values in the range of 0.4 to 0.5 were found to yield the most accu-
rate temperature readings, with good agreement between the thermocouple and the op-
tical pyrometer measurements. Therefore, subsequent analysis focused on this emissivity
range, as summarised in Table 3.3. It was observed that the 0.48 emissivity remained rel-

atively constant over the temperature range.

Emissivity Optical Pyrometer Thermocouple
0.4 261 °C 267 °C
0.42 259 °C 264 °C
0.44 259 °C 261 °C
0.46 258 °C 259 °C
0.48 250 °C 250 °C

Table 3.3: Comparison of emissivity values measured using thermocouple and optical py-
rometer techniques. The emissivity value of 0.48, highlighted in blue, shows the closest
agreement between the optical pyrometer and thermocouple values; therefore, 0.48 is con-
sidered the most accurate emissivity.
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Experiments to determine the structural and chemical properties of the clean InzNip
surface were conducted in a UHV chamber with a base pressure around 2 x 10~ mbar

using a four-grid LEED system and XPS, respectively.

3.3.1 Sputtering the Surface (Ion Bombardment)

The sputtering technique requires a high energy process gas (100 - 3000 eV), such as argon
gas (Ar'), produced by a noble gas ion positioned in front of the crystal surface [24].
Second, the electric potential applied to the cathode will cause free electrons to accelerate
and move away from the cathode. The moving electrons collide with the neutral argon
atoms and an electron is removed from the atom, resulting in an argon ion (Ar™). These
are accelerated towards the cathode and collide at a grazing angle with the target material
in the chamber space. The ejected atoms are not charged, so they travel straight to the
centre of the chamber [81]. Sputtering produces a negative side effect as it changes the
structure of the substrate. The crystals require annealing at high temperatures to eliminate

imperfections on the surface caused by sputtering [82].

Figure 3.10: Operational setup of an Ar™ ion gun during the sputtering process. In this
configuration, argon ions are accelerated under vacuum conditions and directed towards
the target (sample surface), where they induce the controlled removal of surface atoms.
This process is commonly used for surface cleaning in surface science.
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3.3.2 Annealing the Surface (High Temperature Treatment)

A surface that has been sputtered becomes pitted and rough. Consequently, it is essential
to restore it to its original state by annealing the substrate below or near its melting tem-
perature [83]. The binary In-Ni phase diagram shows that the melting temperature for
In3Nij is 865 °C.

To prevent damage to the sample, it must not be annealed to temperatures above 570
°C, which is around % of the bulk temperature. This will influence the number of active
sites, their geometry and the catalytic activity and selectivity of the surface [10]. In ad-
dition, it may take several hours of annealing to produce atomically flat terraces that are

sufficiently large and well spaced to allow useful data analysis [74].

3.4 Experimental Techniques

3.4.1 X-ray Photo Electron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (also known as electron spectroscopy for chemical anal-
ysis, or ESCA) can provide chemical state information of a sample up to a few nanometres
in depth [84].

The sample is exposed to incident X-rays, which cause photoemission. Then, the ki-
netic energies of the electrons are measured. After that, spectra that contain specific peaks
are generated and those peaks may be used to determine which chemical species are
present on the surface of the sample. The electrons which are non-scattered from the
sample can only reach the detector if the procedure is performed under UHV conditions
[85]. Initially proposed by Albert Einstein in 1905, for which he subsequently won the
Nobel Prize in 1921 [86], the method was invented and pioneered by Karl Siegbahn, who
received the Nobel Prize in 1981 for his groundbreaking work in the development of elec-

tron spectroscopy [87].
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Physical Basis

The surface atoms of a sample are exposed to bombardment by photons of specific energy,
resulting in the excitation of the electronic states within the atoms. This produces electron
emission from the surface that corresponds with the photoelectric effect, which can be
described by equation 5. The binding energy Ep can be calculated using the kinetic energy
of the emitted electron Ey, the energy of the incident radiation hv, and the energy required

to release an electron from the Fermi level to vacuum, known as the work function ¢.

EB:]’H/—EK—QD (5)

Equation 5 shows that the binding energy Eg may be calculated by using the kinetic
energy of the emitted electron Eg, the energy of the incident radiation /v, and the work
function ¢. In XPS, the work function of the detector is used rather than the material’s
work function, which is what the equation above refers to [88]. This occurs because the

Fermi levels of the sample and the spectrometer are aligned and there is electrical contact

between the two [89].
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Figure 3.11: Photoemission process in XPS. Reproduced and modified from [89].
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In Figure 3.11, we can see an example of the fundamental processes that occur in the
atomic electronic states during XPS. XPS is used in the identification of the chemical com-

position of samples, discussed further in Chapters 6, 7 and 8.

Instrumentation

In a laboratory equipped with XPS, the selection of an incident X-ray beam excites an
electron from a sample to a detector. The main sources are Mg and Al, where high energy
electrons are accelerated towards a water-cooled Mg and Al anode to produce incident
X-rays of defined energy.

The production of this X-ray conforms to a procedure similar to that shown in Figure
3.11. Subsequent to the extraction of the core-level electron, the electrons within the atom
undergo rearrangement. Electrons that are less tightly bound move from higher energy
levels to the core level, resulting in the emission of a photon.

An X-ray source that comes from Mg or Al in the lab has clear doublet emission peaks.
These are caused by electron vacancies in the K shell. This will result in the observation
of "satellite" peaks within the spectra where both Ka and KB photoelectrons are recorded.
Mg and Al possess Ka energies of 1253.6 eV and 1486.6 eV, respectively. By filtering out
one of the photons and diffracting the X-ray beam, the KB photons are taken out until
only the Ka photons are left in the beam. This thesis does not employ a monochromatic
XPS system for its research. The following procedure is to focus the electrons on the hemi-
spherical analyser entrance slit after being enhanced using a series of electrostatic lenses.

The electron passes through the analyser inner and outer domes. To create an electro-
magnetic field that enables only electrons with certain energy levels to pass to the detec-
tors, each hemisphere is set up with a different voltage [90]. To generate an XPS spectrum,
one needs to change the voltages and distribute the energy over the spectrum. There
are two ways for operating the system: fixed retardation energy mode (FRR) and fixed

analyser transmission mode (FAT). All electrons enter the analyser with the same kinetic
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energy in FAT mode as the electrostatic lenses either slow them down or speed them up.
The energy being measured is identical to the pass energy of the electron energy analyser.
In this mode, the lens biases change such that electrons with a certain starting kinetic en-
ergy are focused on the entry slit of the analyser and either slowed down or sped up to
the pass energy of the analyser. Another thing that is modified in FRR mode is the anal-
yser pass energy such that the initial electron energy divided by the pass energy remains
constant. In this study, all measurements were done in FAT mode, which can produce a
stronger signal even at low kinetic energies.

The XPS spectra from the In3Ni2(001) surface are shown in Figure 3.12. The spectra are
a graph of the number of electrons recorded for each binding energy bin. The energy step
range determines the size of the bins. Emission of photoelectrons from core levels occurs
when there is enough energy. We can determine the elemental composition of the surface
by recording the binding energies of each peak. Figure 3.12 displays core level peaks for
In and Ni. The intensity of In and Ni core levels can be fitted by removing the background
from the area of each peak to determine the peak position and area under the peak. This

topic is further covered in Sections 4.4, 5.4 and 6.4.
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Figure 3.12: (a) An XPS spectrum taken from In3Ni;(001) with the largest core level high-
lighted by a blue line for Ni and red lines for In. (b) Ni 2p core level. (c) In 3d core level.
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Atomic Composition Calculation

The atomic composition of the surface, determined from XPS spectra, involves measuring
the relative concentrations of In and Ni elements on the surface of In3Ni2 samples, based
on the intensities of the peaks in the XPS spectrum.

The first step in atomic composition calculation is to identify the peaks correspond-
ing to the In and Ni elements. Then, removing a background signal caused by inelastic
scattering of photoelectrons from the XPS spectrum using the Shirley-type function [91],
which fits a background curve to the spectrum, subtracts it from the total signal and di-
viding the area by the number of XPS scans used during data acquisition.

After background subtraction, the area under each peak is determined. However, the
atomic composition is affected by several instrumental factors, such as the photoioniza-
tion cross-section (PC), the analyser transmission function (ATF), which corrects for the
efficiency of the analyser in detecting photoelectrons and depends on the specific setup of
the XPS instrument, and the inelastic mean free path (IMFP) that represents the average
distance a photoelectron can travel before losing energy due to inelastic collisions.

To account for differences in the sensitivity of the XPS system to different elements, the
corrected peak area (CA) for each element is normalised. The normalisation process gener-
ally involves dividing CA by the PC, as obtained from the literature [92], corresponding to
the X-ray source used. The IMF IMFP value for In3Ni2 was calculated using the Tanuma,
Powell and Penn - Model 2 Modified (TPP2M model) from equation 6 [93].

538,a,E2
(E2+E2) [fnn (1 + ;—g)]

Where, IMF refers to the inelastic mean free path, Ey is the electron kinetic energy of

IMF =

(6)

the core level, E, is the free electron plasmon energy, E, is the band gap energy, a is a
material-dependent constant and (3, y) are empirical fitting parameters.

The normalised area function (NA) is given by
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Normalised Area (NA) = 5~— IAC/I? % ATF 7

The analyser transmission function (ATF) is defined by

(8)

After normalisation, the relative atomic composition can be calculated by comparing

the normalised peak area of each element to the sum of all normalised areas.

N4
2 NA,

AC; )

Where j refers to In and Ni elements, N A; is the normalised peak area corresponding
to In and Ni elements, and Z]- N Aj is the sum of the normalised peak areas for all elements

present in the sample.

Depth Profile

For the In3Ni2 surface, XPS measurements are typically performed with the sample po-
sitioned normal to the detector, which maximises the photoelectron collection efficiency
and reduces statistical error. This configuration ensures that photoelectrons originating
from a few nanometres beneath the surface can escape and reach the detector. The profil-
ing depth for the In3Ni2 surface, when oriented normal to the detector, was estimated to
be approximately 24 nm. This estimation was derived using the standard approximation
of 31, where A represents the inelastic mean free path for the In3Ni2 sample, calculated
using the TPP2M formalism (Tennant, Papp and Pannell), which describes the average
distance an electron can travel through a material during inelastic scattering events, such

as excitations of electrons in the target material [94].
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Figure 3.13: The scanning angles between the detector and the X-ray affect the depth of
the sample scanned by XPS: (a) at normal angle; (b) at 45°; (c) at 75°. Reproduced and
modified from [95].

As the grazing angle increases, the XPS technique becomes more sensitive to the sur-
face [96], as photoelectrons generated closer to the surface have a higher probability of
escaping. In contrast, at smaller grazing angles, photoelectrons from deeper regions are
less likely to be ejected. However, this increased surface sensitivity is accompanied by a
decrease in the overall signal intensity recorded.

To account for this variation, our experimental setup is designed to collect XPS data
at multiple grazing angles by rotating the sample, thus providing a more comprehensive

surface analysis.

3.4.2 Low Energy Ion Spectroscopy (LEIS)

Low Energy Ion Spectroscopy (LEIS) is an extremely surface-sensitive analytical method
employed to investigate the composition of the outermost atomic layers of materials. By
the end of the 1960s, advancements in ultra-high vacuum (UHV) systems and ion beam
technology enabled the first systematic LEIS experiments, demonstrating its capability to
probe only the outermost atomic layer [97]. LEIS has developed into an essential tool for
basic science and industrial applications.

Notably, LEIS is different from other surface analysis methods because it can give in-
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formation about the very top atomic layer of materials. This is in contrast to methods like

X-ray photoelectron spectroscopy (XPS), which probes the very first few nanometres [98].

Physical Basis

The physical principles concerning LEIS are primarily based on classical mechanics, par-
ticularly the conservation of energy and momentum during elastic collisions between in-
coming ions and surface atoms.

In LEIS, a sample is exposed to ions with energy ranging from 0.1 to 10 keV. The sample
atoms scatter these ions. He, Ne, Ar and Kr are examples of inert gas ions that we use in
this thesis helium (He) gas only. Because inert gas ions have a high chance of neutralising,
ions scattered from deeper than the outermost atomic layer will be almost completely
attenuated. When we detect only charged particles, we achieve surface sensitivity.

A schematic picture of ion backscattering at a surface is shown in Figure 3.14. LEIS
primarily relies on elastic collisions between incoming ions and atoms on the surface. The
scattering ion’s energy after colliding with an atom on the surface can be described by

equation

2

Me)\? g2
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where Ep is the energy of the primary ion, Eg is the energy it has after scattering, Mp

is the mass of the primary ion and Mg is the mass of the scattering surface atom, and 6 is
the angle through which the scattering takes place.

This equation indicates that if the mass of the surface atom (Ms) is above that of the
primary ion (Mp), energy and momentum are transferred during scattering, enabling
backscattering, which serves as the principal identifying mechanism in LEIS. If the mass
ratio condition is not satisfied, forward scattering occurs. Similar to the behaviour of a

bowling ball colliding with lighter pins rather than heavier ones, the lighter object re-
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Figure 3.14: (a) The bombardment of a surface with three types of exposed atoms by noble
gas ions. (b) LEIS signal corresponding to the surface on the left. Note that there is no LEIS
signal from the ‘red” atoms, which are deep in the surface. Reproduced and modified from
[97].

Instrumentation

Qtac100 (commercial product) is a LEIS instrument with a double toroidal analyser (DTA).
The Qtac100 is designed to operate at UHV conditions, essential for ensuring that ions
have long mean free paths to the sample and minimising contamination. This advanced
analytical instrument has been designed for high sensitivity and accuracy in determining
the elemental composition of the outermost atomic layers of materials. Moreover, it allows
an almost 360° azimuthal collection of backscattered ions, enhancing both sensitivity and
specificity in analysis. This design proves useful as it allows for sampling a limited range
of backscattering angles while obtaining a larger quantity of ions compared with typical

hemispherical electron spectrometers used in XPS.
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Figure 3.15: (a) LEIS instrument at the University of Liverpool used to produce the results
for InzNi samples. (b) The sample placed on the holder.

The machine’s essential components include an ion source for emitting noble gas ions
(He, Ne, or Ar) perpendicular to the sample, an ion gun to accelerate the ions before their
interaction with the sample surface, an energy analyser located within the main chamber,
and the ability to include a sputter gun for depth profiling, along with a double toroidal
analyser (DTA). This component collects backscattered ions and is essential for determin-
ing their kinetic energy. The DTA has been designed to detect ions across a wide angular
spectrum, allowing enhanced sensitivity and greater mass resolution relative to conven-
tional analysers. Figure 3.15 illustrates the LEIS instrument used at the University of Liv-

erpool.

3.4.3 Low Energy Electron Diffraction (LEED)

One surface-sensitive method is Low Energy Electron Diffraction (LEED), which involves
reflecting an electron beam with low energy (50-500 eV) to determine the atomic structure
of the surfaces of crystals.

It is commonly used in surface physics to image the reciprocal lattice and learn more
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about how atoms are arranged on the surface, but it needs to be performed in ultra high
vacuum. Clinton Joseph Davisson and Lester Halbert Germer conducted groundbreaking
experiments in 1927, which led to the development of the electron diffraction technique.
Their work demonstrated the wave nature of electrons, leading to the development of

techniques such as LEED [99].

Physical Basis

Electron diffraction is a key tool for studying crystal structure. In fact, a crystal is defined
as a material that exhibits a sharp, well-defined diffraction pattern. The Braggs were the
tirst to use the coherent interference of photons with crystals to understand their struc-
ture, deriving what is now known as Bragg’s law. Wavelengths that are smaller than or
equivalent to the interatomic spacing between atoms and molecules at surfaces satisfy
the atomic diffraction condition. This can be calculated using the de Broglie wavelength

equations 11 and 12.

(11)

A, = 150.4 (12)
\/ Ej

where /1 is Planck’s constant (1 = 6.63 x 1073*] - s), m, is the mass of the electron in kg,

<=

v is the velocity, and Ej is the kinetic energy of the electron. The diffraction of beams by

crystals is described by Bragg in a simple equation 13.

NAp = 2d sin 6 (13)

where d is the spacing of the parallel atomic planes, A is the wavelength of incident
electrons and 7 is an integer representing the order of diffraction. hkl represents the Miller

indices of the surface being investigated. 6 is the angle between the incident beam and the
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atomic plane.
Bragg’s law is illustrated in Figure 3.16. It is clear that diffracted beams are observed

when atoms in parallel planes constructively interfere with their reflections [99].

d sin 0

Figure 3.16: Illustrating Bragg’s Law. Reproduced and modified from [99]

In addition to Bragg’s law, Laue’s law is an alternative to Equation 14 for diffraction.
For diffraction to occur, the condition is that an incident electron with wave vector K; and

a scattered electron with wave vector K; must satisfy:

Ki = Ki + g (14)

where K; is the incident wave vector, K; is the outgoing wave vector, and gy is a

reciprocal lattice vector; the magnitudes of both vectors are equal (elastic scattering). The
reciprocal lattice is described by:

Qi = ha* + kb* + 1¢* (15)

where hkl are Miller indices, a*, b* and c* are primitive translation vectors in reciprocal

space, which can be written as:
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where 0 represents the angle between the real-space lattice vectors @ and b in a two-
dimensional crystal, 4, b: magnitudes of the real-space lattice vectors 4 and E, and g%, b*:
reciprocal lattice vectors.

The Ewald sphere principle can be employed to determine how many diffracted beams
emerge from a crystalline surface at a given incident energy [100]. Diffraction occurs at
all points in the reciprocal lattice that intersect with the surface of the Ewald sphere. In
three-dimensional crystals, the reciprocal lattice consists of discrete points in space and
diffraction arises when these points fall exactly on the surface of the Ewald sphere. In
contrast, for two-dimensional systems, such as surfaces or thin films, the reciprocal lattice
takes the form of rods (or lines) perpendicular to the surface plane. In this case, diffraction
occurs when these rods intersect the Ewald sphere, leading to the appearance of diffrac-
tion spots.

Figure 3.17 clearly illustrates that weak reflections are associated with reciprocal lattice
points that lie further from the Ewald sphere surface, whereas strong reflections, result in
more intense diffraction spots, occur where reciprocal lattice points lie close to or directly
on the Ewald sphere.

Moreover, changing the primary energy of the incident electron beam affects the mag-

nitude of the wavevector k and hence the radius of the Ewald sphere. An increase in
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energy expands the radius, allowing the Ewald sphere to intersect more reciprocal lattice
features. As a result, the Ewald sphere may pass through stronger or weaker parts of the
Bragg spots (in three-dimensional lattices) or through rods (in two-dimensional lattices),
depending on the value of k. Consequently, the intensity of each Bragg reflection varies

with the beam energy, influencing the visibility and sharpness of the diffraction pattern.
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Figure 3.17: Ewald sphere representing diffraction in the reciprocal lattice (a) three dimen-
sions
. (b) two dimensions [99].

Instrumentation

The LEED apparatus consists of an electron gun, a fluorescent screen and grids. The elec-
tron gun consists of a heated cathode and a set of focusing lenses that send electron beams
at low energies to the surface of the sample.

Elastically and inelastically scattered electrons are accelerated from the material’s sur-
face and flow towards four different grids (known as retarding grids). The earthed grid
is the first grid that is closest to the sample and it protects the phosphor screen from high
voltages. To ensure that only elastically scattered electrons reach the detector, the outer
grid is located near the sample, as are the inner grids. The second and third grids have a

lower potential magnitude.
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The elastically scattered electrons are detected by a fluorescence screen and a CCD
camera as a result of emitted light when electrons strike the fluorescence screen, allowing
for a real-time display of the diffraction pattern. The images can also be observed visually
or through computer software. Figure 3.18 displays a schematic of a basic LEED system.
This system is always contained within the UHV to preserve the required surface cleanli-

ness.
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Figure 3.18: Schematic of the LEED apparatus, which is evacuated to ultra high vacuum.
Reproduced and modified from [101].

A symmetric ordered surface may be seen using LEED patterns and compared to other
methods, including 2D fast Fourier transformations of STM images. Before being placed
in the STM chamber, LEED was used to confirm that the surface was clean and well or-
dered, as indicated by sharp points in the LEED pattern.

The In3Ni; surface structure was investigated in this work by finding the lattice con-
stants and comparing them to a model structure. The coherence length of this technique
is of the order of 100 A, meaning that surfaces that may be too rough for analysis with
an STM can provide structural information through diffraction. LEED images provide the
geometrical arrangement of the diffraction spots, along with the reciprocal lattice infor-
mation. Besides background noise, spot brightness and sharpness can reveal information.

In addition, LEED can detect surface reconstructions on samples.
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3.4.4 Scanning Tunnelling Microscopy (STM)

STM is often used to characterise materials at the nanoscale. STM was invented by Dr
Gerd Binnig and Dr Heinrich Rohrer in 1982 at IBM Zurich [101]. Both won the 1986
Nobel Prize in Physics for this discovery [101].

The main motivation behind the invention of the STM was the requirement for a de-
vice capable of nanoscale local spectroscopy. Also, it provides high resolution imaging of
surfaces and has the ability to manipulate them, making it an important instrument for
surface science research.

Scanning an atomically sharp tip across a surface allows for the detection of the elec-
tron density map of the surface. Electron density at the surface typically directly repre-
sents surface topology, however, any assumptions in this area must be made with careful

consideration of extra factors [102].

Physical Basis

The physical basis of STM relies on the quantum tunnelling effect, which describes how
electrons can pass through a potential barrier that separates a sample surface from a con-
ductive tip by recording volt-ampere characteristics (VAC) of the tip—surface tunnelling
contact at any point on a surface and investigating the local electronic properties of a sam-
ple.

In STM, a sharp metallic tip is brought within 5-10 A of a conductive surface, causing
the wave functions from the atom at the tip and the atom at the surface to overlap. When
a voltage is applied, electrons can tunnel through the small gap between the tip and the
surface. This tunnelling occurs because of the wave-like nature of electrons, which have
a non-zero probability of existing on the other side of the barrier, even if they do not
have enough energy to cross it classically. By measuring the tunnelling current or the
z-axis position of the tip, an atomic level image of the surface may be obtained. The

phenomenon known as quantum mechanical tunnelling occurs when a particle passes
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through an energy barrier that is larger than the total energy of the particle.

Figure 3.19: Schematic picture of the electron energy states in a tunnelling contact between
STM metal tip and sample. Reproduced and modified from [103].

When a negative bias voltage is applied between the tip and surface leads to the situ-
ation where the tip becomes more negative compared to the surface. Consequently, elec-
trons from the tip, which are at a higher energy, tunnel into the surface, probing the un-
occupied states. On the other hand, the tip becomes more positive in comparison to the
surface when a positive bias voltage is applied between them. As a result, electrons tun-
nel from the surface to the tip, probing the occupied states, as they naturally move from
regions of higher to lower potential.

The quantum tunnelling process allows electrons to pass through the small gap be-
tween the tip and the surface, even though, classically, they would not have enough en-
ergy to surmount the potential barrier. As the tip scans across the surface, changes in the
tunnelling current (j) provide electronic properties and atomic scale information about the
material’s surface. The surface local density of states (LDOS), the distance between the tip
and surface (d) and the energy alignment between the tip and surface electronic states are

the three variables that determine the tunnelling current.
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Equation 17 illustrates an exponential correlation between j and d, indicating that a
small change in the tip—sample distance, due to a protrusion or depression, would lead to

a significant variation in the tunnelling current.

j= DUV exp(—ag)/2d) 17)

Where, D(V) is the electron state densities of the tip and the sample, V is the bias voltage,

d is the effective tunnelling gap, ¢ is the effective barrier height and A is a constant.

Instrumentation

The central part consists of a tip that is commonly made of tungsten or platinum-iridium
alloys. The performance of the tip is greatly affected by its condition; for that reason, a
sharp and stable tip is essential to produce topographical maps of surfaces with atomic
resolution.

As seen in Figure 3.20, a mix of in situ preparation and ex situ production is used
to make the tip itself atomically sharp. To make the tip itself atomically sharp, it is first
introduced into UHV, then annealed to remove any gas before being placed under the mi-
croscope for cleaning. To enhance and remove any molecules or adsorbates detected by
the tip, short voltage pulses can be applied to the tip. This method enables the mainte-
nance of sharp, single tips. The tip height is held less than 1 nm away from the surface
and it is adjusted via a feedback system in order to maintain a constant tunnelling current

between the tip and the sample, adjusting the tip’s height to generate accurate surface

topography.
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Figure 3.20: Metal tip and sample used in STM.

A piezoelectric scanner is responsible for moving the STM tip with high precision in
three dimensions. Piezoelectric materials expand or contract when an electric voltage is
applied, allowing for extremely fine control of the tip position. Precision in tip movement
is controlled by piezoelectric scanners, which provide accuracy in three dimensions, cru-
cial for mapping surface topographies. Also, high voltage amplifiers are used to drive the
piezoelectric scanners. Computers and software are used to control the STM operation,
collect data and generate images. The components of an STM device are shown in Figure

3.21.
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Figure 3.21: Schematic illustration of scanning tunnelling
microscopy (STM). Reproduced and modified from [101].
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There are two different modes of STM operation: constant current or constant height.
The differences between these modes are depicted in Figure 3.22 (a-b). The most com-
mon method of obtaining STM images is through a constant current mode, in which a tip
travels over the sample surface while the bias voltage and current are held constant [104].
The current and voltage are maintained constant while the X, y and z coordinates fluctuate
with the movement of the scanning tip. Here we measure the voltage required to move
the tip vertically in order to keep the tunnelling current constant; we need to calibrate the
piezo voltage Z. A constant current gives images of the surface’s electron density, which
corresponds fairly closely to topographic images for certain materials [101].

In the constant current mode, the tip stays stationary while the sample is scanned and
the tunnelling current is measured at different x and y positions [105]. When the sample’s
surface is smooth, this mode can be used. However, if the sample is rough or contains
large particles, the tip may come into contact with the sample and cause damage to the

surface [101].
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Figure 3.22: Operation of an STM in constant (a) current mode. (b) height mode. Repro-
duced and modified from [105].

Calibration.

In STM, image distortions can arise from various factors, including electronic noise, tip

asymmetry and thermal drift, which can compromise the accuracy of atomic-scale mea-
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surements. To address these distortions, a Highly Ordered Pyrolytic Graphite (HOPG)
substrate is frequently used as a calibration standard due to its well-defined and regular
crystalline lattice structure. HOPG's consistent hexagonal arrangement, with a known
atomic spacing of 2.46 A between adjacent carbon atoms, makes it an ideal reference for
correcting distortions in STM images.

In this study, STM images of the HOPG surface were first obtained under the same
experimental conditions used for imaging the InzNi, surface. These HOPG images, along
with the theoretical model structure, were then used to calibrate the STM images of In3Niy,
allowing for the identification and correction of distortions (Figure 3.23). The distortions
in the In3Ni; STM images were compared to the ideal hexagonal lattice of HOPG, with
any deviations from the expected atomic spacing corrected through a mathematical al-
gorithm. This calibration process not only enhanced the accuracy of the In3Ni, surface
analysis but also contributed to the overall reliability and reproducibility of atomic-scale

measurements in this study [106].

Figure 3.23: STM image of the HOPG surface after sputtering and annealing the surface
to 216 °C, showing a (32 A %35 A scan area at
-0.785 V and 0.348 nA). The image is superimposed with a theoretical HOPG model,
illustrating the alignment of the atomic structure and aiding in the calibration of the STM
measurements.

Data collected in this investigation were processed using WSxM software. STM in-
dicates distortions that can appear in the data that do not accurately represent any real

surface features.
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Plane levelling is used to correct data slopes that result from a tip-sample incline, using
various levelling processes for atomically flat images or those featuring steps of differing

heights as shown by Figure 3.24 (b). Scan line defects, which occur during the line-by-line

capture of the image, and corrupted line faults, are removed using a scar removal process.

™

Figure 3.24: (a) STM image of the In3Ni(001) surface after sputtering and

annealing the surface to 540 °C (750 Ax950 A, +0.472 V, 0.448 nA). (b) STM image after
correcting data slopes by plane levelling.

Drift correction was applied to the STM images to fix any drift that was seen using the
expected surface symmetries. Once the STM data have been corrected, any drift measure-
ments. can be directly extracted from the image. Line profiles, which measure the change
in Z-axis height or tunnelling current along a given line, can be used to define step heights
between terraces and other features. Another method to measure step heights is by using
a height histogram (Figure 3.25 (a-b)).

Two additional image analysis methods frequently used to analyse STM images are
Fast Fourier transform (FFT) and autocorrelation. Both allow us to quantify an image’s
inherent order, even if it’s not obvious. By summing sine and cosine functions with var-
ious frequencies and amplitudes, an FFT may break down and convert an image into its
harmonic components. Points in the Fourier domain, which represent these harmonic
components, correlate with key frequencies present in the image of space as it actually
exists. Like LEED patterns, bright spots in the Fourier domain where various frequencies

overlap represent real-space repeating patterns. By using an inverse FFT to filter out these
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high intensity points, we can see these characteristics in real space without the noise. It is
common practice to integrate data from the FFT centre to avoid losing any actual surface

information, although this requires careful consideration.
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Figure 3.25: (a) STM image of the In3Niy(001) surface after sputtering and

annealing the surface to 540 °C (750 Ax950 A, +0.472 V, 0.448 nA). (b) Line profiles to
measure the change in Z-axis height. (c) Height histogram to measure step heights.
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4 | In3Nip(001) Surface

4,1 Introduction

This chapter presents an investigation of the atomic structure, chemical composition, and
oxidation behaviour of the In3Niy(001) surface using a range of complementary tech-
niques, including XPS, LEIS, LEED, and STM.

A series of sputtering and annealing cycles produced a clean, atomically ordered (001)
surface. This work is the first comprehensive examination of the In3Niy(001) surface using
UHYV methods.

XPS spectra provide information on the effects of air exposure, sputtering, and an-
nealing on the surface composition of the In3Niy(001) sample. The influence of varying
annealing temperatures on the chemical composition of the surface is then analysed, along
with compositional variations as a function of the scanning angle. Additionally, after sput-
tering and annealing at various temperatures, LEIS was used to investigate changes in the
chemical composition within the surface’s uppermost atomic layers.

The effect of sputtering and annealing at varying temperatures on LEED patterns is
also examined. STM imaging is used to investigate the surface morphology and to iden-
tify the termination plane of the surface by comparing the STM images with a bulk atomic
model. The oxidation behaviour of the In3Niy(001) surface is studied through XPS, focus-
ing on the shifts in binding energies of surface components, particularly indium (In) and

nickel (Ni), as they interact with oxygen (O).
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This section of the thesis is based on the work published in “Atomic Structure, Chem-
ical Composition and Oxidation Behaviour of the (001) Surface of In3Ni, Intermetallic
Catalyst” by Alfahad et al. in Physical Review Materials [107]. To further investigate
surface stability and complement the experimental findings, Emilie Gaudry from the In-
stitute Jean Lamour, France, performed density-of-states calculations of surface energy,

which will also be discussed in this chapter.

4.2 In3Ni>(001) Model Structure

Before discussing the experimental results, the crystal structure of the In3Niy(001) surface
is presented. Figure 4.1 (a) illustrates the unit cell of In3Niy. The (001) surface is high-
lighted in yellow. The lattice parameters for the In3Ni, unit cell are a = b = 4.387 A,
¢ =5.295 A, with angles « = B = 90° and y = 120° [107]. The structure is identical to the
Al3Nij type, which is the trigonal space group P-3m1 [65].

A side view of the surface is shown in Figure 4.1 (b). The crystal structure can be de-
scribed by stacking five atomic planes, labelled 0 to 4, within the unit cell. The separation
between planes 0 and 3 is 3.417 A, while the distance between planes 3 and 4 is 1.878
A. The total distance, obtained by adding these separations, yields the lattice constant
of 5.295 A. These interplanar spacings were compared with the step heights observed in
STM, allowing the identification of the bulk planes that terminate the surface.

The projections of the atomic model along the [001] direction are illustrated in Figure
4.1 (c). The outermost atomic layer is selected from five different atomic layers, as shown
in Figure 4.1 (b). These structures are labelled surface models 0 to 4, representing different

atomic layers on the surface [107].
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Figure 4.1: (a)The unit cell of the In3Niy(001) surface, with the (001) plane highlighted
in yellow. (b) Side view of the (001) surface, showing the stacking of five atomic planes,
labelled 0 to 4, within the unit cell. The separations between specific planes are indicated.
(c) Projection of atomic models along the [001] direction, where the outermost atomic layer
is selected from five distinct layers (0 to 4) as shown in (b). High-symmetry directions are
also marked [107].

4.3 Experimental Methods

The In3Ni2 single crystals were grown using the Czochralski method [108], as described
in section 2.7. Subsequently, the sample surface (001) was cut using a wire saw that em-
ployed a 50 ym thick tungsten wire combined with boron carbide powder suspended in
a glycerol solution to minimise material loss and prevent surface damage. Subsequently,
the surface was polished with diamond paste, resulting in a reduction in the grain size to
0.25 ym.

The surface was then cleaned in a UHV chamber by performing several sputtering
cycles with Ar' ions at an average drain current of approximately 6 pA for 30 minutes,
followed by annealing at temperatures ranging from 300 °C to 560 °C for one to three

hours. The cleaning process was repeated until a sharp LEED pattern was observable
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from the surface. Temperature measurements for the XPS, STM, and LEED experiments
were recorded using an optical pyrometer with an emissivity of 0.40. Since the emissivity
of In3Ni2 was unknown, the value for NiCu was used [109].

In order to ensure accurate temperature measurements during surface analysis in the
LEIS system, the emissivity setting of the optical pyrometer was calibrated using a ther-
mocouple as a reference. The detailed experimental setup and instrumentation for this
procedure have already been described in Chapter 3.3. The In3Ni2 sample was mounted
such that both the thermocouple and the optical pyrometer could simultaneously mea-
sure the sample temperature within the LEIS chamber under UHV conditions.

Once surface preparation was completed, XPS measurements were also performed
to ensure that the surface was free of contaminants. The prepared sample was then
transferred to the STM chamber. Notably, the preparation chamber is vacuum-coupled
to the XPS and STM chambers, with LEED instrumentation also in place, ensuring that
the surface conditions remained unchanged during transfer. A room-temperature Omi-
cron variable-temperature STM operating in constant-current mode was used for the STM
imaging. The bias voltage ranged between 0.14 and 1.7 V, with a tunnelling current of
0.645 nA.

The LEIS experiment was carried out in the LEIS chamber, with surface cleaning con-
ducted using the same procedure described previously. The surface temperature was mea-
sured with a thermocouple in direct contact with the sample. LEIS spectra were acquired
from a (2x2) mm area employing a 3 keV He™ beam with an ion dose of approximately
1x10' ions cm~2. He™" ions with scattering energies ranging from 1800 to 2800 eV were
collected to ensure an optimal signal-to-noise ratio, focusing on the surface peaks of Ni
(approximately 2275 eV) and In (approximately 2575 eV). LEIS data were obtained using
a commercial Qtac100 spectrometer (IonTOF), with the analysis carried out using Surface

Lab 7 (IonTOF) [110].

75



XPS measurements were conducted at the Institute Jean Lamour using a non-monochromatic
Al Ka source. For the oxidation process in UHV, a leak valve was used to introduce
99.999% pure oxygen gas, with the partial pressure maintained at approximately 1.333x10~°
mbar. Exposure was controlled by reaction time to 20 L, 300 L, 600 L, and 900 L at room
temperature. Exposure was quantified in Langmuir units, where 1 L = 1.333 x 10~° mbar-s.
The freshly prepared surface was then exposed to 99.99% pure molecular hydrogen at
room temperature. In the air exposure experiment, the surface was cleaned as previously
described, removed from the UHV chamber, and left exposed to air for two days prior to

XPS measurements. XPS data were analysed using the CasaXPS programme.

4.4 Results and Discussion

4.4.1 Chemical Composition Studied by XPS

Effect of Air Exposure, Sputtering and Annealing on Surface

The sample became contaminated with oxygen and other contaminants after prolonged
exposure to air, prior to being transferred to the UHV chamber. XPS was used to identify
both the constituent elements and any surface contaminants. XPS was also used to exam-
ine the effect of air exposure, sputtering, and annealing on the chemical composition of
the surface.

As expected, the wide scan spectra showed the presence of In, Ni, C, and O on the
surface following air exposure. However, after sputtering and annealing, the O 1s and
C 1s peaks were no longer observed, with only the In and Ni peaks remaining. Figure
4.2 (a) illustrates the XPS wide scan spectra of the air-exposed, sputtered and annealed
(001) surface at 560 °C for one hour. Figures 4.2 (b) and (c) present the XPS spectra that
compare the binding energies of the core levels of In 3ds5,, and Ni 2p3,, highlighting the

effects of sputtering, air exposure, and the clean surface. The observed shifts to higher
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binding energies of 0.4 eV in In and 0.35 eV in Ni occur after exposure to air, regardless of
the elemental surface condition.

Thespectra of core levels of In, Ni, C and O are analysed using a convoluted Gaussian
Lorentzian line shape with a Shirley-type background to determine the binding energies
and peak areas for In and Ni. The peak positions of the annealed surface after fitting
are marked by vertical dashed lines in Figure 4.2. The KLL peaks correspond to Auger

electrons generated from the L shell due to the LET process, resulting from holes in the K

shell.
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Figure 4.2: (a) XPS wide scan spectra of a clean In3Niy(001) surface after exposure to air,
sputtering, and annealing at 560 °C for one hour. (b) and (c) show XPS spectra comparing
the binding energies of the core levels of In 3ds5,, and Ni 2p3,,, showing the effects of
sputtering, air exposure, and the clean surface. The shifts to higher binding energies of
0.4 eV inIn and 0.35 eV in Ni occur after air exposure, regardless of the surface elemental
condition. Dashed lines indicate core levels of In, Ni, C and O.

After a single sputtering cycle, all surface contaminants were effectively removed. The
peaks observed at approximately 443.7 eV and 852.6 eV correspond to pure In 3d5,, and
Ni 2p3/,, respectively. Following sputtering, the In peak shifted by approximately 0.1 eV
to a lower binding energy, while the Ni peak shifted to a higher binding energy; the shift

in In is within experimental error. Upon annealing the surface at 560 °C, no changes were
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detected in the positions or shapes of the In and Ni peaks. However, the intensity of Ni
decreases and the In intensity increases. We will discuss this change in intensities in the
next section. In addition, the shift will be discussed in detail in Section 4.4.5. Table 4.1
provides a summary of these results, with the In and Ni core levels showing the metallic

characteristics expected for the intermetallic compound.

Elemental Ni 2p3/, In 3ds/»
Elemental Binding Energy 852.5eV [111] 443.7 eV [112]
Air Exposed Surface 852.8 eV 444.1 eV

Sputtered Surface 852.7 eV 443.7 eV
After Sputtered Annealed 8525 eV 4437 oV
Cycles

Table 4.1: XPS data for InzNiy(001) surface comparing the binding energies of the core
levels of Ni 2p3/, and In 3d5,,. Sputtering results in changes to the surface. Following
two cycles, the peak positions represent the clean intermetallic compound.

Atomic Compositions Change as a Function of Sputtering and Annealing Temperatures

We investigated the atomic composition of the surface after sputtering and annealing at
various temperatures to study the impact of these processes. The atomic composition of
In and Ni was determined by analysing the integrated intensity (area under the curve) of
the Ni 2p3,, and In 3d5/, peaks in the XPS spectra. These intensities were normalised by
the photoionisation cross section, the inelastic mean free path of the photoelectrons, and
the transmission function of the analyser, as detailed in Section 3.4.1.

Figure 4.3 illustrates how the chemical composition of the InzNi;(001) surface varies
as the annealing temperature increases from 300 °C to 560 °C. The bulk atomic percentage
of In is 60%, but after sputtering, it reduces to approximately 37%. In contrast, there is
an increase from 40% to 63% in the Ni atomic percentage, indicating that the sputtering
process preferentially removes In, resulting in a higher surface concentration of Ni.

Several factors affect the preferential sputtering of elements in intermetallic compounds.
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These include atomic weight, surface free energy, and bonding energy. An element with
lower atomic weight, surface energy, and bonding energy is more likely to be preferen-
tially sputtered [113, 114, 115]. Although atomic weight is not the main factor in this case,
because In is heavier than Ni, the lower surface energy of In compared to that of Ni seems
to be a contributing factor. This behaviour is consistent with observations in ZrNiAl and
YNiAl, where a similar segregation occurs due to the lower surface energy of Ni [53].
Specifically, the surface free energy of a face-centred cubic (FCC) Ni close-packed sur-
face is 2.011 J/m?, while that of a body-centred tetragonal (BCT) In close-packed surface
is 0.488 J/m? [116]. Therefore, we propose that the preferential sputtering of In can be

attributed to its lower surface free energy.
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Figure 4.3: The surface chemical composition of the (001) surface after sputtering and

annealing at various temperatures from 300 °C to 560 °C. Dotted lines indicate the In and
Ni bulk compositions.
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The In3Ni;(001) surface exhibits clear evidence of preferential In sputtering, which can
be attributed to the large difference in surface free energy between In (0.488 J/m?) and Ni
(2.45 J/m?). This behaviour is consistent with other intermetallic systems: GaszNi,(001)
shows preferential Ga sputtering due to its lower surface free energy (0.661 J/m?) relative
to Ni, resulting in Ni enrichment [117], while InPd surfaces experience depletion of In
from the (100), (110), and (111) surfaces for the same reason [60]. Similarly, in PdZn,
Zn (0.989 J/m?) preferentially sputters relative to Pd (1.92 ]/m?), leading to Pd-enriched
surfaces [45]. These examples collectively illustrate that preferential sputtering is largely
governed by differences in atomic surface free energy. A comparison of the surface free
energies for these elements is provided in Table 4.2, highlighting the correlation between

lower surface free energy and preferential sputtering.

Element Surface Free Energy (J/m?)
Pd (Palladium) 1.92
In (Indium) 0.49
Ga (Gallium) 0.66
Zn (Zinc) 0.99
Ni (Nickel) 2.01

Table 4.2: Surface free energies of selected elements [45, 116].

Following annealing of the surface at 300 °C, the atomic percentage of In increases
to approximately 71%, remaining constant as the sample temperature increases further
to 560 °C. In contrast, the atomic percentage of Ni decreases to around 29% and remains
stable as the annealing temperature increases to 560 °C. This change in atomic composition
indicates that In segregates to the surface when it is annealed at higher temperatures.

Surface segregation is influenced by several factors, including surface free energy,
atomic radius, and bonding energy of the constituent elements [114]. Elements with lower
binding energy, larger atomic radius, and lower surface energy are more likely to segre-

gate to the surface. Compared to Ni, In has a lower surface free energy, as previously
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mentioned, and a larger atomic radius [118]. Therefore, we suggest that In segregation is
primarily driven by its larger atomic radius and lower surface free energy relative to Ni
[119].

In comparison, the GazNiy(001) surface exhibits a similar trend in surface segregation,
where Ga preferentially segregates to the surface at increased temperatures [117]. In the
GasNip sample, the atomic radius and surface free energy of Ga relative to Ni also con-
tribute to the segregation behaviour, with Ga having a larger atomic radius and lower
surface energy being key factors for its segregation. This behaviour in GazNi, supports
our results for In segregation in the In3Niy(001) surface, further illustrating the impor-
tance of atomic characteristics in surface segregation during annealing. This behaviour
is similar to that observed for InPd, which undergoes a change from Pd-rich to In-rich

terminations upon annealing at high temperatures [60].

Atomic Compositions As Function of Scanning Angles

XPS spectra were recorded from the surface that had been annealed to examine the distri-
bution of In and Ni on the surface. The surface atomic composition was determined by
accounting for the photoemission cross section, the inelastic mean free path of the photo-
electrons, the transmission function of the analyser, and the integrated intensity of the In
3d and Ni 2p peaks in the XPS spectra. A detailed explanation of the calculation method-
ology for the surface atomic composition can be found in Section 3.4.1.

Despite variations in the grazing angle, the atomic composition remained consistent at
angles of 0°, 15°, 30°, 45°, 60°, and 70°, with 70° being the highest angle, as illustrated in
Figure 4.4. The atomic composition was 80% In and 20% Ni at the lowest grazing angle of
0°, and it changed by only 1% to 81% In and 19% Ni at the highest grazing angle of 70°.
Between grazing angles of 15° to 60°, the In content decreased marginally by 1%, while Ni
gradually increased by 1%. This suggests a uniform distribution of In across the surface,

as any concentration increase in the topmost layer would have been expected to correlate
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with an increase in the grazing angle.
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Figure 4.4: The surface chemical composition of the (001) surface after sputtering and
annealing at 356 °C with various scan angles from 0 to 70°. Dotted lines indicate the In
and Ni bulk composition. 0 is the angle between the surface and the X-ray beam.

4.4.2 Elemental Information Studied by LEIS

Low energy ion scattering (LEIS) measurements were performed on the surface following
multiple cycles of sputtering and annealing to investigate the elemental composition of
the topmost atomic layer [97]. Unlike XPS, which provides insight into the chemical com-
position of several atomic layers, LEIS specifically provides information on the topmost
surface layer. A 1keV Art beam was used to sputter a (2x2) mm? area of the surface. Ini-
tially, the sample was sputtered until the LEIS spectra stabilised with increasing sputter

dose, which signified the removal of surface layers and revealing the bulk crystal struc-

ture.
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The sample treatment followed a procedure similar to that in our XPS experiments.
The surface was first cleaned by annealing at 400 °C for one hour, followed by a two-
hour cooling period to room temperature. The sample was then exposed to the sputter
beam for 30 minutes (total ion dosage = 3.0x 10! Ar* ions), with subsequent LEIS spectra
(depth profile) recorded for the surface. After this, the sample was annealed at 400 °C for
15 minutes, and LEIS spectra were obtained over the next two hours as the temperature

stabilised.

Annealing Time Dependent

Figure 4.5 compares the LEIS spectra obtained after sputtering and annealing at 400 °C
for various periods. The peak at approximately 2275 eV is attributed to Ni, while the peak
at approximately 2575 eV is attributed to In. The results clearly indicate that sputtering
leads to a significant decrease in the intensity of the In peak, accompanied by a marked
increase in the Ni peak.

However, annealing at 400 °C subsequently causes the surface to become much richer
in In, and a significant reduction in the Ni signal intensity is observed. These observations
indicate preferential surface segregation of In during the annealing treatment. Further-
more, the intensities of In and Ni remained stable during annealing for different dura-

tions, indicating that the surface composition became independent of the annealing time.
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Figure 4.5: LEIS spectra recorded from the In3Niy(001) surface after sputtering and an-
nealing at 400 °C for 2 hours using a 3 keV He" beam. The energy ranges for each surface
peak highlighted correspond to the upper and lower limits used for the baseline subtrac-
tion.

Sputtering (Depth Profile)

Furthermore, we investigated the effect of the sputter ion dose (depth profile) and the
annealing of the surface at various temperatures up to 480 °C on the variation of In and
Ni intensities. The surface was freshly prepared by sputtering and annealing at 400 °C
for one hour, followed by cooling to room temperature. LEIS spectra were then recorded
with different ion doses. Initially, the intensity of In was higher than that of Ni, which
caused the surface composition to resemble the bulk material. However, with increasing
ion dose, the intensity of In decreased, indicating preferential sputtering of In.

This observation aligns with the XPS results, which also show preferential sputtering
of In. Subsequently, the intensities of In and Ni reached a saturation point due to the

formation of a clean surface, as shown in Figures 4.6 (a) and (c).
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Annealing Temperatures dependent

Furthermore, LEIS spectra for In and Ni were recorded after annealing of the surface at
various temperatures, up to 480 °C, with one hour of annealing at each temperature and
no cooling between steps. To quantify the intensities, the baseline was subtracted using
a two-point linear subtraction over the energy ranges highlighted in Figure 4.5, and the

remaining signal, attributed to surface scattering from Ni and In, was integrated.
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Figure 4.6: (a) The change in the integrated In and Ni intensities in LEIS from the
In3Niy(001) surface with sputtering at varying ion doses . (b) After annealing the sput-
tered surface at varying temperatures. (c) and (d) show the ratio of In to Ni intensities
after the corresponding treatments (a, b) [107].

Variations in the intensities of In and Ni as a result of these treatments were analysed.
From 295 °C to 480 °C, the intensity of In increased, while the intensity of Ni decreased
with increasing annealing temperature. Since LEIS spectra were taken in situ, the signal
accurately reflects the surface density. As the crystal expands with increasing temperature,
it is reasonable to expect a decrease in surface density during annealing, as shown in

Figure 4.6 (b). With an increase in temperature to 480 °C, the intensity of both In and
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Ni decreased. However, the ratio of In to Ni intensities increased with the annealing

temperature, as depicted in Figure 4.6 (d).

4.4.3 Atomic Structure Studied by LEED and STM

LEED

LEED patterns were recorded from the surface after sputtering and annealing at various
temperatures ranging from 300 °C to 560 °C, within an energy range of 10-120 eV, using
a digital charge-coupled device (CCD) camera coupled with a computer-controlled data
acquisition system. No LEED patterns were observed from the surface after annealing
at temperatures below 300 °C, indicating that the temperature was insufficient to induce
surface ordering. However, after annealing the surface at 310 °C, a (1x1) LEED pattern
with hexagonal symmetry was observed with low background intensity, suggesting long-
range surface order.

The LEED pattern showed hexagonal symmetry, corresponding to the unit cell of the
surface expected from the bulk. The two reciprocal lattice vectors, |b 1| and |b * 2|, are
labelled in Figure 4.7 (a). These lattice constants were determined by comparing the LEED
patterns from In3Niy(001) with those of Ag(100) obtained on the same instrument at an
energy of approximately 60 eV. The lattice constants derived from the LEED data in real
space were |[bx 1| = |b*2| = 4.5+ 0.2 A, which are in good agreement with the expected
value for the bulk surface termination, 4.387 A, as shown in Figure 4.1 (a). Thus, the

surface LEED pattern is classified as (1x1).

Effect of Annealing Temperature and Beam Energies

The surface exhibits a (1 x1) LEED pattern within the temperature range of 360 to 520 °C,
indicating that there is no surface reconstruction or phase transition within these temper-

ature ranges, as shown in Figure 4.7 (a—f).
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Figure 4.7: (1x1) LEED patterns from the (001) surface at a beam energy of 45 eV after
being freshly prepared by sputtering and annealing at different temperatures: (a) anneal-
ing at 360 °C. (b) annealing at 405 °C. (c) annealing at 420 °C. (d) annealing at 440 °C. (e)
annealing at 470 °C. (f) annealing at 500 °C.

Figure 4.8 (a—h) shows the LEED patterns of the surface after annealing at 360 °C with
various beam energies from 10 eV to 100 eV. As expected, only the intensity of the spots
changes with varying beam energies, while the pattern itself remains unchanged.

In comparison, LEED studies on GazNi(001) show similar behaviour in terms of sur-
face ordering. The (001) surface typically exhibits a (1x1) LEED pattern at room tempera-
ture, which can remain stable over a range of temperatures and beam energies [117]. For
example, the intensity of the diffraction spots from Ga3Ni2(001) may also change with
beam energy, but the symmetry and general structure of the LEED pattern tend to remain

consistent, similar to the observations in this study.
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Figure 4.8: LEED patterns of the (001) surface after preparation by sputtering and anneal-

ing at 360 °C with beam energies: (a) 10 eV. (b) 20 eV. (c) 30 eV. (d) 40 eV. (e) 50 eV. (f) 60
eV.(g) 70 eV. (h) 80 eV. (i) 90 eV.

Surface Reconstruction induced by Hydrogen

The (1x1) LEED pattern becomes unstable at UHV pressures of 1 x 10~ Y mbar. Under
these conditions, the surface undergoes significant changes, forming a more complex re-
construction in less than an hour after cleaning. Figure 4.9 (a) shows a well-defined (1x1)
LEED pattern after the surface has been freshly prepared by sputtering and annealing
at 420 °C. In contrast, Figure 4.9 (b) illustrates a notable alteration in the LEED pattern
after leaving the sample for 30 minutes, with the formation of a rectangular reconstruc-
tion ¢(2v/3 x4) with three distinct domains rotated 120° relative to one another. The same

transformation is observed after annealing the surface at 470 °C, as shown in Figures 4.9

(c) and (d).
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Figure 4.9: LEED patterns illustrating the bulk-type structure characteristic of the (001)
clean surface with beam energy = 40 eV after (a) fresh preparation of the surface with
annealing temperature = 420 °C. (b) After leaving the sample for 30 minutes. (c) fresh
preparation of the surface with annealing temperature = 470 °C. (d) Leaving the sample
for 30 minutes.

The observed surface reconstruction in In3Ni2(001) is likely induced by residual gases
present in the vacuum chamber. To further investigate this, the Titanium Sublimation
Pump (TSP) was activated following surface preparation and annealing at 560 °C. During
this process, the chamber pressure was briefly increased to 1 x 10~° mbar, as the TSP re-
leases gases accumulated in the chamber, primarily hydrogen. Consequently, the surface
reconstruction is most likely triggered by hydrogen released from either the TSP or the
residual gases in the chamber, which influence the surface structure.

After firing the TSP, a ¢(2v/3x4) structure with three distinct domains, each rotated
120° relative to the others, was observed in the LEED pattern (Figure 4.10 (b)). The ex-
pected positions of the LEED spots for a single domain and the triple-domain c(21/3 x4)
structure, which indicates the relationship between the substrate and the reconstruction,
are shown in Figures 4.10 (c) and (d). Annealing the sample to approximately 200 °C re-
stored the (1x1) LEED pattern. Hydrogen, a primary contaminant in UHV systems, is

likely the key factor in this reconstruction process.
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Figure 4.10: (a) LEED pattern from the freshly prepared InzNiy(001) surface, showing a
(1x1) structure. (b) LEED pattern from the same surface after firing the Titanium Subli-
mation Pump, demonstrating the three domains of the ¢(2v/3x4) rectangular reconstruc-
tion. A section of the pattern is superimposed with the positions expected for the three
domains. Both patterns were taken at 100 eV beam energy. (c) The positions of LEED spots
expected for a single-domain c(21/3 x4) reconstruction, where solid circles represent the
position of the reconstruction spots, while open circles denote the position of (1x1) spots.
(d) The positions of the three-domain c(21/3x4) LEED pattern rotated by 120°from each

other. Yellow represents the unit cell of the (1x1) structure, whereas that of the c(2v/3x4)
domains is marked by red rectangles [107]. The patterns in (c) and (d) were produced by
LEEDpat, which is a software program used to reproduce the experimentally observed
LEED pattern using specified parameters [120].

Following the TSP firing, we performed XPS analyses on the surface. On the basis of
the results of the XPS analysis, it can be concluded that no additional gases are present on
the surface, as only In and Ni are detected by XPS. Since hydrogen cannot be detected by
XPS, we assume that the reconstruction is caused by hydrogen, not by other gases. The

surface showed the (1x1) structure after being freshly prepared, dosed with 30 L of hy-
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drogen, and subsequently measured for the LEED pattern to confirm that hydrogen is the
cause of the reconstruction. Consistent with observations after TSP firing, as mentioned
earlier, this hydrogen dose does in fact reproduce the c(2+/3 x 4) reconstruction.

This behaviour was not observed on the Ga3Ni2(001) surface, where no reconstruc-
tion occurred even after repeated TSP firings, and the surface remained unchanged af-
ter 48 hours [117]. In contrast to InPd surfaces, where reconstructions are temperature-
dependent, the In3Ni2(001) surface exhibits notable stability during annealing, with re-
construction related to hydrogen exposure rather than annealing effects [60].

We obtained LEED patterns from various parts of the surface. We found a (1x1) sur-
face structure following fresh preparation, and a c(2+/3 x4) rectangular reconstruction af-
ter leaving the sample for 30 minutes before taking measurements from most areas of
the surface. Only at the edge of the surface did we observe additional spots appearing
with low spot intensity compared to the substrate spots, indicating the presence of facets.
As illustrated in Figure 4.11 (a—), the LEED patterns were obtained from the edge of the
sample surface after annealing at 440 °C with the selected beam energy, where some of the
extra spots are marked by red circles. It is clear that these extra spots move in the oppo-
site direction to the substrate spots’ movement with changing beam energy. However, the
quality of LEED from these facets is insufficient for further investigation of their structure.

The quality of the sample was assessed, including the potential presence of miscuts, by
recording back-reflection Laue X-ray diffraction patterns from various regions of the sur-
face. Most of the sample exhibited a Laue pattern consistent with a single-crystal In3Ni2
with a (001) orientation. However, a small part of the sample showed a polycrystalline
In3Ni2 pattern. The edges of the sample produced a faint Laue pattern, which made it
difficult to conclusively determine whether the facets observed in the LEED patterns were

a result of surface miscuts.
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Figure 4.11: LEED patterns of the clean (001) surface recorded at varying beam energies:
(a) 18 eV. (b) 20 eV. (c) 25 eV. Faceted diffraction spots, highlighted with red circles, shift
outward as the beam energy increases.

The surface crystallographic characteristics were determined using the Laue backscat-
tering method. The diffraction pattern shown in Figure 4.12 (a-b) reveals a series of well-
defined, symmetrically positioned dots surrounding a centre point. This pattern indicates
a highly ordered atomic arrangement and confirms the presence of a single-crystalline
structure. The symmetry and arrangement of the diffraction spots correspond to the
(001) orientation of the crystal lattice, indicating the fundamental periodicity of the atomic

planes. Figure 4.12 (b) indicates that the diffuse ring pattern observed corresponds to a

polycrystalline structure at the edge of the surface.

Figure 4.12: (a) Representative Laue back-scattering image taken from the centre of the
surface reflecting the symmetry expected from the bulk. (b) Laue back-scattering image
from the edge of the sample showing a diffuse ring.
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STM

Following LEED experiments, STM images were acquired after annealing the surface at
temperatures ranging from 420 °C to 560 °C for a duration of 1 to 3 hours, and the sample
was then transferred to the STM. The STM was operated at room temperature in constant-
current mode, with a tunnelling current of approximately 0.645 nA and a bias voltage
between -0.86 V and 1.6 V to record the STM images.

The (001) surfaces displayed distinct stepped terraces after annealing for two and three
hours at temperatures around 530 °C. These terraces were found to be flat, with approxi-
mate dimensions of up to 900 x 900 A. Furthermore, large-scale scans of the crystal were
often successfully performed, as the flat regions allowed for atomic resolution, enabling
detailed characterisation of the surface structure.

Figure 4.13 (a) shows an STM image obtained after annealing at 540 °C for two hours,
which reveals large, flat terraces. The step height was determined from the height distri-
bution in the vicinity of the steps, with the results being corroborated by line scans. As
shown in Figure 4.13 (b), the step heights are distributed along the blue arrow in Figure
4.13 (a), which highlights the steps. Similarly, the step height corresponds to the difference
between the peak positions in the histogram, as illustrated in Figure 4.13 (c).

To ensure statistical reliability, more than 100 steps were analysed using STM images
from different regions of the surface. The distribution of step heights is presented in the
histogram shown in Figure 4.13 (d). The step height most frequently observed was found
tobe 5.2 + 0.3 A, or a multiple of this value. In some cases, steps of 5.2 A were observed
to split into two smaller steps with heights of 3.5 + 0.2 A and 1.7 4 0.3 A, as depicted in
Figure 4.13 (a).

93



10000

Height ( A)

2000 -

0 10 20 30 40
Distance( A)
A
]
[
g §
o 3
= 1]
= o
8 o
o
/]
0 10 20 30 40 1.5-2.5 2.5-35 3.545 4555 5.5-6.5 6.545
Distance( A) Step Height ( A)

Figure 4.13: (a) STM image taken from the In3Ni,(001) surface after several cycles of sput-
tering and annealing at 540 °C (750 A %950 A, +0.472'V, 0.448 nA), demonstrating steps of
different heights. (b) Height distribution along a blue line in (a) crossing the steps. Step
heights are given. (c) The histogram of height distribution in the vicinity of the steps. (d)
The histogram of steps that were analysed from STM images taken from different regions
of the surface.

As discussed previously in the LEED section, the surface quickly undergoes recon-
struction, which makes it difficult to detect the (1x1) structure by STM. Upon transferring
the sample from the preparation chamber to the STM chamber, the surface undergoes
reconstruction. According to LEED results, three domains exhibiting the c(2v/3x4) recon-
struction should be present in the STM images. Figures 4.14 (a—c) show examples of the
three distinct domains on separate terraces. These domains are rotated by 120° with re-
spect to each other and do not coexist on the same terrace. Bright features form rectangular

central unit cells with dimensions of 21/3a and 4a. This observation is consistent with the
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c(2v/3x4) reconstruction, as shown in Figures 4.14 (a—c), and is further corroborated by
the model structure in Figures 4.14 (d), (e), and (f). For high-resolution STM imaging, we
typically measure a (200x200) A region of the surface, within which only one domain is
visible. The surface consistently exhibits the structure and morphology mentioned above

described above.
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Figure 4.14: STM images of the In3Ni(001) surface showing three domains of c(2v/3x4)
rect structure, rotated by 120° relative to one another. Unit cells are indicated by black
rectangles. A model structure depicting a high-resolution STM image, where red spheres
represent bright protrusions observed in STM, whereas the grid represents the unit cells
of the (1x1) structure. A c¢(2v/3x4) rect unit cell is shown by a black rectangle.(a) The
image is rotated by 0°. (b) The image is rotated by 120°. (c) The image is rotated by 240°.

In addition to the predominant c(21/3 x4) structure, the c(3x1/3) reconstruction was
also observed in STM images. The region under observation was insufficiently large to
produce a detectable LEED pattern. The step height associated with the c¢(3x+/3) recon-
struction was measured to be 2.6 £+ 0.1 A, which does not correspond to the separation
of atomic planes along the [001] direction. Furthermore, the surface became diffuse after
prolonged annealing, indicative of increased roughness, which further complicates STM

imaging.
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Figure 4.15: (a) STM images of the In3Ni;(001) surface showing three domains of ¢(3 x V/3)
structure. The unit cell is indicated by a black rectangle. (b) A model structure, where red
spheres represent bright protrusions observed in STM, and the grid represents the unit
cells of the (1x1) structure. A c(3x+/3) unit cell is shown by a black rectangle.

4.4.4 Identification of Surface Termination

In this section, possible surface terminations are discussed based on multiple factors, in-
cluding surface model analysis, surface energy calculations, and comparison with STM
images and LEIS data.

Figure 4.1 (c) indicates that the surface could terminate in one of the following models:
0,1, 3, or 4. Model 2 is ruled out because it places the upper layer of In atoms in such a
way that the incoming He ™ ions cannot reach the Ni subsurface, thus preventing a clearly
defined surface Ni peak. However, we observed a well-defined peak of Ni in LEIS.

The surface energy calculations rule out models 1 and 4, as their surface energies are
much higher [107]. Therefore, only models 0 and 3, with the lowest surface energies, are
consistent with both experimental and computational results, suggesting that these are

plausible surface terminations (Figure 4.16).

96



»
S

3.0 4

2.8 11

2.6 1 e ——

224

2.0 1

184,
-1.6 -1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0
Ay (8V)

Figure 4.16: Variation of total energy (7) as a function of the chemical potential of In (Ap1y,)
for the five model surfaces presented in Figure 4.1 (c). Refer to the main text for definitions
of total energy (7) and Apup,, representing the In chemical potential in the In-rich regime
[107].

Additionally, a comparison between the theoretical surface models and the STM im-
ages reveals that step heights correspond to the distance between model planes 0 and 3.
This suggests that these planes define the termination of the surface, reinforcing the valid-
ity of these models. In both models 0 and 3, the distance between neighbouring In atoms
in the top layer is 4.387 A. In addition, the distance between an In atom in the top layer
and a Ni atom in the layer below is 2.639 A for model 0 and 2.777 A for model 3. These
values indicate that In and Ni are bonded to each other, which would likely enhance the
stability of the crystal surface.

Further support for the identification of surface termination models 0 and 3 comes
from density functional theory (DFT) calculations conducted by collaborators in this study,
which also ruled out the terminations for surface models 1 and 4. The findings are consis-

tent with previous studies on binary intermetallics, such as Zn-Pd, where surface termi-
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nations involving both components are found to be more stable than those with a single
element, as detailed by Lowe et al. (2024) [45]. Thus, surface models 0 and 3 are identified
as the most stable terminations, with In-Ni bonding likely contributing to the observed

surface stability.

4.4.5 Oxidation Behaviour

The oxidation behaviour of the surface was examined by XPS. The surface was cleaned
by sputtering and annealing, followed by exposure to 20 L of oxygen, after which XPS
measurements were performed. Subsequently, the surface was re-cleaned and subjected
to varying oxygen doses of 300, 600, and 900 L, with XPS spectra acquired following each
exposure. Moreover, following the cleaning process, the surface was exposed to air, and
XPS spectra were obtained for comparison with those recorded from the oxygen-exposed
surface.

Figures 4.17 (a—c) present the XPS spectra for In 3d, Ni 2p, and O 1s on surfaces that
were cleaned, exposed to oxygen, and exposed to air. As oxygen exposure increases,
shoulders develop at higher binding energies for the three core levels. Figures 4.17 (d) and
(e) show the In 3d5/, and Ni 2p3/, spectra, with the intensity of each spectrum normalised
between 0 and 1, which emphasises the appearance of the shoulder feature.

The shoulders observed in the spectra are attributed to the formation of In and Ni
oxides. The peaks and shoulders in the O 1s spectra correspond to pure oxygen, oxide, and
Ni hydroxide, respectively. A more detailed analysis of oxide formation will be presented
later. Upon exposure of the (001) surface to air, the Ni 2p3,, shoulder remains unchanged
(Figure 4.17 (e)), while the In 3d5,, shoulder becomes more prominent. Additionally, the

shoulder in the O 1s spectra emerges as the dominant feature after exposure to air.
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Figure 4.17: (a) to (c) XPS spectra of the clean (after annealing at 560 °C), oxygen exposed,
and air exposed (001) surface of In3Niy(001) (a: In 3d, b: Ni 2p, and c: C 1s). Oxygen
exposure ranged from 20-900 L. (d, e) In 3d5,, and Ni 2p3,, spectra, respectively, after
normalizing the minimum and maximum intensity between 0 and 1, illustrating the de-
velopment of a shoulder at higher binding energies. The dotted, dashed, and dash dotted
lines at 530.2 eV, 531.0 eV, and 531.6 eV in (c) correspond to the positions of the oxide, pure
oxygen, and Ni hydroxide peaks, as reported in the literature [99, 121, 122]. The dotted
lines in (c) indicate the positions of the oxide peaks, while the dashed lines in all other
spectra correspond to the core level positions of the respective elements from the clean
surface [107].

The spectra were fitted using a Shirley background along with a combination of asym-
metric Gaussian and Lorentzian functions to extract the positions and intensities of the
peaks and shoulders. Figures 4.18 and 4.19 (a—c) illustrate examples of the fitting proce-
dure applied to the In 3d5,, and Ni 2p3,, spectra for clean and oxygen-exposed surfaces.
The fitting model assumed a 60% Gaussian and 40% Lorentzian contribution. The po-
sitions of all the peaks presented in this thesis are derived from this approach, with an

estimated error of approximately & 0.1 eV in peak position.
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Figure 4.18: Ni 2p3/, XPS spectra of the InzNiy(001) surface after cleaning the surface
through sputtering and annealing at 560 °C, with increasing oxygen exposure (20 L, 300
L, 600 L, and 900 L) and after air exposure. Vertical dashed lines in all spectra correspond
to the core-level position of clean Ni 2pj3 /5.

For the clean surface, the In 3d5,, and Ni 2p3,, spectra can be fitted with single peaks
at 443.6 eV and 852.5 eV, respectively, as shown in Figures 4.19 (a) and 4.18 (a). These
peaks are attributed to intermetallic In and Ni. Given the proximity of these peaks to
the binding energies of elemental In [112] and Ni [111], and taking into account the ex-
perimental energy resolution, it is not possible to definitively determine whether charge
transfer occurs between In and Ni in the InzNi, intermetallic.

For the surface exposed to oxygen, the In 3d5,, spectra can be fitted with two peaks, as
shown in Figure 4.19 (b—f). The dominant peak at 443.6 eV corresponds to the intermetallic
In (pure In in In3Niy), while a smaller peak at 444.7 eV, appearing as a shoulder, is shifted
to a higher binding energy by 1.1 e. This shift is indicative of the formation of In,O3 on
the surface [112].
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Figure 4.19: In 3d5,, XPS spectra of the IngNiy(001) surface after cleaning the surface via
sputtering and annealing at
560 °C and with increasing oxygen exposure (20 L, 300 L, 600 L, and 900 L) and after air
exposure. Vertical dashed lines in all spectra correspond to the core-level position of
clean In 3d5 5.

On the surface exposed to air, the oxide peak becomes more prominent than the pure
In peak, suggesting a higher concentration of In,Oj3 relative to pure In. In contrast, the
oxygen-exposed surface under the dosing conditions employed (< 900 L) exhibits a greater
proportion of pure In. For the Ni 2p3,, spectra, two peaks are observed: one at 852.5 eV
corresponding to intermetallic Ni, and another at 853.6 eV corresponding to NiO, similar
to the behaviour observed for the In 3ds,, spectra. This shift is consistent with previous
studies, which indicate that the NiO peak shifts to a higher binding energy by 1.1 eV above
the pure Ni peak [111].
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The intermetallic Ni peak remains more intense than the In peak on the air-exposed
surface, implying that Ni is more prone to oxidation than In. This observation is further
supported by the oxygen exposure experiments. As shown in Figure 4.19 (d), the intensity
of the InyO3 shoulder progressively increases with exposure to oxygen. However, the NiO
shoulder reaches saturation after 20 L of oxygen exposure (Figure 4.18 (e)). Additionally,
a broad peak at 855.5 eV (indicated by an arrow in Figure 4.18 (e)) emerges following air
exposure. This peak is identified as Ni(OH),, as evidenced by the observed peak shift of
3.0 eV, which matches previously reported data [111].

A qualitative analysis of the surface chemical composition was performed after clean-
ing, oxygen exposure, and air exposure treatments. The chemical composition was deter-
mined by evaluating the intensities of the In 3ds,,, Ni 2p3,5, O 1s, and C 1s peaks after
fitting the curves (areas under the curves), while also considering the photoemission cross
sections of the respective elements. Potential influences, including instrumental response
and the inelastic mean free path of the photoelectrons, were considered and excluded
from the analysis. The surface composition following each treatment is illustrated in Fig-
ure 4.20.

As expected, only In and Ni are identified on the clean surface. Upon exposure to
oxygen, additional peaks corresponding to pure oxygen and oxides, along with those for
In and Ni, emerge. Following exposure to air, peaks associated with hydroxide and carbon
are detected, in addition to the species identified on the oxygen-exposed surface. From the
clean surface to the surface exposed to 900 L of oxygen, the proportion of pure In decreases
from approximately 74% to approximately 27%, while the content of pure Ni decreases
from approximately 28% to 6%. During the same exposure conditions, the fraction of
oxidised In increases, reaching approximately 7% for 900 L exposure, and oxidised Ni
increases to about 2% under the same exposure conditions, reflecting the decrease in the

pure In and Ni content.
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Figure 4.20: Chemical composition of the NizIny(001) surface after annealing at 560 °C
and increasing oxygen exposure (20-900 L). The atomic composition of the clean and air-
exposed surfaces is also provided for comparison. The composition was determined from
the In 3d5/2, Ni 2p3/2, @) 151/2, and C 151/2 XPS peaks.

4.5 Summary

For the first time, the atomic structure, chemical composition, and oxidation behaviour
of the (001) surface of In3Ni, was comprehensively investigated using a combination of
techniques, including XPS, LEIS, STM, and LEED.

Both XPS and LEIS results demonstrated that sputtering preferentially removes In
from the surface, while annealing facilitates the segregation of In from the bulk to the
surface. This preferential sputtering and surface segregation behaviour is attributed to

the lower surface free energy of In compared to that of Ni.
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LEED analysis revealed that the surface retains a (1 x1) symmetry, with the identifica-
tion of a three-domain c(2v/3 x 4) rectangular structure. The formation of these surface
structures is influenced by exposure to ambient hydrogen in the experimental chamber,
as well as hydrogen introduced from external sources.

A comprehensive analysis integrating the step height distribution observed through
STM, the intensity distribution from LEIS, and surface energy calculations indicates that
the outermost surface layer comprises In atoms bonded to Ni atoms. This observation
suggests that the stability of the surface may stem from the formation of intermetallic
bonds. Furthermore, the presence of catalytically active Ni atoms on the surface, spatially

isolated from one another, is expected to enhance the catalytic properties of the material.
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5 | In3Ni»(210) Surface

5.1 Introduction

This chapter details the atomic structure, chemical composition, and oxidation character-
istics of the In3Niy(210) surface. The study involved the use of several surface-sensitive
techniques, such as XPS, LEIS, LEED, and STM. Several sputtering and annealing cycles
were used to obtain a clean and well-ordered surface. All treatments and measurements
were performed under UHV conditions to prevent surface contamination throughout the
experiments.

The chemical composition of the In3Niy(210) surface was examined using XPS spec-
tra to determine the effects of air exposure, sputtering, and annealing. Compositional
changes as a function of different annealing temperatures and the influence of the graz-
ing angle on the chemical composition were also investigated. Furthermore, elemental
information of the uppermost atomic layers of the surface was obtained using LEIS after
sputtering and annealing at various temperatures.

The impact of sputtering and annealing at varying temperatures on LEED patterns
was also studied. STM imaging was used to analyse the surface morphology and identify
the termination plane by comparing the obtained images with a bulk atomic model.

Moreover, the oxidation behaviour of the In3Niy(210) surface was investigated using
XPS. This involved investigating the variations in the binding energies of surface compo-

nents, namely In and Ni, in response to differing oxygen interactions.
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5.2 In3;Niy(210) Model Structure

The analysis and discussion of the experimental results will be carried out following the
detailed description of the atomic structure of the In3Ni, (210) surface.

Figure 5.1 (a) illustrates the bulk unit cell of In3Ni,, where the (210) surface is high-
lighted in yellow. The crystal lattice parameters are given asa = b = 4.387 A, ¢ = 5.295
A, with angles « = B = 90° and v = 120° [107]. The structure of In3Ni; is identical to the
Al3Ni; type and belongs to the trigonal space group P-3m1 [65], as further illustrated in
Figure 2.12 (a).

In Figure 5.1 (b) presents a side view of the surface, where identical atomic planes
composed of a mixture of In and Ni are arranged in an ordered stacking pattern that
forms the overall crystal structure. The inter planar distance between consecutive atomic

layers is 2.19 A, which is half of the lattice constant, a = 4.39 A.

o
oNi

Figure 5.1: (a) The unit cell of In3Niy, with the (210) plane highlighted in yellow. (b) Side
view of the (210) surface, showing the stacking of three atomic layers of In and Ni within
the unit cell.

5.3 Experimental Methods

The Czochralski method, detailed in Section 2.7, was used to grow high-quality single

crystals of the In3Ni; sample [108]. Once grown, the sample was sliced along the (210)
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surface and polished using diamond paste with a grain size successively reduced to 0.25
pm.

The (210) surface was subsequently cleaned under UHV conditions through multiple
sputtering cycles using an Ar" ion beam. Each cycle involved 30 minutes of exposure at
an energy of 2 keV, with a pressure of 2.5x10~> mbar and a drain current of around 6 pA.
Following sputtering, the sample was annealed at temperatures ranging from 300 °C to
560 °C for a duration of one to five hours.

For XPS, STM, and LEED experiments, the surface temperature was monitored using
an optical pyrometer set with an emissivity of 0.40, consistent with that previously used
for the (001) surface. In the LEIS system, the optical pyrometer was calibrated against
a thermocouple under UHV conditions to ensure accuracy. The In3Ni, sample was po-
sitioned to enable simultaneous temperature readings from both the pyrometer and the
thermocouple during analysis.

Calibration involved adjusting the emissivity setting of the pyrometer until its read-
ings aligned with those of the thermocouple over a range of temperatures. Initial find-
ings indicated that emissivity values between 0.40 and 0.50 yielded reasonable agreement,
prompting further refinement within this interval. An emissivity of 0.48 was identified as
providing the most consistent match and was subsequently used for all optical pyrometry
measurements in this study, as detailed in Chapter 3.3. It is important to note that the
temperature measurements reported in this chapter, based on an emissivity of 0.40, are
approximately 11 degrees lower than the more accurate calibrated values.

The surface cleaning process was repeated until a well-defined LEED pattern was
clearly observed, confirming the successful preparation of the surface. XPS analysis was
then used to verify the complete removal of contaminants, thereby confirming the effec-
tiveness of the cleaning procedure. Finally, the freshly prepared sample was transferred

to the STM chamber for further measurements.
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We used an Omicron variable temperature STM that operated at room temperature in
constant-current mode for STM imaging. A surface bias voltage ranging from -1.8 V to
+1.8 V was applied, and the tunnelling current was maintained at 0.645 nA. The atomic-
resolution imaging of the surface therefore offered detailed insights into its atomic ar-
rangement and topography.

LEIS measurements were performed within a dedicated UHV chamber, where the
surface cleaning process was independently repeated to prepare the sample specifically
for this analysis. The LEIS spectra were acquired on a surface area of approximately
2 mmx2 mm using a 3 keV He' ion beam, with an ion dose of approximately x10'*ions cm 2.
The experimental parameters were carefully optimised to achieve a high signal-to-noise
ratio for the characteristic surface peaks of Ni (approximately 2275 eV) and In (approxi-
mately 2575 eV). Data acquisition was carried out using a commercial Qtac100 spectrom-
eter (IonTOF), and the spectra were processed and analysed using the Surface Lab 7 soft-
ware suite (IlonTOF) [110]. All LEIS experiments were conducted at the Low Energy Ion
Scattering Facility, University of Liverpool.

The Czochralski method, detailed in Section 2.7, was used to grow high-quality single
crystals of the In3Ni; sample [108]. Once grown, the sample was cut along the (210) sur-
face and polished using diamond paste with a grain size successively reduced to 0.25 ym.

The (210) surface was subsequently cleaned under UHV conditions through multiple
sputtering cycles using an Ar" ion beam. Each cycle involved 30 minutes of exposure at
an energy of 2 keV, with a pressure of 2.5x10~° mbar and a drain current of around 6 yA.
Following sputtering, the sample was annealed at temperatures ranging from 300 °C to
560 °C for a duration of one to five hours.

For XPS, STM, and LEED experiments, the surface temperature was monitored using
an optical pyrometer set with an emissivity of 0.40, consistent with that previously used
for the (001) surface. In the LEIS system, the optical pyrometer was calibrated against

a thermocouple under UHV conditions to ensure accuracy. The In3Ni; sample was po-
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sitioned to enable simultaneous temperature readings from both the pyrometer and the
thermocouple during analysis.

For surface oxidation studies, XPS data were obtained at the Institut Jean Lamour us-
ing a non-monochromatic Al K, X-ray source. To induce oxidation, a leak valve was used
to introduce 99.999% pure oxygen gas into the UHV system, with the partial pressure
controlled at approximately 1.333x10~¢ mbar. The exposure time, together with the con-
trolled pressure, defined the total exposure, which was measured in Langmuir units (L),
where 1 L = 1.333 x 107® mbars. For the air exposure experiment, the sample was first
cleaned following the standard procedure, then removed from the UHV chamber and ex-
posed to air for approximately 10 days before being reintroduced into the system for XPS
measurements. The XPS data were analysed using the CasaXPS programme, which pro-

vided detailed chemical and electronic insights into the surface after oxidation.

5.4 Results and Discussion

5.4.1 Chemical Composition Studied by XPS

Effect of Air Exposure, Sputtering and Annealing on Surface

The sample was contaminated with oxygen and other contaminants when exposed to air
before being transferred to the UHV chamber. To assess the chemical response of the
surface to air exposure and to evaluate the effectiveness of the cleaning procedure, we
used XPS after sputtering and annealing the surface.

Figure 5.2 (a) shows the XPS wide scan spectra for the (210) surface after air exposure,
sputtering, and annealing at 560 °C for one hour, with the peaks of the corresponding
components marked by vertical dashed lines. The KLL peaks, associated with Auger
electrons, are produced from the L shell as a result of electron transitions. Figures 5.2 (b)

and (c) present the characteristic peaks corresponding to In 3d5,, and Ni 2p3 /5.
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The XPS spectrum following air exposure reveals a distinct O 1s peak, indicating the
presence of surface oxygen contamination. To remove this contamination and restore the
clean surface, three successive cycles of sputtering and annealing were performed under
UHYV conditions. Subsequently, the O 1s signal was no longer detectable in the wide scan
spectrum, confirming the effective removal of surface oxygen. The resulting spectrum
displayed only the characteristic core-level peaks of In and Ni, indicating a successful

restoration of the surface composition.
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Figure 5.2: (a) XPS wide scan spectra of a clean In3Niy(210) surface after sputtering and
annealing the surface at 560 °C for an hour, and no oxygen or carbon contamination was
detected. (b) and (c) XPS spectra comparing the binding energies of the core levels of In
3ds,, and Ni 2p3/, showing the effect of sputtering, air exposure, and the clean prepared
surface.

As discussed previously in Chapter 4, the spectra were analysed over the energy range
from 0 to 1200 eV, with particular emphasis on the core levels of In, Ni, and O. To accu-
rately determine the binding energies and peak areas for In and Ni, a Gaussian-Lorentzian

convoluted line shape was employed in conjunction with a Shirley-type background sub-
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traction. A summary of the binding energies for the In 3ds5,, and Ni 2p3,, core levels is

presented in Table 5.1. Further discussion of the peak profiles will be provided in Sec-

tion 5.4.4.
Element Ni 2p3/, In 3d5,
Element Binding Energy 852.5eV [111] 443.7eV [112]
Air Exposed Surface 852.9 eV 444.5 eV
Sputtered Surface 852.6eV 443.6 eV
After Sputtered Annealed 850 6 eV 4435 oV
Cycles

Table 5.1: Binding energies of the Ni 2p3,, and In 3ds,, core levels for the InzNiy(210)
surface measured by XPS after exposure to air, following sputtering, and after cleaning by
sputtering and annealing. Core-level positions of elements are also given for comparison.

Atomic Composition Changes As Function of Sputtering and Annealing Temperature

Atomic composition of the surface was determined after sputtering and annealing at var-
ious annealing temperatures. The integrated intensity (area under the curve) of the Ni
2p3/7 and In 3d5 /, peaks in the XPS spectra was used to determine the atomic composition
of In and Ni. The photoionisation cross section, the inelastic mean free path of photoelec-
trons, and the analyser’s transmission function were used to normalise these intensities,
as described in Section 3.4.1.

Analysis of the In 3ds5,, and Ni 2p3,, XPS spectra for the In3Ni, surface revealed a
compositional change following sputtering (Figure 5.3). The bulk atomic percentage of
In is approximately 60%, however after sputtering, this value decreases to around 55%.
Conversely, the atomic percentage of Ni increases from 40% to approximately 45%. This
reduction in In content, accompanied by a corresponding enrichment in Ni, indicates that
the sputtering process preferentially removes In from the surface, resulting in an excess of

Ni at the surface.
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The preferential sputtering observed in intermetallic compounds can be influenced by
several factors, including atomic mass, surface free energy, and bonding energy. Elements
with lower atomic mass, reduced surface free energy, and weaker bonding strength are
generally more susceptible to preferential sputtering [113, 114, 115, 123]. In this surface,
atomic mass is not the dominant factor, as In is heavier than Ni. However, a comparison
of surface free energies indicates that In possesses a lower surface free energy than Ni,
which likely contributes to its preferential removal during the sputtering process.

The surface free energy of a face-centred cubic (FCC) Ni surface is higher than that
of a body-centred tetragonal (BCT) In surface, with values of 1.31 J/m? and 0.488 J/m?,
respectively [116]. These values highlight the tendency of In to be preferentially sputtered
due to its lower surface energy. Similar behaviour has been observed in the binary al-
loy Ga3Ni,(2=10) surface, where, after sputtering, Ga and Ni are present in almost equal
atomic compositions, with Ga constituting 45

During surface annealing at 300 °C, the atomic percentage of In increases to approx-
imately 76%, while the Ni decreases to 24%. This composition significantly exceeds the
bulk concentration of In, particularly at such a relatively low annealing temperature. Fur-
ther annealing at high temperatures, up to approximately 550 °C, results in no significant
changes to the atomic composition, indicating that the surface has attained a state of com-
positional saturation. These observations suggest that annealing facilitates the segregation
of In from the bulk to the surface. Surface segregation in alloys refers to the enrichment of
one component at the surface relative to the bulk, a phenomenon well documented in the
literature [124], and clearly evident in Figure 5.3.

The forces behind surface segregation in alloys are primarily attributed to differences
in surface properties between the constituent elements, including surface free energy,
atomic radius, and bonding energy [114]. Elements characterised by lower binding en-
ergy, larger atomic radius, and lower surface energy tend to preferentially segregate to the

surface. In comparison to Ni, In exhibits a lower surface free energy and a larger atomic
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radius, as previously discussed and supported in the literature [118]. Accordingly, it is
proposed that the observed surface segregation of In is predominantly governed by these
factors, namely its larger atomic size and lower surface energy relative to Ni [119]. Similar
behaviour involving preferential segregation has also been reported for the GazNi;(2=10)

surface [117].
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Figure 5.3: Surface chemical composition of the (210) surface after sputtering and anneal-
ing at temperatures ranging from 300 °C to 550 °C. Dotted lines indicate the bulk compo-
sition of In and Ni. 6 is an angle between the surface and X-ray.

Atomic Composition as Function of Scanning Angles

The distribution of In on the (210) surface was examined by obtaining XPS spectra from
the surface after annealing it at 530 °C at various angles: 30°, 40°, 50°, and 60°. The atomic

composition of the surface is shown in Figure 5.4. The highest angle that could be further
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tilted without releasing the sample from the manipulator was 70°.
As the grazing angle increases from 30° to 60°, the atomic composition of In and Ni
remains unchanged. The concentration of In would be expected to increase with the graz-

ing angle if it were only present in the topmost layer.
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Figure 5.4: Surface chemical composition of the (210) surface determined by XPS after

sputtering and annealing at 560 °C, measured at various scan angles from 30° to 70°. Dot-
ted lines indicate the bulk composition of In and Ni.

5.4.2 Elemental Information Studied by LEIS

We used LEIS to obtain elemental information about the crystal’s topmost atomic layer af-
ter cleaning the surface by sputtering and annealing at temperatures ranging from 200 °C
to 480 °C, whereas XPS provided information on the chemical composition over several
atomic layers of the surface. This complementary use of LEIS and XPS enabled a compre-

hensive characterisation of both the surface and near-surface regions of the sample.

114



100

——RT
1 ——200°C i
——320°C
- 897 400°c ﬁ
Q | ——480°C
2
S 60-
@]
®)
=
'(TJ 40 -
c
)
£ Ni
20 A
i -
0 -
N ! ' I ' I ' I !
1800 2000 2200 2400 2600 2800
Energy / eV

Figure 5.5: LEIS spectra obtained from the In3Niy(210) surface after cleaning the surface
by sputtering and annealing at selected temperatures for one hour, employing a 3 keV
He™ ion beam. The highlighted energy regions associated with each surface peak indicate
the limits used for background correction.

Initially, the sample was freshly prepared through two cycles of sputtering and an-
nealing. Sputtering was performed using a 1 keV Ar" ion beam directed over a (2x2)
mm area. The sputtering process was continued until the LEIS spectra stabilised, indicat-
ing that surface contaminants had been completely removed. Following sputtering, the
sample was annealed at 400 °C for 45 minutes and then cooled to room temperature over
two hours. Subsequently, the surface was subjected to an additional 30-minute exposure
to the sputter beam, resulting in a total ion dose of 2.28 x 10 Art ions, and annealed at
480 °C temperature. After surface preparation, LEIS spectra were acquired to determine
the composition of the topmost atomic layer.

Figure 5.5 presents LEIS spectra illustrating the effects of sputtering and annealing at
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varying temperatures on the surface composition of InzNiy(100). Annealing up to 480 °C
led to a marked increase in the In signal and a reduction in the Ni signal, suggesting a

temperature-dependent redistribution of surface atoms.

Sputtering (Depth Profile)

The effect of Ar™ ion sputtering dose (depth profiling) on the surface intensities of In
and Ni was systematically examined. Following surface preparation with sputtering and
annealing at 400 °C for one hour, the sample was cooled to room temperature, and LEIS
spectra were recorded.

The evolution of LEIS intensity for In and Ni peaks as a function of increasing ion
dose is presented in Figure 5.6 (a). To determine the spectral intensities, a two-point linear
background subtraction was applied within the relevant energy ranges.

At the lowest sputtering dose, the In signal dominates, indicating an In-terminated top
of the surface. With continued ion sputtering, a decrease in In intensity and an increase in
Ni intensity were observed, suggesting preferential sputtering of In atoms. Upon reaching
a high ion dose, both signals plateaued, signifying a steady-state surface composition,
beyond which further sputtering had a negligible influence on the detected elements.

As shown in Figure 5.6 (c), the In-to-Ni intensity ratio was initially high, consistent
with an In-rich surface following cleaning. However, with increasing sputtering, a decline
in In intensity was noted, confirming the preferential removal of In. This observation was
corroborated by XPS analysis, which also indicated selective sputtering of In. Eventually,

both signals stabilised, indicating the formation of a compositionally stable surface.

Annealing Temperatures Dependent

Following annealing of the surface at each temperature between 200 °C and 480 °C for
45 minutes, LEIS spectra were collected to evaluate the surface composition of In and

Ni. Figure 5.6 (b) displays the variation in signal intensities as a function of annealing
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temperature. Anincrease in In intensity and a corresponding decrease in Ni intensity were
observed up to approximately 320 °C, beyond which both signals showed a slight decline
despite further temperature increases. This behaviour is attributed to thermally induced
reduction in surface atomic density caused by lattice expansion at high temperatures from
340 °C to 480 °C. The spectra were acquired in situ, ensuring an accurate assessment of the
surface composition. Figure 5.6 (d) shows that the In/Ni intensity ratio increases with

temperature, indicating preferential surface segregation of In during thermal treatment.
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Figure 5.6: (a) The variation in the integrated In and Ni intensities in LEIS from the In
and Ni (210) surface due to sputtering at different ion doses. (b) Annealing at various
temperatures, along with the In to Ni intensity ratio following the respective treatments
(c, d).

5.4.3 Atomic Structure Studied by LEED and STM

After sputtering and annealing the surface up to 500 °C, LEED patterns were obtained

using a computer-controlled data collection system and a charge-coupled device (CCD)
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camera within an energy range of 10-140 eV.

A temperature lower than 330 °C was insufficient to achieve surface ordering, so there
were no LEED patterns visible from the surface.

After annealing the surface at 340 °C, a (1x1) LEED pattern with rectangular symmetry
was observed, corresponding to the surface unit cell expected from the bulk. Long-range
surface order with low background intensity indicates a high-quality structural surface.

To determine the lattice parameters of the In3Ni,(210) surface, we used the Ag (100)
surface as a calibration reference. Specifically, the two reciprocal lattice vectors, |b*;| and
|b*,|, extracted from the LEED patterns of the In3Ni,(210) surface were compared with
those obtained from an Ag(100) surface. Both LEED patterns were acquired using the
same experimental setup and an incident electron beam energy of approximately 60 eV,
ensuring consistency in the measurement conditions and allowing for accurate calibration
of the lattice constants.

The bulk values predicted for the InzNiy(210) surface are |b;| = 5.295 A and |by| =
7.690 A. From the LEED measurements, the corresponding lattice constants determined
in real space were |b;| = 5.21+0.2 A and |b,| = 7.58 £ 0.2 A, which are in good agree-
ment with the theoretical values. These results confirm that the observed LEED pattern

corresponds to a (1x1) surface structure.

Effect of Annealing Temperature and Beam Energies

Figure 5.7 (a-f) demonstrates that there is no evidence of surface reconstruction or phase
transitions, as the surface consistently exhibits a (1x1) pattern within the temperature
range of 360 to 520 °C. The (1x1) pattern remains stable when placed at a UHV pres-
sure of 10719 mbar. This behaviour is similar to observations on PdGa(111) ZnPd, and

InNi(110)surfaces, which also maintain unreconstructed [38, 45, 60].
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H T=340 °C u T=360 °C u T=380 °C

T=400 °C T=460 °C T=500 °C

Figure 5.7: (1x1) LEED patterns from (210) surface at beam energy 45 eV after freshly
prepared by sputtering and annealing at (a) 340 °C. (b) 360 °C. (c) 380 °C. (d) 400 °C. (e)
460 °C. (f) 500 °C.

After each preparation cycle (sputtering and annealing), LEED patterns were recorded
for a range of beam energies, from 10 to 140 eV. In particular, following annealing of the
surface at 500 °C, well-defined LEED patterns were observed over the beam energy range
of 15 eV to 135 eV, indicating the order of the surface and the presence of a crystalline
surface structure. Figure 5.8 (a—f) illustrates the LEED pattern of the surface at selected

beam energies; the symmetry pattern remains unchanged at different beam energies.
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u BE=30eV u BE=45 eV

BE=105 eV BE=120 eV BE=135eV

Figure 5.8: LEED patterns of the (210) surface after annealing at 500 °C, recorded at beam
energies: (a) 15 eV, (b) 30 eV, (c) 45 eV, (d) 60 eV, (e) 75 eV, (f) 90 eV, (g) 105 eV, (h) 120 eV,
and (i) 135 eV.

In comparison, LEED studies on Ga3Ni,(210) show different behaviour in terms of sur-
face ordering. The (210) surface typically exhibits a (1x1) LEED pattern after annealing
the surface at low temperatures around 320 °C, which cannot remain stable at high an-
nealing temperatures; there is a (2x2) LEED pattern after annealing the surface at higher
temperatures around 522 °C [117]. Furthermore, the intensity of the spots in GazNi,(210)
also changes with the beam energy, but the symmetry and overall structure of the LEED
pattern tend to remain consistent, similar to the observations in this study.

The experiment was repeated by sputtering in Ar™ for 30 minutes, then annealing for

2 hours at 400 °C. A LEED pattern from most parts of the surface remains unchanged,
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but at the edge of the surface, there are additional low-intensity spots, as marked by red
circles, moving in the opposite direction to the substrate spot movement with different
beam energies, attributed to facets (Figure 5.9). However, the quality of LEED from these

facets is insufficient for further examination of their direction and structure.

BE=35eV BE=40eV
BE=45 eV BE=50 eV

Figure 5.9: LEED patterns of the clean In3Niy(210) surface recorded at different electron
beam energies: (a) 35 eV. (b) 40 eV. (c) 45 eV. (d) 50 eV. Faceted diffraction spots, indicated
by red circles, exhibit a downward shift with increasing beam energy.

We examined the sample quality by measuring back-reflection Laue X-ray diffraction
from various surface regions. The main part of the sample exhibits a Laue pattern charac-
teristic of a single crystal with In3Ni,(210) orientation. However, at the edge of the sample,
a polycrystalline IngNi, structure is observed, as shown in Figure 5.10. The sample edges
generated a weak Laue pattern. Because of this, we were unable to confirm whether the

facets are due to a miscut of the surface.
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Figure 5.10: (a) Representative Laue back scattering image taken from the most part of the
surface reflecting the symmetry expected from the bulk. (b) Laue back scattering image
from the edge of sample showing a diffuse rings.

STM

Following the acquisition of LEED data, the surface was annealed at various temperatures
ranging from 420 to 540 °C for durations between one and five hours. Subsequently, STM
measurements were performed. The STM was operated in constant-current mode at room
temperature, with a tunnelling current of approximately 0.645 nA and a bias voltage vary-
ing between -1.8 V and +1.8 V.

No step-terrace morphology appeared until annealing at 530 °C. At that temperature,
well-defined flat step terraces were apparent. Most of the (210) surfaces showed a large
area of stepped terraces after annealing at temperatures above 550 °C. Terraces with di-
mensions of up to 1500 A x1500 A have been identified.

Figure 5.11 (a) presents an STM image taken after annealing at 540 °C, revealing large
flat terraces. The step height is determined from a histogram of the height distribution
near the steps, and the findings are confirmed by line scans. The distribution of step
heights along the blue arrow in Figure 5.11 (a) is shown in Figure 5.11 (b). The step height
can be defined as the difference between the nearest peak positions in the histogram (Fig-

ure 5.11 (c)).
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We used STM images acquired from various surface regions to examine over 80 steps,
enhancing statistical reliability. As demonstrated in Figure 5.11 (d), the most commonly

observed step height is 2.3 + 0.02 A, which is half the value of the lattice constant, a = 4.39
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Figure 5.11: (a) STM image taken from the In3Ni,(210) surface after several cycles of sput-
tering and annealing (a) At 540 °C, (875 Ax1127 A, + 0.510 V, 0.448 nA), demonstrating
steps of different heights. (b) Height distribution along a blue line in (c) Crossing the
steps. Steps heights are given. (d) The histogram of height distribution in the vicinity of
the steps.

The structure of the clean (210) surface was deduced from atomic-resolution STM im-
ages of typical areas measuring 180 A x180 A and 300 A x300 A taken at a variety of bias
voltages, from -1.8 V to +1.8 V. Figures 5.12 (a) and (b) provide high-resolution STM im-
ages of the structure. Two lattice constants have been determined from line profiles. The

separations along the [001] and [120] directions are |b; | =7.72 = 0.04 Aand by =5.23
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+ 02 A, respectively. The lattice constants obtained from the STM measurements were
found to be compatible with those of In3Niy(210), measuring 5.29 A and 7.69 A (Figures
5.12 (d)). The FFT of Figure 5.12 (b) is depicted in Figure 5.12 (c), confirming the rectan-
gular symmetry. We used the FFT pattern to calculate the characteristics of the real-space
unit cell, I'by | =7.21 + 0.04 A and Iby| =5.60 + 0.2 A. A yellow rectangle represents the
unit cell of the surface. The FFT pattern of the STM image is very similar to the LEED

patterns, confirming that the structure of the (210) surface is (1x1).
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Figure 5.12: (a) and (b) STM images of In3Ni, (210) surface showing atomic resolution
after sputter and annealing it at 560 °C (500 A %500 A,-1.8¢€V,0.645nA). (b) STM images
(120 A x 120 A, - 1.8 eV, 0.645 nA). (c) The FFT pattern of Figure (b) shows a rectangle
pattern. (d) The top view of In3Niy(210) surface.

The effect of the bias voltage on the contrast of atomic sites Inj, Inp and Ni on the (210)
surface is clearly illustrated in the local density of states, which is calculated by E. Gaudry
[125] and quantified in the accompanying contrast table in Figure 5.13. Across the bias
range from -1.3 V to +1.3 V, a systematic evolution in site-specific contrast is observed,

reflecting changes in the local density of states (LDOS) in each image.
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V(ﬁ;:;e In, In, Ni
-1.3V Low Low
-1.0V Low Low
-0.75V Low Low
0.5V Low Zero
+0.5V Low Zero
+0.75V Zero
+1.0V Low Zero
+1.3V Low Zero

Figure 5.13: Bias dependent STM images and corresponding local density of states (LDOS)
contrast table for the In3Ni, (210) surface [125]. The figures shows STM images at bias
voltages ranging from —1.3 V to +1.3 V, highlighting the bias induced contrast variation of
Iny, Iny, and Ni atomic sites within the model surface unit cell. The labelled sites (Inq, Iny)
are marked for reference. The bottom panel summarises the observed relative contrast
levels at each atomic site as a function of applied bias voltage, serving as a qualitative
proxy for site specific LDOS. High and Low denote strong and weak contrast respectively,
while zero indicates no observable contribution at that site [106].

At negative bias voltages (-1.3 V to -0.5 V), the In; site, which is located at the corner of
the bulk model, consistently appears with high contrast, while the In; site, which is in the
middle of the bulk model, exhibits low contrast. This indicates a higher occupied LDOS
at In; compared to In, within this energy range. The Ni site demonstrates low contrast at
more negative biases (-1.3 to -0.75 V), but transitions to zero contrast at -0.5 V, suggesting

a depletion of the occupied LDOS as the Fermi level is approached.
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As the bias is shifted to positive values (+0.5 V to +1.3 V), the contrast behaviour of
In; and In; reverses. In; becomes low in contrast, while In, becomes more clear at +1 V
and +1.3 V. This inversion suggests that the unoccupied LDOS is greater at In, than at In;
within the positive bias range. Although the Ni site consistently maintains zero contrast
throughout all positive bias voltages, there is a negligible contribution to the unoccupied
LDOS within this range. In particular, the contrast is similar for In; and In; around +0.75
V, with both becoming bright.

We now compare LDOS calculations with STM images across a range of bias voltages
to investigate the voltage-dependent surface characteristics of the In3Ni(210) surface. All
measurements were performed in specific surface regions with consistent tip conditions,
ensuring the reliability of contrast and resolution comparisons across different tunnelling
biases. Four distinct STM images with atomic characteristics were identified between -1.8
V and +1.8 V. By overlapping the structural unit cell model with the STM images, we were

able to identify features related to individual atoms.
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Figure 5.14: STM images of the In3Ni, (210) surface under different bias voltages, overlaid
with the atomic model of the surface structure. (a) Image at -1.8V, highlighting enhanced
contrast at In; atoms, consistent with a higher local density of occupied states. while im-
age at -1.8 V, where contrast shifts to In, atoms, reflecting enhanced unoccupied states at
these sites. Ni atoms remain relatively low in contrast under both conditions, indicating
a minimal contribution to the LDOS near the Fermi level. (b) STM image at +1.8V, high-
lighting enhanced contrast at In; atoms, consistent with a higher local density of occupied
states and low contrast at Inp atoms. (c) STM image at -1.3V, highlighting enhanced con-
trast at Iny In, and Ni atoms.
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Type 1 2
Bias Voltage -18V <V <-14V —-13V<V <05V
B
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:
Figure 4
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Type 3 4
Bias Voltage —04V <V <409V +1V<V<+18V
3
b
Figure 3

Table 5.2: STM image of the IngNi, (210) surface overlaid with the atomic model of the
surface structure.

Figure 5.15 and Table 5.2 representative STM images of the IngNi, (210) surface in the
bias voltage range of —1.8V <V < -14V, -13V <V < -05V, -04V <V <409V,
and +1V < V < 41.8V each STM images in the different bias voltage overlaid with
atomic structural models.

STM images under negative bias for the sample ranging from -1.8 V to -1.4 V are
shown in Figure 5.2 (a), where enhanced contrast is observed predominantly at the In;
sites. This corresponds to a higher local density of occupied states at these positions,
while Ni sites remain weakly resolved due to their negligible LDOS near the Fermi level,
which is in agreement with the trends summarised in the LDOS contrast table. Under
positive bias from +1.0 V to +1.8 V, the contrast shifts significantly towards the In, atoms,
reflecting their increased contribution to the unoccupied states. Figure 5.2 (b), recorded at
intermediate bias voltages between —0.4 V and +0.9 V, reveals sustained brightness at the

In; positions, reinforcing the predominance of these sites in the tunnelling current within
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this range. Finally, Figure 5.2 (c) displays a STM image under near zero bias conditions,
where contrast across the In, and Ni is reduced.

This finding is consistent with previous observations on PdZn surfaces where limited
atomic contrast was observed on the (110) facet and bias dependent STM imaging revealed
that Pd 4d states near the Fermi level dominated the tunnelling current [45]. Our study on
In3Ni; surfaces similarly demonstrates strong bias dependent contrast between In; and
In, atoms, attributable to their distinct local densities of states (LDOS). In both systems,
one element (Pd or In) primarily contributes to the tunnelling current. This behaviour is

in good agreement with our LDOS calculations, as illustrated in Figure 5.15.

-1,

Figure 5.15: STM images of the (210) surface with various voltage bias (a) At —1.8V <
V< —-14V.b)At —13V <V < —05V. () At —04V <V < +09V(d).

5.4.4 Oxidation Behaviour

We have investigated surface oxidation using the introduction of varying amounts of oxy-
gen gas, with a purity of 99.999%, into UHV via a leak valve. Before cleaning, the sample
was exposed to air for a duration of 10 days, after which XPS spectra were obtained. Sub-

sequently, the surface was cleaned using Ar" sputtering followed by annealing at a high
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temperature of approximately 560 °C. Then, 300 to 900 L of oxygen were dosed, and the
results were examined using XPS.

XPS spectra for the In 3ds,p, Ni 2p;3/5, and O 1s core levels on the surface under
different conditions (cleaned, oxygen-exposed, and air-exposed) are presented in Fig-
ures 5.16(a—c). Upon exposure to controlled doses of oxygen, minor changes are observed
in the In 3d5,, and O 1s core level spectra, indicating limited surface oxidation, while there
is no change in the Ni 2p3/, core level spectra. However, after air exposure, a shift in the
In 3d5,, and O 1s core level spectra is evident, particularly in the increased broadening of
the oxide-related features. These spectral changes clearly reflect a higher degree of surface
oxidation in the air-exposed samples compared to those exposed solely to oxygen under
vacuum conditions.

The detailed spectral evolution is further illustrated in Figures 5.16 (d—f), where the
intensities of the In 3ds5/,, Ni 2p3/,, and O 1s core level spectra have been normalised
between 0 and 1 to highlight the development of shoulder features associated with oxi-
dation. In particular, the shoulder appearing on the In 3d5,, and Ni 2p3,, peaks is clearly
observed, providing compelling evidence of In and Ni oxide formation. These observa-
tions are corroborated by the O 1s spectra, which display characteristic peak shapes and
shoulder positions corresponding to both oxygen and oxide species. A comprehensive
analysis of these spectral features provides insight into the stepwise oxidation process
that occurs at the surface.

Notably, following exposure of the In3Ni,(210) surface to air, the shoulder features in
the In 3ds5 /5, Ni 2p3 /5, and O 1s spectra become the dominant features (Figure 5.16 (d—f)),
confirming extensive oxidation at the surface. Furthermore, clear shifts in the binding
energies of the In 3d5,, and O 1s peaks are observed, to 444.5 eV and 531 eV, respectively.
These shifts provide evidence for the formation of oxidised species. For Ni 2p3 /5, there is
no clear binding energy shift, but an additional peak appears, related to Ni oxides.

Figure 5.15 and Table 5.2 present representative STM images of the InsNi, (210) surface
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in the bias voltage ranges of —1.8V <V < -14V, -13V <V < -05V, -04V <V <
+09V,and +1V <V < 1.8V, with each STM image at different bias voltages overlaid
with atomic structural models.

STM images under negative bias for the sample ranging from -1.8 V to -1.4 V are
shown in Figure 5.2 (a), where enhanced contrast is observed predominantly at the In;
sites. This corresponds to a higher local density of occupied states at these positions,
while Ni sites remain weakly resolved due to their negligible LDOS near the Fermi level,
which is in agreement with the trends summarised in the LDOS contrast table. Under
positive bias from +1.0 V to +1.8 V, the contrast shifts significantly towards the In; atoms,
reflecting their increased contribution to the unoccupied states.

Figure 5.2 (b), recorded at intermediate bias voltages between —0.4 V and +0.9 V, re-
veals sustained brightness at the In; positions, reinforcing the predominance of these sites
in the tunnelling current within this range.

Finally, Figure 5.2 (c) displays an STM image under near-zero bias conditions, where
contrast across the In, and Ni sites is reduced.

This finding is consistent with previous observations on PdZn surfaces, where lim-
ited atomic contrast was observed on the (110) facet and bias-dependent STM imaging
revealed that Pd 4d states near the Fermi level dominated the tunnelling current [45]. Our
study on InzNi, surfaces similarly demonstrates strong bias-dependent contrast between
In; and In; atoms, attributable to their distinct local densities of states (LDOS). In both
systems, one element (Pd or In) primarily contributes to the tunnelling current. This be-

haviour is in good agreement with our LDOS calculations, as illustrated in Figure 5.15.
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Figure 5.16: (a) to (c) XPS spectra from clean (after annealing at 560 °C), oxygen exposed
and air exposed of In3Niy(210) surface (a: In 3d, b: Ni 2p, and c: O 1s). Oxygen exposure
was from 300 L-900 L. (d,e) In 3d5,, and Ni 2p3,, spectra, respectively, after normalizing
minimum and maximum intensity between 0 and 1, illustrating the development of a
shoulder at higher binding energy . The dotted, dashed, and dash dotted lines at 530.2 eV,
531.0 eV, and 531.6 eV in (f) correspond to the positions of the oxide, pure oxygen, and Ni
oxide peaks, as reported in the literature [121, 122] respectively. The dashed lines in (c)
marks the positions of the core levels of the respective elements from the clean surface.

The spectra were analysed by applying a Shirley background subtraction combined
with a fitting procedure that employed asymmetric Gaussian—-Lorentzian line shapes to
accurately determine the peak positions and intensities, including shoulder features. The
titting model used a composite line shape comprising 40% Gaussian and 60% Lorentzian
contributions to best represent the spectral profiles. Representative fitting procedures for

the In 3ds5,, and Ni 2p3/, core level spectra are illustrated in Figures 5.17 (a—e) and 5.18
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(a—e), respectively. Throughout this thesis, all reported peak positions were obtained us-

ing this fitting methodology. The estimated uncertainty in the peak positions is approxi-

mately £ 0.1 eV.
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Figure 5.17: XPS spectra of the In3Ni(210) surface after air exposure and cleaning of the
surface by sputtering and annealing at 560 °C and with increasing oxygen exposure (300
L-900 L). Vertical dashed lines in all spectra correspond to the core level position of clean
In 3d5 /2-

The In 3d5,, and Ni 2p3 /, core levels appear as single peaks at binding energies of 443.6
eV and 852.5 eV, respectively, on the clean surface, as shown in Figure 5.17 (a) and Figure
5.18 (a). These peak positions closely match those reported for In [112] and Ni [111].

The XPS spectra shown in Figures 5.17 (b—e) depict the evolution of the In 3ds5,, core
level with increasing oxygen exposure, highlighting the chemical change from pure In

to In oxide. After exposure to 300 L of oxygen (Figure 5.17 (b)), an additional compo-
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nent appears at a higher binding energy ( 444.6 eV), attributed to In,O3 [112]. The oxide
peak increases during 600 L and 900 L exposures (Figures 5.17 (c) and (d)), exhibiting a
significant increase in intensity compared to pure In, which indicates increased surface
oxidation. In the sample exposed to air (Figure 5.17 (e)), the oxide component dominates
the spectrum, and the pure In peak is markedly reduced, indicating significant oxidation.
The spectral changes indicate a transition from pure In to In,O3; with increasing oxygen
exposure, characterised by a systematic increase in the intensity of the oxide peak and an
associated decrease in the pure In peak.

The XPS spectra presented in Figures 5.18 (b—f) illustrate the evolution of the Ni 2p3 »
core level as a function of increasing oxygen exposure, providing evidence for the coexis-
tence of pure Ni and Ni oxide species on the surface. Upon exposure to 300 L of oxygen
(Figure 5.18 (b)), an additional peak emerges at a higher binding energy of approximately
854.1 eV, which is characteristic of NiO formation [111]. With further oxygen exposure of
600 L and 900 L (Figures 5.18 (c) and (e)), the intensity of the NiO-related peak increases,
accompanied by a concurrent reduction in the pure Ni peak, indicating progressive sur-
face oxidation. In the case of the air-exposed sample (Figure 5.18 (f)), the NiO peak re-
mains present but is largely unchanged in intensity. In particular, a new feature appears at
a binding energy of approximately 855.5 eV, which is attributed to the formation of nickel
hydroxide Ni(OH), [111], suggesting further surface modification due to prolonged air

exposure.
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Figure 5.18: XPS spectra of the In3Ni,(210) surface after air exposed and clean the surface
by sputtering and annealing it at 560 °C and with increasing oxygen exposure (300 L-900
L). Vertical dashed lines in all spectra correspond to the core level position of clean Ni

2]93/2.

Following surface cleaning and exposure to oxygen and air, the chemical composition
is qualitatively analysed by examining the intensities of the In 3d5 , Ni2p3,5, and O 1s1 »
core levels via peak fitting (area under the curve) and normalisation using their respective
photoemission cross sections. Additional effects, such as the inelastic mean free path of
photoelectrons and instrumental response, have been accounted for and removed. The
resulting surface composition after each treatment is presented in Figure 5.19.

As expected, only In and Ni are detected on the clean surface. Upon exposure to

oxygen, O and its oxides appear alongside In and Ni. In contrast, air-exposed surfaces
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additionally exhibit the presence of nickel hydroxide. The intensity of In decreases signif-
icantly, from approximately 78% on the clean surface to around 11% following exposure
to 900 L of oxygen. Similarly, the proportion of pure Ni decreases from 22% to 5% under
the same conditions. This reduction in metallic components coincides with an increase in
oxidised In to approximately 23% at 900 L, while oxidised Ni remains relatively low, at

around 4%, indicating significant oxidation of In and only limited oxidation of Ni.
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Figure 5.19: The chemical composition of the In 3Ni(210) surface after annealing at 560 °C
and with increasing oxygen exposure (300 L-900 L). The atomic composition of the clean
and air exposed surfaces is also given for comparison. The composition was determined
from the In 3ds5,,, Ni 2p3/5, and O 157/, XPS peaks.
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5.5 Summary

The atomic structure, chemical composition, and oxidation behaviour of the (210) surface
of InzNiy were investigated for the first time using a combination of techniques, including
XPS, LEIS, STM, and LEED.

Surface cleanliness and chemical composition were verified by XPS after sputtering
and annealing. Both XPS and LEIS data revealed that sputtering preferentially removes
In from the surface, while annealing promotes the segregation of In from the bulk to the
surface. This behaviour is attributed to the lower surface free energy of In compared with
Ni.

To further understand the atomic structure of the crystal surface, STM and LEED mea-
surements were performed. The LEED pattern and STM images confirm a (1x1) surface
structure.

STM images are influenced by the applied bias voltage, with individual atomic species
Iny, Iny, and Ni exhibiting distinct contrast behaviours. At negative biases ranging from
-1.8 V to -0.75V, In; shows high contrast, whereas In, and Ni are observed with low con-
trast. At higher positive bias voltages, Ni atoms are not visible, In; appears with reduced
contrast, and In; displays significantly higher contrast. These observations highlight the
significant role of bias voltage in atomic detection and contrast variations.

XPS analysis revealed progressive oxidation following exposure to oxygen and air. Ox-
ide species were formed, while the signals corresponding to metallic In and Ni decreased
markedly. These changes confirm the onset of surface oxidation and the associated chem-

ical transformation.
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6 | In3Ni, (100) Surface

6.1 Introduction

This chapter presents the atomic structure, surface composition and oxidation behaviour
of the In3Ni(100) surface, investigated using a variety of surface-sensitive techniques,
including XPS, LEIS, LEED and STM. To obtain a clean and well-ordered surface, the
sample was cleaned by repeated cycles of argon ion sputtering followed by annealing. All
preparation and characterisation procedures were performed under UHV conditions to
maintain contamination to a minimum and ensure the reliability of the surface analysis.

The chemical composition of the InzNi;(100) surface was investigated through XPS to
assess the effects of air exposure, sputtering , and annealing. Variations in surface compo-
sition were evaluated as a function of annealing temperature and photoelectron emission
angle to gain insight into depth-dependent chemical composition changes. In addition,
the elemental composition of the outermost atomic layers was characterised using LEIS,
following sputtering and annealing at selected temperatures.

Surface crystallography was examined using LEED after sputtering and annealing at
different temperatures. STM was used to investigate the surface termination and study
the surface morphology.

In addition, the oxidation behaviour of the InzNi>(100) surface was also studied by
XPS, with emphasis on the changes in binding energy in the In and Ni core levels induced

by various oxygen exposures.
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6.2 In3Ni, (100) Model Structure

The crystallography of the In3Niy(100) surface is first described to provide the crystal
structure for the experimental study. Figure 6.1 (a) shows the unit cell of In3Ni, with the
(100) crystallographic plane highlighted in yellow. The unit cell is characterised by lattice
parameters a = b = 4.387 A and ¢ = 5.295 A, with interaxial angles « = 8 = 90° and
v = 120° [107]. Structurally, In3Ni, conforms to the Al3Ni, prototype and crystallises in

the trigonal space group P—3m1 [65].
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Figure 6.1: (a) The unit cell of the InzNi>(100) surface, with the (100) plane highlighted
in yellow. (b) Side view of the (100) surface, showing the stacking of four atomic planes,
labelled 0 to 3, within the unit cell. The separations between specific planes are indicated.

Figure 6.1 (b) illustrates a side view of the In3Ni(100) surface showing four atomic
planes marked from 0 to 3. The vertical separations of planes 0 and 2 are 2.54 A, while
planes 2 and 3, as well as planes 0 and 1, are separated by 1.27 A. A lattice parameter
of 3.84 A is represented by the sum of these interplanar lengths. By comparison of these
structural dimensions with step heights obtained from STM images, the particular crys-

tallographic planes in the surface termination could be identified.
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6.3 Experimental Methods

This section describes the experimental procedures used to prepare and characterise the
In3Niy(100) single crystal surface. It was grown using the Czochralski pulling technique,
as previously introduced in Section 2.7. The (100) crystallographic plane was precisely
oriented and sectioned using a wire saw, utilising a 50 ym tungsten wire in combination
with boron carbide particles suspended in glycerol. This method was chosen to mitigate
material loss and prevent surface deformation. The resulting surface was mechanically
polished using diamond paste to a grain size of 0.25 ym to achieve a smooth surface.

Cleaning of the sample surface in UHV involved cycles of argon ion sputtering at an
average drain current of approximately 6 yA for 30 minutes per cycle and annealing the
surface to temperatures ranging from 300 °C to 560 °C for durations between one and three
hours. The cleaning cycles were repeated until the appearance of a sharp, well ordered
LEED pattern was observed.

An optical pyrometer was used to monitor the surface temperature during XPS, STM
and LEED characterisations. In the absence of a known emissivity value for In3Nij, a ref-
erence value of 0.40 based on NiCu was initially applied, as suggested in the previous
literature [109]. For calibration, temperature readings from the pyrometer were cross-
referenced with those from a thermocouple in direct contact with the sample under UHV
conditions. This procedure, identical to the one used for all In3Ni, surfaces (refer to Sec-
tion 3.3), resulted in a final calibrated emissivity of 0.48.

The sample was transferred to the STM chamber after XPS confirmed that the surface
was clean and free of contamination. The STM, an Omicron variable temperature model
operated at room temperature in constant current mode, was used to image the surface
morphology and atomic structure. Tunnelling parameters were varied over a bias voltage
range from -1.8 V to +1.8 V and a set current of 0.645 nA.

LEIS measurements were conducted on surfaces prepared using the same sputtering
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and annealing approach. Temperature measurements during LEIS were taken using a
thermocouple affixed directly to the sample. Spectra were collected from a surface area
of (2x2) mm? using a 3 keV He™ ion beam, with an ion dose of approximately 1 x 104
ions/cm?. Ion scattering energies were recorded between 1800 eV and 2800 eV to optimise
the signal-to-noise ratio. The Ni and In peaks were located around 2275 eV and 2575 eV,
respectively. Data acquisition was performed using a Qtac100 LEIS instrument IONTOF
GmbH, Germany) and analysis was carried out with the SurfaceLab 7 software package
[110].

Further XPS measurements were performed at the Institut Jean Lamour using a non-
monochromatic Al Ka X-ray source. To study oxidation behaviour under controlled UHV
conditions, molecular oxygen (purity 99.999%) was introduced via a precision leak valve,
maintaining a pressure of approximately 1.333 x 10~® mbar. Oxygen exposure was mod-
ulated through dosing time to achieve dosages of 300 L, 600 L and 900 L, with 1 Langmuir
(L) defined as 1.333 x 10~° mbar-s.

In addition to controlled UHV oxidation, the surface reactivity to air exposure was
also evaluated. Following the final surface cleaning, the sample was removed from the
vacuum chamber and exposed to laboratory air for a duration of ten days before the XPS
analysis was performed. All photoelectron spectra were processed using the CasaXPS

software suite to determine chemical shifts and variations in elemental composition.

6.4 Results and Discussion

6.4.1 Chemical Composition Studied by XPS

Effect of Air Exposure, Sputtering and Annealing on Surface

XPS was used to determine the chemical composition of the InzNi(100) surface, identi-

tying both the constituent elements and any surface contaminants. In addition, XPS was
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used to investigate the effects of air exposure, sputtering and annealing on the chemical
composition of the surface.

Figure 6.2 (a) presents the wide scan XPS spectra obtained under three sequential con-
ditions: air exposure, after sputtering and after annealing. The core level spectra of In,
Ni, C and O were analysed using a Gaussian-Lorentzian convolution, combined with a
Shirley background, to accurately determine the binding energies and peak areas of In
and Ni. The fitted peak positions for the annealed surface are indicated by vertical dashed
lines in Figure 6.2. Additionally, the KLL Auger peaks observed in the spectra arise from
electron transitions within the L shell, resulting from the filling of vacancies in the K shell.

The sample was contaminated with oxygen and other contaminants after being ex-
posed to air for a long time, around 10 days. The wide scan XPS spectra of the In3Ni;(100)
surface identified peaks corresponding to In, Ni, C and O, indicative of surface contami-
nation. However, after sputtering followed by annealing of the surface under UHV con-
ditions, the O 1s and C 1s peaks were no longer detectable, confirming effective surface
cleaning.

Figures 6.2 (b) and (c) compare the core level binding energies of In 3d5,, and Ni 2p3 /5,
respectively, between different surface treatments. Exposure to air results in a binding
energy increase of approximately 0.1 eV for In and 0.05 eV for Ni. The observed variation
in the In and Ni peaks is within the margin of experimental uncertainty.

Subsequent annealing at 560 °C resulted in no observable changes in the binding en-
ergies or shapes of the In and Ni core levels; however, there was a change in the In peak
position by 0.2 eV. The implications of these intensity variations will be explored in the
following section (Section 3.4.1), and a more detailed discussion of the observed binding
energy shifts is provided in Section 6.4.5. A summary of these findings is presented in

Table 6.1.
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Figure 6.2: (a) XPS wide scan spectra obtained from the In3Niy(100) surface under three
distinct conditions: air exposure, following sputtering and after annealing at 560 °C for
one hour. No oxygen or carbon contamination were detected after cleaning the surface
by sputtering and annealing. (b) and (c) High resolution XPS spectra illustrating the core
level binding energies of In 3d5,, and Ni 2p3/,, respectively. These spectra demonstrate
the influence of air exposure and surface treatment on peak positions.

Elemental Ni 2p3/» In 3d5
Elemental Binding Energy 852.5eV [111] 443.7 eV [112]
Air Exposed Surface 852.6 eV 443.65 eV
Sputtered Surface 852.6 eV 443.5 eV
After Sputtered Annealed 8507 oV 4437 &V
Cycles

Table 6.1: XPS data for InzgNix(100) surface comparing the binding energies of the core
levels of Ni 2p3/, and In 3d5,,. Following three cycles, the peak positions represent the
clean intermetallic compound.
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Atomic Compositions Changes as a Function of Sputtering and Annealing Tempera-

tures

To investigate the effects of sputtering and annealing at various temperatures on the sur-
face chemical composition, a comprehensive XPS -based quantification of elemental con-
stituents was performed. In and Ni concentrations were determined from the integrated
intensities of the spectral peaks In 3ds5,, and Ni 2p3,,. These intensities were corrected by
factors that account for the photoionisation cross section, the inelastic mean free path of
the photoelectrons and the transmission function of the analyser, as described in Section
3.4.1.

Figure 6.3 presents the changes in the chemical composition of the InzNi,(100) surface
as a function of the annealing temperature, ranging from 300 °C to 560 °C. Although the
bulk structure corresponds to 60% In, the sputtering analysis reveals a notable decrease
in the surface In concentration to approximately 43%. However, Ni the concentration
increases to around 57%, suggesting that sputtering preferentially depletes In from the
surface.

As discussed in Chapters 6.4.1 and 5.4.1, there are a number of factors that impact the
preferential sputtering of an ICM. These include atomic mass, surface free energy and
atomic bonding. Elements with lower atomic mass, reduced surface energy and weaker
atomic bonds are more prone to preferential sputtering [113, 114, 115, 123]. Although
atomic mass is not the primary factor in this surface, given that In is heavier than Ni, a
comparison of the surface free energies indicates that In has a lower surface free energy
than Ni. Specifically, the surface free energy of a face centred cubic (FCC) Ni surface is
higher than that of a body centred tetragonal (BCT) In surface, with respective values of
1.31 J/m? and 0.488 J/m? [116].

This preferential sputtering is attributed to In’s relatively lower surface energy. A sim-
ilar phenomenon of preferential sputtering has been noted in the GazNiy(100) surface,

where, following sputtering, the atomic compositions of Ga and Ni are nearly identical,
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with each element representing approximately 50% of the surface composition [117]. This
aligns with the preferential sputtering behaviour previously discussed and with the con-
sistency of the results from all three surfaces under sputtering. This behaviour has already
been addressed in Chapters 4.4.1 and 5.4.1.

Upon annealing at a temperature of 300 °C, a significant redistribution of surface atoms
is observed. Specifically, the atomic concentration of In on the surface increases to about
74%, whereas that of Ni decreases to about 26%. This surface composition is significantly
higher than the equivalent bulk concentration, even at this very low annealing tempera-
ture. Subsequent annealing cycles induce only minor changes in the atomic composition,
indicating that a steady state or saturation condition has been reached at the surface.

This behaviour indicates that the annealing process promotes the thermally driven
migration of In atoms from the bulk to the surface, a phenomenon consistent with surface
segregation. In the context of alloy systems, surface segregation refers to the tendency of
one component to preferentially accumulate at the surface, thereby altering the surface
composition relative to the bulk [124], as shown in Figure 6.3.

Surface segregation is influenced by various factors, including surface free energy,
atomic radius and the bonding energy of the components [114]. Elements that have less
binding energy, a larger atomic radius and less surface energy tend to segregate to the
surface. As previously observed, In has a lower surface free energy and a larger atomic
radius than Ni [118]. Thus, we suggest that In segregation is mostly governed by its larger
atomic radius and lower surface free energy compared to Ni [119]. Comparable patterns
of preferential segregation have also been observed on the GazNiy(100) surface under sim-

ilar annealing conditions [117].
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Figure 6.3: The surface chemical composition of the (100) surface after sputtering and an-
nealing at various temperatures from 300 °C to 560 °C. Dotted lines across the top indicate
the In and Ni bulk composition.

Atomic Compositions a Function of Scanning Angles

After annealing the surface at 560 °C, XPS spectra were recorded at grazing angles of 0°,
10°, 15°, 20°, 30°and 40° to investigate the distribution of In and Ni on the (100) surface.
The resulting atomic composition is shown in Figure 6.4. It is worth noting that rotations
beyond 40° were not feasible without losing the sample from the manipulator.

Across the range of grazing angles from 0° to 40°, the atomic composition remains
relatively constant, with the In and Ni concentrations remaining unchanged. If In were
confined to the surface layer, an increase in concentration would be anticipated as the

grazing angle increases.
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Figure 6.4: The surface chemical composition of the (100) surface determined by XPS with
various scan angles from 0 to 40°. Dotted lines across the top indicate the In and Ni bulk
composition. ¢ is an angle between the surface and X-ray.

6.4.2 Elemental Information Studied by LEIS

LEIS was used to identify the elemental composition of the crystal’s topmost atomic layer.
Prior to LEIS measurements, the sample was prepared by two cycles of sputtering and
annealing to ensure a clean surface. Sputtering was carried out using a 1 keV Ar™ ion
beam over a (2x2) mm area, continuing until stabilisation of the LEIS signal indicated
that surface contaminants had been effectively removed. The sample was then annealed
at 400 °C for 45 minutes and subsequently cooled to room temperature for two hours.
After the surface was annealed to higher temperatures, up to 480 °C, LEIS spectra were
acquired. Figure 6.5 shows LEIS spectra from sputtering and annealing at different tem-

peratures that induced clear changes in the relative intensities of In and Ni after annealing
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to 480 °C. With increasing temperature, the In peak gradually intensified, while the Ni

peak diminished, indicating a temperature-dependent redistribution of surface atoms.
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Figure 6.5: LEIS spectra recorded from the In3Ni;(100) surface after sputtering and an-
nealing at different temperatures for 1 hour using a 3 keV He™ beam. The energy ranges
for each surface peak highlighted correspond to the upper and lower limits used for the
baseline subtraction.

Sputtering (Depth Profile)

We investigated how varying Ar™" ion doses (depth profiling) affected the relative surface
concentrations of In and Ni. The sample was prepared by sputtering and annealing at
400 °C for one hour, then allowed to cool to room temperature. LEIS spectra were subse-

quently recorded at different ion dose levels to monitor surface composition changes.
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Figure 6.6: Integrated LEIS intensities of In and Ni from the In3Ni, (100) surface (a) as a
function of increasing Ar™ ion dose and (b) sputtering annealing at selected temperatures
400 °C and 480 °C. (c) and (d) display the corresponding In/Ni peak intensity ratios, high-
lighting compositional shifts induced by sputtering and annealing.

Figure 6.6 (a) presents the variation in LEIS peak areas for In and Ni as a function
of increasing ion exposure. To quantify the spectral intensities, a two-point linear back-
ground subtraction was applied across the relevant energy ranges. The integrated peak
areas, following background correction, represent the surface contributions from In and
Ni atoms, thereby enabling the evaluation of the surface composition at each stage. After
surface cleaning using argon, a noticeable reduction in the In signal is observed, likely due
to contamination from the sputtering gun filament. At the lowest ion dose, the In peak is
substantially more intense than that of Ni, indicating a surface predominantly terminated
by In. As ion exposure increases, the In signal decreases while the Ni signal increases,
suggesting preferential sputtering of the In atoms. Beyond a certain sputtering dose, both

signals stabilise, indicating that the surface has reached a steady-state composition, with
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further ion exposure having little effect on the detected elemental distribution.

The In-to-Ni intensity ratio is shown in Figure 6.6 (c). The initial ratio is high, reflecting
a surface enriched in In. As sputtering progresses, the ratio decreases sharply, confirming
preferential sputtering of In. This trend continues until the ratio stabilises, signalling the

formation of a consistently clean and compositionally steady surface.

Annealing Temperatures dependent

After sputtering and annealing at 400 °C, the LEIS data in Figure 6.6 (b) show a noticeable
increase in the In peak intensity with a corresponding reduction in the Ni signal. This
shift suggests that In atoms begin to migrate toward the surface during moderate thermal
treatment, while Ni becomes less prominent at the topmost atomic layer. Upon further
annealing to 480 °C, the In signal continues to increase slightly and the Ni peak declines.
This behaviour is indicative of surface segregation, where In preferentially accumulates at
the surface with increasing temperature.

The evolution of the In-to-Ni intensity ratio, shown in Figure 6.6 (d), supports this in-
terpretation. The ratio increases slightly between 400 °C and 480 °C, confirming a growing

surface enrichment of In relative to Ni.

6.4.3 Atomic Structure Studied by LEED and STM

LEED patterns were obtained from the surface using a computer-controlled data collection
system and a digital charge-coupled device camera, after sputtering at temperatures rang-
ing from 360 °C to 500 °C and within an energy range from 10 to 120 eV. After annealing
the surface at temperatures below 350 °C, no LEED patterns were visible, indicating that
the temperature was not high enough to produce a well-ordered surface. After annealing
at 360 °C, the surface displays a (1 x1) LEED pattern with sharp spots and long-range sur-
face order with low background intensity, suggesting a stable surface.

The LEED patterns of In3Niy(100) and Ag(100) are compared in this study using the
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same equipment and a beam energy of around 60 eV. The expected value for the termi-
nated bulk surface is 4.39 A and 5.29 A. The lattice constants calculated from the LEED
data in real space, |b;| = 4.5+ 0.2 A and |by| = 5.2+ 0.2 A, agree with this.

Effect of Annealing Temperature and Beam Energies

The LEED patterns were obtained after each preparation cycle, i.e. sputtering and anneal-
ing the surface from 360 °C to 500 °C. There is only a (1 x1) structure and no evidence of
surface reconstruction or phase transitions, as shown in Figure 6.7 (a-f). This behaviour

is consistent with the stable, unreconstructed surfaces reported for PdGa(111), NiAl(110)

and ZnPd [38, 45].
1] T=360 °C T=410 °C T=430 °C
T=460 °C T=480 °C T=520 °C

Figure 6.7: (1x1) LEED patterns at beam energy 45 eV after (a) Annealing at 360 °C. (b)
Annealing at 410 °C. (c) Annealing at 430 °C. (d) Annealing at 460 °C. (e) Annealing at 480
°C.(f) Annealing at 520 °C.

In addition, LEED patterns were obtained for a range of beam energies from 10 to
140 eV after annealing the surface at 500 °C using selected beam energies. Figure 6.8
(a-f) shows the LEED pattern of the surface that is not affected by the different beam
energies. The (1x1) pattern remains stable when the system is maintained at a UHV

pressure of 1071 mbar. In this case, the surface does not exhibit any phase transition or
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reconstruction.

BE=20eV BE=30eV BE=40eV

BE=50 eV BE= 60 eV BE=70 eV
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Figure 6.8: LEED patterns of the surface after annealing at 460 °C (a) Beam energy 20 eV.
(b) Beam energy 30 eV. (c) At beam energy 40 eV. (d) Beam energy 50 eV. (e) Beam energy
60 eV. (f) Beam energy 70 eV. (g) Beam energy 80 eV. (h) Beam energy 90 eV.

The experiment was repeated at the edge of the sample after a 30 minute sputtering
process using Ar™ ions, followed by annealing at 400 °C for two hours. The resulting
LEED pattern showed no notable change in the primary surface structure. However,
additional low-intensity diffraction spots highlighted by yellow circles were observed.
These features moved in the opposite direction to the movement of the substrate spots as
the electron beam energy was varied, indicating the presence of surface facets. Similar
features were previously identified on the (001) and (210) surfaces. However, the LEED
diffraction pattern of these facets lacked sufficient clarity to allow a detailed analysis of

their crystallographic orientation or structural properties.
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Figure 6.9: LEED patterns illustrating the facets structure characteristic of (100) clean sur-
face with different beam energy (a) 30 eV. (b) 40 eV. (c) 45 eV.(d) 50 eV. The diffraction
spots from the facet are marked by yellow circle.

The structural quality of the sample was evaluated using Laue X-ray diffraction back
reflection measurements across different surface regions. Most of the sample showed a
clear Laue pattern with no evidence of miscut (Figure 6.10 (a)), confirming the single crys-
talline nature of the InzNi, surface oriented along the (100) plane and indicating high
crystallographic quality.

In contrast, measurements near the sample’s edges revealed two Laue rings (Figure
6.10 (b)), indicating a polycrystalline structure in these regions. This suggests that the
grains belong to the same phase, with a uniform chemical composition and crystal struc-

ture, although their crystallographic axes are slightly misoriented relative to each other.

Figure 6.10: (a) Representative Laue back scattering image taken from the most part of the
surface reflecting the symmetry expected from the bulk. (b) Laue back scattering image
from the edge of sample showing a diffuse rings,indicated by polycrystalline.
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STM

STM images were taken from the surface after annealing at 420 °C to 540 °C for periods
ranging from one to three hours. STM images were obtained in constant current mode,
maintaining a tunnelling current near 0.645 nA and employing a bias voltage adjustable
within the range of -1.8 V to +1.8 V.

Steps and terraces were not detected until surface annealing at 450 °C, where clearly
defined flat terraces first emerged. After annealing at temperatures above 550 °C for 150
minutes, most (100) surfaces displayed large stepped terrace regions. Terrace sizes were
observed to reach dimensions as large as 1200 x 1200 A.

Figure 6.11 (a) displays the STM image obtained after annealing at 550 °C, highlighting
the presence of flat atomic terraces. The step heights observed in the image were quanti-
tatively evaluated through line profile analysis and the results align with those predicted
by the corresponding bulk crystal structure. Figure 6.11 (b) illustrates the distribution of
the step heights along the blue arrow in Figure 6.11 (a).

To enhance statistical confidence, more than 144 surface steps were analysed using
STM images acquired from multiple surface regions. As illustrated in Figure 6.11 (c), the
predominant step height measured is 3.75 4 0.03 A. This value corresponds closely to

a@ A, indicating consistency with the bulk lattice constant.
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Figure 6.11: STM images of the In3Niy(100) surface following multiple sputtering and
annealing cycles. (a) Height distribution recorded at 530 °C over an area of 800 Ax 650 A,
with a sample bias of +0.7 Vand a tunnelling current of 0.457 nA, showing surface steps
of varying heights. (b) Height profile extracted along the blue line indicated in (a). (c)
Histogram representing the distribution of step heights near the observed steps.
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High-resolution STM images of the freshly prepared surface are shown in Figures 6.12
(a-b). Line profile analysis reveals two distinct lattice spacings along the crystallographic
directions [001] and [010], with measured periodicities of Ib; | =4.42 £+ 0.1 A and Iby|
=5.30 + 0.2 A, respectively. These values closely match the known lattice parameters of
the In3zNiy(100) surface, which are 4.39 A and 5.29 A. Most of the STM image, covering a
large portion of the surface, shows no reconstruction, as illustrated in Figure 6.12 (c).

A similar behaviour is observed for the PdGa(1,1,1) surface, which also exhibits a
well-ordered, unreconstructed (1x1) hexagonal lattice with atomically flat terraces and

uniform step heights, as confirmed by LEED and STM analyses [38].
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Figure 6.12: (a) STM images of In3Ni»(100) surface showing atomic resolution aftfzr sputter
and annealing at 550 °C (100 A x 100 A, - 0.5 eV, 0.645 nA). (b) STM image (4 A x 3.5 A,
0.5 eV, 0.645 nA). (c) and (d) Top view of (100) surface.

To investigate the bias-dependent surface characteristics of the In3Niy(100) surface,
STM imaging was performed over a range of applied sample biases. All images were ac-

quired from comparable surface regions under consistent tip conditions, thus maintaining
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uniform image contrast and ensuring high atomic resolution for reliable comparison. A
systematic analysis of the STM images recorded between —1.8 V and +1.8 V, as used for
the (210) surface, reveals a bias dependence in both contrast and atomic-scale visibility, as

shown in Figures 6.13 (a—f).

Figure 6.13: STM images showing atomic resolution (300 Ax 300 A, 0.645 nA) after an-
nealing (100) surface at 550 °C with different bias voltages (a) -1.8 eV. (b) -1 ev. (c) -0.5 eV.
(d) +0.5eV. (e) +1 eV. (f) +1.5eV.

Figures 6.14 (a—f) provide a zoomed-in view of the same surface area at different volt-
age biases, highlighting the effect of tunnel conditions on the resultant contrast and res-
olution. At a significant negative bias (approximately —1.8 V, Figure 6.14 (a)), the atomic
scale appears rather unclear; however, with a slightly reduced negative bias (approxi-
mately -1.0 V, Figure 6.14 (b)), these characteristics become more defined, with bright
protrusions becoming increasingly discernible. As the bias approaches —0.5 V (Figure 6.14
(c)), the atomic resolution further enhances, revealing sharper periodicity and increased

structural visibility. At near-zero to slightly positive bias voltages (approximately +0.5V,
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Figure 6.14 (d)), the atomic lattice becomes highly pronounced, suggesting a more accu-
rate representation of the actual surface topography. At a moderate positive bias (around
+1.0 V, Figure 6.14 (e)), atomic resolution remains evident. At the highest positive bias

studied (+1.8 V, Figure 6.14 (f)), the STM images display reduced contrast.

Figure 6.14: STM images showing atomic resolution (116 Ax 78 A, 0.645 nA) after anneal-
ing (100) surface at 550 °C with different bias voltages (a) -1.8 eV. (b) -1 ev. (c) -0.5 ev. (d)
+0.5¢ev. (e) +1 ev. (f) +1.5ev.

Additionally, high-quality STM images were obtained at the edge of the surface follow-
ing sputtering and annealing of the surface at 550 °C, revealing well-defined step heights
and atomic resolution across various regions of the sample (Figure 6.15). In particular, the
measured step height of 2.1 4 0.1 A differs from previous results and does not correspond
to any known interplanar spacing within the bulk (100) crystallographic structure (Figure
6.15 (b)). Moreover, the lattice constants of around 5 + 0.1 A and 10 + 0.2 A do not corre-
spond to the unit cell dimensions. This suggests the presence of slightly different surface

orientations of the same crystalline phase or impurity phases.
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Figure 6.15: (a) STM images from the sample edge showing atomic resolution (200 Ax
200 A, +1.8 'V, 0.645 nA) after alzmealirlg (100) surface at 550 °C. (b) -1 ev. (c) STM images
showing atomic resolution (86 Ax 83 A, +1.8 V, 0.645 nA).

6.4.4 Identification of Surface +

In this section, possible surface terminations are investigated by considering a range of
factors, including surface model analysis, comparisons with STM images, and LEIS data.

Figure 6.16 presents four possible surface termination configuration models 0, 1, 2 and
3, with models 0 and 3 being structurally equivalent. Each model depicts atomic positions
within the crystal lattice, projected along the [100] direction, starting from the correspond-
ing surface layer. Comparison with experimental STM images reveals a surface period-
icity of approximately 5.29 + 0.2 A and 4.40 + 0.1 A, indicating the presence of a single
atomic species, In or Ni, at the surface. Moreover, there is no voltage bias dependence
in the STM contrast, which further supports this interpretation, suggesting that only one
element contributes to the tunnelling current. These observations align more closely with
model 0, in which a single atomic species, In, forms the outermost layer. To further in-
vestigate surface terminations, Emilie Gaudry from Institut Jean Lamour, France [125],
performed density of states calculations, which support these results.

Further support for this conclusion is provided by LEIS measurements, which support

the assignment of model 0 as the preferred surface termination. As shown in Figure 6.6
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(b), the significantly higher detected intensity of In compared to Ni indicates that In dom-
inates the outermost atomic layer. The relatively low Ni signal is attributed to the partial
penetration of He™ ions into subsurface layers, resulting in limited detection of the un-
derlying Ni atoms, as shown in Figure 6.16. A similar interpretation has been reported for
the (001) surface (Figure 4.1), where a comparable termination sequence of In above Ni

was identified, specifically In in the top layer and Ni below.

3 KeV He*

o0 O

Oln
O Ni

av3/2=3.85A

3

Figure 6.16: Side view of the In3Niy(100) surface, showing the stacking of four atomic
planes, labelled 0 to 3, within the unit cell of the surface.

Models 1 and 2 are ruled out based on LEIS data, as their presence would result in He ™
ions striking both In and Ni atoms located in the same plane, leading to a markedly high
Ni signal, an effect not observed experimentally.

Further validation was carried out by analysing the LEIS intensities of In and Ni in
relation to the chemical composition. However, accurate conversion of these intensities
into compositional values is inherently difficult. To overcome this, we used the LEIS in-
tensity from the (210) surface, because the surface termination of this surface is known, as
a reference. The In/Ni LEIS intensity from this surface is 14.9. We calculated the chemical

composition and expected In/Ni for each layer 0, 1,2, 0+1, 1+2.
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By comparing In to Ni LEIS intensity ratios with those predicted by known crystallo-
graphic models, a direct correlation was established. As shown in Table 6.2, the In/Ni
ratio obtained from the (100) surface closely corresponds to that of the (210) reference sur-
face, providing strong support for model 0+1 as the most accurate description of the (100)

surface termination.

. In/Ni Ratio
Chemical
Layer Composition Expected Based on
P (100) Surface
0 In; Nig 0
1 InNi 9.2
2 InNi 9.2
0+1 InyNi 18.53
1+2 InzNiz 9.2

Table 6.2: Layer, chemical compositions and expected In-Ni ratio expected from(100) sur-
face.

6.4.5 Oxidation Behaviour

The oxidation behaviour of the (100) surface was investigated using XPS. Initially, the
surface was exposed to air for a period exceeding 10 days, after which XPS spectra were
recorded. The sample was cleaned by sputtering followed by annealing at temperatures
up to 560 °C, and the resulting spectra were compared to those obtained from the air-
exposed surface. Subsequently, the surface was cleaned and exposed to controlled oxy-
gen doses of 20 L, 300 L, 600 L and 900 L, with XPS measurements performed after each

exposure to monitor changes in the chemical composition of the surface.
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Figure 6.17: (a) to (c) XPS spectra of the clean (after annealing at 560 °C), oxygen exposed
and air exposed of In3Niy(100) surface (a: In 3d, b: Ni 2p and c: O 1s). Oxygen exposure
ranged from 20-900 L. (d, e, f) In 3d5,,, O 151/, and spectra, respectively, after normalising
the minimum and maximum intensity between 0 and 1, illustrating the development of
a shoulder at higher binding energies. The dotted, dashed and dash dotted lines at 530.2
eV, 531.0 eV and 853.6 eV in (c) correspond to the positions of the oxide, pure oxygen and
Ni oxide peaks, as reported in the literature [99, 121, 122]. The dotted lines in (c) indicate
the positions of the oxide peaks, while the dashed lines in all other spectra correspond to
the core level positions of the respective elements from the clean surface.

Figures 6.17 (a—c) display the XPS spectra corresponding to the core levels of In 34, Ni
2p and O 1s for surfaces that were cleaned, exposed to oxygen and exposed to air. With
increasing oxygen exposure, the In and O core level spectra exhibit the development of
shoulder features at higher binding energies. In contrast, the Ni 2p core level does not

show significant variation between the different oxygen exposures. Figures 6.17 (d—e)
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present the In 3d5,, and Ni 2p3/, spectra, respectively, with their intensities normalised
between 0 and 1. This normalisation highlights the emergence of shoulder features in the
In and O spectra, while showing the relative invariance of the Ni peak.

The shoulder features observed in the XPS spectra are attributed to the formation of
In oxides. In the Ni 2p3,, spectra, the main peak corresponds to pure Ni, and there are
no clear shoulders compared to the In and O peaks. Following air exposure, the Ni 2p3,
spectra remained unchanged, as shown in Figure 6.17 (e), indicating that no oxidation of
Ni occurred under these conditions. In contrast, the In 3d5,, shoulder becomes more sig-
nificant and the O 1s; /; spectra increase in intensity, with the shoulder feature emerging
as the dominant peak, reflecting the enhanced oxidation state of In and oxygen species on
the surface.

The XPS spectra were fitted using a Shirley background in combination with a mixed
line shape composed of asymmetric Gaussian and Lorentzian functions to accurately de-
termine the peak and shoulder positions and their respective intensities. Figures 6.18
and 6.19 (a—f) show the In 3ds5,, and Ni 2p3,, spectra with fitting for both the clean and
oxygen-exposed surfaces. All peak positions reported in this thesis were extracted using
this fitting method, with an estimated uncertainty of approximately 0.1 eV. Throughout
the analysis, a line shape consisting of 40% Gaussian and 60% Lorentzian character was

used.

Indium Core Level

As shown in Figure 6.18 (a), the In 3d5,, spectrum of the clean surface is characterised by
a single peak at 443.75 eV, consistent with pure In. This binding energy closely matches
previously reported values for elemental In [112]. Upon exposure to oxygen in the range
of 20 to 900 L, the In 3d5,, spectra require two components to achieve an accurate fit, as
illustrated in Figures 6.18 (b—f). The main peak at 443.75 eV remains attributable to pure

In in the InzNip surface, while an additional component appears at around 444.90 eV.

161



This higher binding energy feature, appearing as a shoulder and shifted by 1.1 eV, is at-
tributed to the formation of In,O3 on the surface [112]. As the amount of oxygen increases,
the oxide-related peak intensity increases, especially at 300, 600 and 900 L, indicating en-
hanced surface oxidation. Although pure In remains dominant under these controlled
conditions, the systematic increase in intensity of the In,O3 peak reflects a gradual trans-
formation of the surface composition.

In contrast, air exposure leads to a more significant oxidation effect. As shown in
Figure 6.18 (f), the intensity of the oxide peak increases relative to the pure In peak, which
signifies a higher surface concentration of InpO3. This suggests that air promotes more

extensive oxidation than controlled oxygen dosing.
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Figure 6.18: In 3ds,, XPS spectra of the IngNi(100) surface after cleaning the surface
through sputtering and annealing at 560 °C, with increasing oxygen exposure (a) clean
surface. (b) 20 L. (c) 300 L. (d) 600 L. (e) 900 L. (f) Air exposed. Vertical dashed lines in all
spectra correspond to the core level position of the clean Ni 2p3/,, while vertical dot lines
in all spectra correspond to the core level position of the oxidised In.
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Nickel Core Level

For the clean surface, the Ni 2p3 /, spectrum can be fitted with a single peak at 852.5 eV, as
shown in Figure 6.19 (a). This peak is attributed to pure Ni, with its binding energy closely
matching that of pure Ni reported in the literature [111], within the limits of experimental
resolution. The evolution of the Ni 2p3,, core level with increasing oxygen exposure (20
L-900 L) is illustrated in Figures 5.18 (b—f). Across all exposure levels, the dominant fea-
ture remains consistent with pure Ni, indicating the persistence of unoxidised Ni at the
surface. However, a subtle feature emerges at approximately 855.54 eV, particularly under
air exposure, which is attributed to the formation of Ni hydroxide (Ni(OH),) [111]. This
suggests minor surface oxidation of Ni, probably promoted by ambient conditions rather

than controlled oxygen dosing.
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Figure 6.19: Ni 2p3 ,, XPS spectra of the InzNiy(100) surface after clean the surface by sput-
tering and annealing it at 560 °C and with increasing oxygen exposure (a) clean surface.
(b) 20 L. (c) 300 L. (d) 600 L. (e) 900 L. (f) Air exposed. Vertical dashed lines in all spectra
correspond to the core level position of the clean Ni 2p3/,, while vertical dash dot line in
air exposed spectra correspond to the core level position of the Ni Hydroxide.
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Oxygen Core Level

Figure 6.20 illustrates the evolution of the O 1sq,, peak as the In3Niy(100) surface is ex-

posed to increasing amounts of oxygen, ranging from 20 L to 900 L, as well as after air

exposure. With an increase in oxygen dosage, the intensity of the peak associated with

molecular oxygen decreases, while the contribution from oxidised species increases sig-

nificantly. This trend indicates that the surface is gradually oxidising.
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Figure 6.20: O 1s;,, XPS spectra of the In3Ni»(100) surface with increasing oxygen expo-
sure (a) 20 L. (b) 300 L. (c) 600 L. (d) 900 L. (e) Air exposed. Vertical dashed lines in all
spectra correspond to the core level position of the O 1sq /,, while Vertical dot lines in all
spectra correspond to the core level position of the oxidised O.
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Chemical Composition

Following surface cleaning and subsequent exposure to oxygen and air, the chemical com-
position was qualitatively assessed. Elemental chemical concentrations were estimated by
analysing the fitted peak areas of In 3d5,,, Ni 2p3 /5, O 1s and C 1s in the XPS spectra, nor-

malised by their respective photoemission cross sections.
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Figure 6.21: The chemical composition of the In3Niy(100) surface after annealing at 560 °C
and with increasing oxygen exposure (20 L-900 L). The atomic composition of the clean
and air exposed surfaces is also given for comparison. The composition was determined
from the Ni2p3 /5, C 151/, and O 151, XPS peaks.

A detailed compositional assessment indicates that the relative atomic percentage of
pure In decreases from approximately 72% on the clean surface to 56% after exposure to
900 L of oxygen. The same trend is observed for Ni, with its concentration decreasing

from 28% to around 17%. The proportion of oxidised In increases to approximately 4%,
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while there is no presence of oxidised Ni, with only about 0.15% Ni hydroxide detected.
In addition, carbon contamination is apparent, with C 1s contributing around 36%

after air exposure. The oxygen concentration, which comes mainly from surface oxides,

increases to around 16%, indicating an increase in oxidation due to extended exposure

conditions.

6.5 Summary

This work provides the first comprehensive characterisation of the (100) surface of InzNip,
highlighting its atomic structure, surface composition and oxidation behaviour. Various
techniques were used, including XPS, LEIS, STM and LEED analyses.

XPS and LEIS data reveal a preferential sputtering effect, in which In is more readily
removed from the surface than Ni. Following annealing, In migrates from the bulk to the
surface, a phenomenon attributed to its relatively lower surface free energy.

LEED patterns and STM imaging reveal a (1x1) surface symmetry, characterised by a
well-defined rectangular arrangement. Although the central surface regions exhibited
consistent agreement with this structure, deviations observed near the edges, such as
changes in step height and atomic contrast, suggest differences in surface orientation or
the presence of localised impurity phases.

Further insight was gained by correlating the observed step heights from STM, the
LEIS signal intensity distributions and the density of states calculations with theoretical
models based on the (210) surface. This integrated analysis supports a termination con-
sisting of In atoms at the outermost layer, coordinated with underlying Ni atoms. The
isolated presence of Ni sites at the surface is expected to contribute positively to the cat-

alytic activity of the material.
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7 | Comparative Study of In3Ni; (001),
(210) and (100) Surfaces

7.1 Introduction

This chapter compares the results of the low-index surfaces of InzNip, namely the (001),
(210), and (100) surfaces, and explores how crystallographic orientation influences surface
termination, composition, segregation behaviour, and reactivity. As discussed in Chap-
ters 4, 5, and 6, all surfaces were prepared using similar cleaning procedures. This ap-
proach ensures that clean, well-ordered terminations are produced, thus enabling direct
comparison between different orientations.

The (001), (210), and (100) low-index surfaces each present distinct atomic termina-
tions, which provide a clear comparison of how crystallographic orientation affects the
composition and bonding between atoms. As shown in the side views of these three sur-
faces in Figure 7.1(a—), the (001) surface can be characterised by alternating layers of In
and Ni, forming a sequence of five atomic planes. In contrast, the (210) surface consists
of a stacking of identical planes with a mixed distribution of In and Ni atoms. The (100)
surface exhibits either a stacking of In planes or mixed In-Ni planes.

The (001) and (100) surfaces exhibit terminations characterised by In atoms in the top
layer that form bonds with Ni atoms in the subsequent layer, as detailed in Chapters 4.4,

5.4, and 6.4. In contrast, the terminating layer of the (210) surface includes both In and Ni
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atoms within the same layer.

side View [ (001) surface (210) Surface (100) Surface

In.

Figure 7.1: Side view representations of the InzNi, crystal structure along different crys-
tallographic orientations, (a) (100) surface. (b) (210) surface and (c) (001) surface. (d-g) The
in-plane atomic structures of the terminating planes for the (001), (210) and (100) surfaces.
For the (001) and (100) surfaces, the atoms in the top two layers are considered, whereas
for the (210) surface, only the atoms in the top layer are considered. The bond-lengths
between In and Ni atoms for each surface are also provided.

The length of the bond between the In; atom located at the corner of the unit cell and
Ni atoms for three different surfaces is measured at approximately 2.673 A (Figure 7.1
(f-g)). Considering the bond between the Ni and the In, atom within the unit cell, the
shortest distance is observed for the (210) surface at 2.630 A, followed by the (100) surface
at 2.690 A. This observation indicates that the (100) surface exhibits the longest In;—Ni
interaction among the three orientations. The bond lengths are illustrated from top views

of the surfaces in Figure 7.1 (d—g).
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(100) Surface (001) Surface (210) Surface
Ni-In; 2.673 A 2.673 A 2.673A

Table 7.1: Bond lengths between In and Ni atoms in In3Ni, for the (001),(210) and (100)
surface orientations. Inj refers to the In atom located at the corner of the unit cell, while
In, denotes the In atom within the cell interior.

Furthermore, the atomic densities of InzNi, vary with crystallographic orientation, re-
flecting differences in surface composition. These were determined from the top-view
layers shown in Figure 7.1 (d—f) by counting the number of In and Ni atoms per unit area.
Additionally, the atomic density of the (100) surface was calculated with the In, atoms
excluded from the second layer.

As shown in Table 7.2, the (210) surface exhibits the highest In surface density at 0.073
atoms/A2, while the (001) and (100) surfaces display densities of 0.059 atoms/ A? and
0.044 atoms/ A2, respectively. As shown in Table 7.2, the (210) surface exhibits the highest
In surface density at 0.073 atoms /A2, which display densities of 0.059 atoms/A? for (001)
surface and 0.044 atoms/AZ2 for (100) surface.

In contrast, the (001) surface demonstrates a balanced distribution of In and Ni atoms,
each contributing 0.059 atoms/A?, resulting in a total surface density of 0.118 atoms /A2,
The (100) surface, while showing a similar uniform elemental distribution, exhibits the
lowest overall atomic density at 0.088 atoms/A2. These variations in the densities of In
and Ni per unit area provide a rational basis for surface reactivity, which will be discussed

later.

7.2 Surface Orientation Dependent Chemical Composition

This section presents a comparative analysis of the differently orientated surfaces of InzNi,.
XPS provided information on both the surface and near-surface regions, providing insight

into elemental distribution several nanometres beneath the surface. In contrast, LEIS, with
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(100) Surface (001) Surface (210) Surface

In atoms / unit cell 1 1 3
Ni atoms / unit cell 1 1 2
Total atoms / unit 5 5 5
cell
Unit cell area (A2) 22.924 17.172 40.964
In density
(atoms/A?) L
Ni density
(atoms/A?) e
Total density
(atoms/A?) 0.088

Table 7.2: Calculated atomic density per unit cell for the (001), (100) and (210) surfaces of
In3Ni2.
its extreme surface sensitivity, quantified the elemental intensities of the outermost atomic

layer, thus providing a direct measure of the surface termination.

7.2.1 XPS Study

As shown in Figure 7.2, the In/Ni XPS surface atomic composition ratios for the three
surfaces were measured after sputtering and annealing at temperatures reaching approx-
imately 560 °C. Sputtering resulted in a reduction in the In signal for all surfaces, indi-
cating a preferential removal of In, with the effect being less notable for the (210) surface
compared with the (001) and (100) surfaces. This behaviour can be explained by the bond
lengths between In and Ni atoms calculated from the top-view surface models (Figures 7.1
(d—f)). The Ni-In, bond is shortest on the (210) surface at 2.630 A, in contrast to 2.673 A for
both the (001) and (100) surfaces. Longer bonds generally indicate weaker atomic interac-
tions, making In atoms on the (001) and (100) surfaces more weakly bound and therefore
more prone to sputtering than those on the (210) surface.

After annealing to 560 °C, all three surfaces exhibit an increased In to Ni ratio, indicat-
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ing preferential In segregation. The (210) surface exhibits the highest segregation despite
its shortest Ni-In, bond length of around 2.630 A. This may suggest that the behaviour in
In3Ni, is governed by the surface geometry rather than by the bond length, as revealed
in the views of the whole unit cell. As shown in Figure 7.1, the (210) surface has an open
layer, while the (001) and (100) surfaces have more compact layered structures that par-

tially shield the In subsurface, thus limiting segregation.
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Figure 7.2: In/Ni atomic ratio on the InzNij (100), (210) and (001) surfaces, as determined
by XPS following sputtering and annealing at temperatures ranging from 360 °C to 560
°C. The data highlight the variation in surface composition as a function of both crystallo-
graphic orientation and annealing temperatures.
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7.2.2  LEIS Study

Figure 7.3 illustrates the impact of sputtering and annealing on the surface chemical com-
position by presenting the intensity ratios of In and Ni LEIS for the (001), (100) and (210)
surfaces. After sputtering, the In signal decreases significantly on all three surfaces, while
the Ni signal dominates. This behaviour reflects the preferential sputtering of In, which
results in Ni enrichment at the outermost layer of each surface. These findings are consis-
tent with the XPS results.

Upon annealing the three surfaces to 480 °C, the intensity ratio of In to Ni increases
significantly across all three crystallographic orientations, indicating In surface segrega-
tion to the topmost layer. All three surfaces exhibit an increased In to Ni ratio, consistent
with the XPS results, which indicate preferential segregation of In after the surfaces are
annealed to high temperatures. The (001) surface shows the highest ratio, indicating a
larger surface concentration of In that causes surface segregation and a more In-rich ter-
mination. In contrast, the (210) surface exhibits the lowest concentration of In, which
shows how the surface orientation affects segregation behaviour. The observed variation
in surface composition after sputtering and annealing can be explained by examining the
atomic arrangements of the (100), (210) and (001) surfaces, as illustrated in the crystal

structure models provided (Figure 7.1).
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Figure 7.3: In/Ni intensity ratios obtained by LEIS for the InzNi, (001), (100) and (210)
surfaces following sputtering and annealing to 480 °C. These ratios reflect the elemental
distribution at the outermost atomic layer.

To interpret these results, the number of In and Ni atoms was calculated for each sur-
face based on the top-view structure of the ideal model (Figure 7.1 (d-g)). The (100) sur-
face presents a ratio of 2:1, indicating twice as much In as Ni, followed by the (210) surface
with a ratio of 1.5:1. In contrast, the (001) surface shows an equal distribution of In and Ni
(1:1). The measured In/Ni intensity ratios were then referenced to the (210) surface. We
chose this surface because it terminates with identical bulk planes of the known composi-
tion of IngNip. This surface yields a LEIS intensity ratio of 14.9. Based on this information,
we estimated the In-Ni ratio for the other two surfaces, which are presented in Table 7.3
and compared with the experimentally observed ratio. The comparison revealed a clear

correlation for the (100) surface. However, a discrepancy is observed for the (001) sur-
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face, where the experimental ratio is much higher than estimated. We attribute this to
surface reconstruction that may alter the atomic arrangement and, consequently, the sur-
face composition. We note that, as discussed in Chapter 4.4, the (001) surface undergoes a

reconstruction, whereas the other two surfaces remain bulk-terminated.

(100) Surface (001) Surface (210) Surface
Chemical ) . .
Composition In,Ni InNi InzNip
Expected In/Ni
Ratio from Model 2:1 1:1 1.5:1
Structure
LEIS Intensity Ratio
of In to Ni based on 9.2 14.9
(210) Surface
Measured LEIS
Intensity Ratio of In 15.3 14.9
to Ni

Table 7.3: Chemical compositions of the (100), (210) and (001) surfaces and In to Ni ratio,
the expected ratios are calculated from model structures, while the measured values are
based on LEIS intensity ratios obtained from the (210) surface.

7.3 Reactivity of Crystallographic Surfaces

The reactivity of crystalline materials is influenced by their crystallographic orientation,
which determines the surface atomic density. Oxygen and hydrogen, both important in
catalytic processes, show different behaviours on different crystal surfaces. Comparing
the (100), (210) and (001) surfaces provides a clear view of how the structure and compo-

sition of the surface affect their reactivity.
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7.3.1 Surface Reactivity with Oxygen

All In3Ni, surfaces were exposed to air for varying durations, approximately 10 days for
the (001) and (210) surfaces and around 18 days for the (100) surface. However, both the
(001) and (100) surfaces required only a single sputtering and annealing cycle to clean
the surface. In contrast, the (210) surface exhibited a higher degree of contamination, as
indicated by the O peak, requiring three subsequent cleaning cycles to achieve a higher
degree of surface cleanliness.

In particular, XPS measurements revealed the rapid reappearance of the O peak on
the (210) surface within 12 hours under UHV conditions, suggesting a higher reactivity
towards oxygen. Consequently, this surface required an in situ cleaning cycle for each
measurement to ensure accurate characterisation, a behaviour that was not observed for
the other surfaces.

Following air exposure, the C 1s1,, signal was detected on both the (100) and (001)
surfaces. However, no significant C 1s; /, signal was observed on the (210) surface, sug-
gesting that the quantity present was insufficient for detection in the XPS spectrum. The
presence of carbon, not being a basic component of the bulk material, is likely due to
surface contamination introduced during sample preparation, possibly from the diamond

paste utilised in surface polishing [45].

Indium Oxidation Behaviour

This section examines how the surface intensities of In and Ni vary with crystallographic
orientation and evaluates the effect of oxygen exposure on surface composition. As shown
in Figure 7.5, the (210) surface exhibits a higher ratio of oxidised In to metallic In compared
with the (001) and (100) surfaces at all oxygen exposures, indicating that the (210) surface
is more reactive. This behaviour can be attributed to differences in surface atomic density:
the (210) surface has the highest In atomic density (0.073 atoms/A?), followed by the
(001) surface (0.059 atoms/A2?) and the (100) surface (0.044 atoms/A2). The increased
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density on the (210) surface enhances the availability of reactive In sites for oxygen and
results in oxidation. In contrast, lower In densities on the (001) and (100) surfaces result

in comparatively reduced oxide formation.
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Figure 7.4: Ratio of pure In to In oxide on the InzNi,(100), (210) and (001) surfaces follow-
ing exposure to air and oxygen doses ranging from 20 L to 900 L. The data illustrate the
evolution of surface oxidation behaviour as a function of crystallographic orientation and
oxygen exposure.

Nickel Oxidation Behaviour

The higher Ni oxide to pure Ni ratio observed for the (001) surface compared with the
(210) surface across all oxygen exposures can be explained by differences in surface coor-
dination, as illustrated in Figure 7.4. The (001) surface has a higher surface density of Ni
atoms (0.059 atoms/A2) than the (210) surface (0.049 atoms/A2), which increases oxida-
tion by providing more reactive sites per unit area. On the (100) surface of Ni, oxidation

was minimal and did not produce a measurable signal, preventing reliable quantification
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of oxide formation.
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Figure 7.5: Ratio of pure nickel to nickel oxides on the In3Niy(210) and (001) surfaces
following air exposure and subsequent oxygen dosing ranging from 20 L to 900 L.

7.3.2 Surface Reactivity with Hydrogen

TThe (210) surface was found to be more reactive to oxygen, while the (001) surface was
shown to be more reactive to hydrogen than the (100) and (210) surfaces. This tendency
is caused by the fact that the (001) plane has a higher surface density of Ni atoms (0.059
atoms/A?) than the (210) and (100) surfaces (0.049 and 0.044 atoms/A2, respectively).
This means that there are more active sites for hydrogen adsorption and dissociation.
The variations in surface atomic density and coordination are what make these low index
surfaces respond differently to oxygen and hydrogen.

Similar behaviour has been reported for the AINi(110) surface [61], which comprises

the same Ni and Al terminations. Density functional theory (DFT) and surface science
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studies reveal that molecular hydrogen adsorption is hindered by an activation barrier,
whereas atomic hydrogen readily occupies the Ni-Ni bridge sites, restructuring the sur-
face and eliminating its rippled relaxation. LEED and nuclear reaction analysis (NRA)
indicate 0.5 monolayer coverage, producing a weak c(2x2) pattern and showing H-
induced surface modifications (Figure 7.6(a)). The enhanced hydrogen reactivity of the
(001) surface in this study is therefore consistent with the established role of Ni-rich sites
and favourable surface geometries in promoting hydrogen binding and activation (Fig-

ure 7.6 (b—)).

AlNi (110) surface

In;Ni,(001) surface

Figure 7.6: (a) LEED pattern of the AINi(110) surface after exposure H [61]. (b) LEED
pattern of the freshly prepared InzNi, (001) surface displaying a (1 x 1) structure. (c) LEED
pattern of the same surface after firing of the TSP, revealing three domains of the ¢(2v/3 x
4) rectangular reconstruction.

74 Summary

In conclusion, we investigate the comparison of the (001), (100) and (210) surfaces of
In3Nip, demonstrating that the crystallographic orientation surfaces of In3Ni, determines
surface termination, atomic arrangement, segregation behaviour and reactivity to oxygen
and hydrogen. The (001) and (100) surfaces terminate with In atoms in the top layer that
are bonded to Ni atoms in the second layer. The (210) surface also terminates with In

bonded with Ni, but both In and Ni are in the same layer. Similarly, the (210) surface has
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the highest In density, the (001) surface has a balanced In-Ni distribution and the (100)
surface has the lowest overall atomic density. Each surface has different bond lengths and
surface densities. These structural changes explain why bonding is different in various
forms and help us to understand how surface reactivity depends on orientation.

XPS measurements demonstrate that sputtering mostly removes In from all surfaces.
The impact is strongest on the (001) and (100) surfaces due to weaker Ni-In bonds. An-
nealing at 560 °C encourages In segregation on all surfaces, but segregation is more no-
table on the (210) surface, which is more open than the compact surfaces (001) and (100)
that partially shield subsurface In.

LEIS measurements confirm these patterns, indicating In depletion after sputtering
and enrichment after annealing at 480 °C. The (001) surface has the most In segregation,
whereas the (210) surface has the least. These surfaces correspond to the ideal struc-
tural models , however, the (001) surface has a higher ratio of In to Ni than predicted,
which may be related to surface reconstruction. We note that the (001) surface under-
goes c(21/3x4) reconstruction upon exposure to residual hydrogen in the UHV chamber,
whereas the other two surfaces remain (1 x1).

Finally, the reactivity of these low index surfaces is strongly influenced by the surface
atomic density and coordination. The (210) surface is more reactive to oxygen due to
its higher In density, the (001) surface is more reactive to hydrogen due to its higher Ni

density and the (100) surface shows minimal oxidation, without measurable signal.
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8 | Conclusions and Outlook

Intermetallic compounds are of significant interest in catalysis and surface science because
of their structural stability and tunable electronic properties. While the surfaces of some
intermetallic compounds have been intensively studied, the surfaces of the specific sys-
tems presented in this thesis have not been previously investigated. A comprehensive
understanding of their surface structure is important for catalysis, as the atomic structure,
site specific bonding and surface terminations can influence chemical reactivity and selec-
tivity.

This thesis investigates InzNi, intermetallic compound, with a focus on the (001), (100)
and (210) surfaces. The study examines their atomic structure, surface termination, oxi-
dation behaviour and hydrogen reactivity. A combination of surface sensitive techniques,
including XPS, LEIS, STM and LEED, is used to investigate how crystallographic orienta-
tion affects surface termination, surface structure and chemical behaviour.

The (210) surface exhibits the highest In atomic density, while the (001) surface shows
a balanced distribution of In and Ni and the (100) surface has the lowest In atomic density.
Furthermore, the distribution of In and Ni within the topmost surface layer differs across
various surfaces. These structural variations underpin differences in atomic bonding and
provide a basis for understanding the orientation dependent surface reactivity.

Surface composition studies using XPS and LEIS revealed preferential sputtering of
In due to its lower surface binding energy, with the degree of depletion depending on

surface geometry. The highest In depletion upon sputtering is observed on the (001) and
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(100) surfaces, whereas the (210) surface shows a smaller reduction in In signal, reflecting
the weaker Ni-In bonding on the (001) and (100) surfaces, as consistently confirmed by
both XPS and LEIS measurements. Following annealing, In segregation from the bulk is
higher on the (001) surface, indicating that atomic arrangement, rather than bond length,
is the primary factor influencing surface segregation.

LEED and STM analysis demonstrated that all three surfaces maintain a (1x1) sym-
metry, however, distinct orientation-dependent features are observed. The (001) surface,
however, undergoes a three-domain ¢(21/3 x 4) reconstruction under hydrogen exposure
in the UHV chamber, whereas the other two surfaces remain unchanged under the same
conditions. Both LEED and STM reveal the c(2\/§ X 4) reconstruction. The (210) surface
exhibited bias-dependent variations in atomic contrast between In atoms located at the
corner and inside the unit cell and Ni atoms, emphasising the influence of tunnelling con-
ditions on STM imaging.

The measured step heights for the (001), (210) and (100) surfaces agree with those pre-
dicted by the bulk crystal structure. On the (001) surface, the main step height measured
5.2 + 0.3 A, with splits into sub-steps of 3.5 + 0.2 A and 1.7 4 0.3 A. The (210) surface had
a major step height of 2.3 + 0.02 A, which is half of the bulk lattice constant. The observed
step height of 3.75 4 0.03 A for the (100) surface closely corresponded to a\/Tg.

The combined insights from STM, LEIS intensity distributions, DFT and surface energy
calculations indicate that the (001) and (100) surfaces are characterised by In-terminated
layers bonding to underlying Ni planes, while the (210) surface exhibits a mixed In-Ni
top layer. This structural arrangement highlights the stability of intermetallic bonding,
while also revealing spatially isolated Ni atoms at the surface, an arrangement considered
especially valuable for catalytic performance.

The chemical reactivity with oxygen and hydrogen is influenced by surface atomic
density and coordination. The (210) surface exhibits the highest In oxidation due to its

greater In density, while the (001) surface shows higher Ni oxidation and reactivity toward
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hydrogen, due to its higher Ni density. In contrast, the (100) surface demonstrates minimal
reactivity to oxygen and hydrogen, consistent with its lower In atomic densities.

The findings establish clear correlations between crystallographic orientation, surface
atomic structure and chemical reactivity, providing a fundamental understanding of in-
termetallic surface chemistry and guiding the rational design of In3Ni, based catalytic

materials.

Future Studies

This thesis provides significant insight into the surface structure and reactivity of InzNip.
However, various limitations highlight opportunities for further research. In particu-
lar, the valence electronic structure was not directly measured. Ultraviolet photoelectron
spectroscopy (UPS) could measure this, as it is highly sensitive to the valence band and
states near the Fermi level, complementing XPS, which examines core level composition.
UPS, combined with density of states calculations and STM simulations, would provide
further assignment of surface terminations and contributions of In and Ni orbitals to sur-
face stability and reactivity.

Combining these surface sensitive techniques with in situ or operando methods would
clarify how In-Ni bonding affects catalytic activity and selectivity, thereby advancing the
rational design of intermetallic catalysts. In addition, the interaction of InzNi, with or-
ganic molecules, such as Cgp is an interesting area for further research. These investiga-
tions would help us understand how charge transfer occurs and how chemistry works at
the interface. They would also give us a good idea of how useful InzNi, surfaces may be

for hybrid electrical or catalytic applications.
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a blue line in (c) Crossing the steps. Steps heights are given. (d) The his-
togram of height distribution in the vicinity of thesteps. . . . ... ... .. 123
(a) and (b) STM images of InzNi, (210) surface showing atomic resolution

after sputter and annealing it at 560 °C (500 A x 500 A, - 1.8 eV, 0.645 nA).

(b) STM images (120 A x 120 A, - 1.8 eV, 0.645 nA). (c) The FFT pattern of
Figure (b) shows a rectangle pattern. (d) The top view of In3Niy(210) surface. 124
Bias dependent STM images and corresponding local density of states (LDOS)
contrast table for the IngNi, (210) surface [125]. The figures shows STM im-

ages at bias voltages ranging from -1.3 V to +1.3 V, highlighting the bias
induced contrast variation of Iny, Iny, and Ni atomic sites within the model
surface unit cell. The labelled sites (Iny, Iny) are marked for reference.

The bottom panel summarises the observed relative contrast levels at each
atomic site as a function of applied bias voltage, serving as a qualitative
proxy for site specific LDOS. High and Low denote strong and weak con-

trast respectively, while zero indicates no observable contribution at that

site [106]. . . . . . o e e 125
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5.14

5.15

5.16

517

STM images of the InzNi; (210) surface under different bias voltages, over-
laid with the atomic model of the surface structure. (a) Image at -1.8V,
highlighting enhanced contrast at In; atoms, consistent with a higher local
density of occupied states. while image at -1.8 V, where contrast shifts to
In, atoms, reflecting enhanced unoccupied states at these sites. Ni atoms
remain relatively low in contrast under both conditions, indicating a mini-
mal contribution to the LDOS near the Fermi level. (b) STM image at +1.8V,
highlighting enhanced contrast at In; atoms, consistent with a higher local
density of occupied states and low contrast at In, atoms. (c) STM image at
-1.3V, highlighting enhanced contrast at Inj In, and Niatoms. . . . ... ..
STM images of the (210) surface with various voltage bias (a) At —1.8V <
V< -14V.(b)At -13V <V < —05V. (c) At —04V <V < 409V(d). . .
(a) to (c) XPS spectra from clean (after annealing at 560 °C), oxygen exposed
and air exposed of In3Niy(210) surface (a: In 3d, b: Ni 2p, and c: O 1s).
Oxygen exposure was from 300 L-900 L. (d,e) In 3d5,, and Ni 2p3 /, spectra,
respectively, after normalizing minimum and maximum intensity between
0 and 1, illustrating the development of a shoulder at higher binding energy
. The dotted, dashed, and dash dotted lines at 530.2 eV, 531.0 eV, and 531.6
eV in (f) correspond to the positions of the oxide, pure oxygen, and Ni oxide
peaks, as reported in the literature [121, 122] respectively. The dashed lines
in (c) marks the positions of the core levels of the respective elements from
thecleansurface. . .. ... ... ... . ... ... L L
XPS spectra of the In3Ni,(210) surface after air exposure and cleaning of the
surface by sputtering and annealing at 560 °C and with increasing oxygen
exposure (300 L-900 L). Vertical dashed lines in all spectra correspond to

the core level position of cleanIn3ds5/,. . . . .. .. ... ... ... .. ...
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5.18

5.19

6.1

6.2

6.3

6.4

XPS spectra of the In3Niy(210) surface after air exposed and clean the sur-
face by sputtering and annealing it at 560 °C and with increasing oxygen
exposure (300 L-900 L). Vertical dashed lines in all spectra correspond to
the core level position of clean Ni2p3 5. . . . . . .. ... ... ... ...
The chemical composition of the In 3Ni(210) surface after annealing at 560
°C and with increasing oxygen exposure (300 L-900 L). The atomic compo-
sition of the clean and air exposed surfaces is also given for comparison.
The composition was determined from the In 3d5,,, Ni 2p3,,, and O 154,

XPSpeaks. . . . . . .. e

(a) The unit cell of the InzNi(100) surface, with the (100) plane highlighted
in yellow. (b) Side view of the (100) surface, showing the stacking of four
atomic planes, labelled 0 to 3, within the unit cell. The separations between
specific planes are indicated. . . . . . ... ... oo oo oL
(a) XPS wide scan spectra obtained from the In3Ni,(100) surface under three
distinct conditions: air exposure, following sputtering and after annealing
at 560 °C for one hour. No oxygen or carbon contamination were detected
after cleaning the surface by sputtering and annealing. (b) and (c) High
resolution XPS spectra illustrating the core level binding energies of In 3d5 /,
and Ni 2p3/,, respectively. These spectra demonstrate the influence of air
exposure and surface treatment on peak positions. . . . . .. ... ... L.
The surface chemical composition of the (100) surface after sputtering and
annealing at various temperatures from 300 °C to 560 °C. Dotted lines across
the top indicate the In and Ni bulk composition. . . . .. ... ... ... ..
The surface chemical composition of the (100) surface determined by XPS

with various scan angles from 0 to 40°. Dotted lines across the top indicate

134

135

145

the In and Ni bulk composition. 6 is an angle between the surface and X-ray. 146
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6.5

6.6

6.7

6.8

6.9

6.10

LEIS spectra recorded from the In3Ni,(100) surface after sputtering and an-
nealing at different temperatures for 1 hour using a 3 keV He™ beam. The
energy ranges for each surface peak highlighted correspond to the upper
and lower limits used for the baseline subtraction. . . . . .. ... ... ...
Integrated LEIS intensities of In and Ni from the InzNi, (100) surface (a) as
a function of increasing Ar" ion dose and (b) sputtering annealing at se-
lected temperatures 400 °C and 480 °C. (c) and (d) display the correspond-
ing In/Ni peak intensity ratios, highlighting compositional shifts induced
by sputtering and annealing. . . . ... ... ... ... .. 0L
(Ix1) LEED patterns at beam energy 45 eV after (a) Annealing at 360 °C.
(b) Annealing at 410 °C. (c) Annealing at 430 °C. (d) Annealing at 460 °C.
(e) Annealing at 480 °C.(f) Annealing at 520°C. . . . . . ... ... ... ...
LEED patterns of the surface after annealing at 460 °C (a) Beam energy 20
eV. (b) Beam energy 30 eV. (c) At beam energy 40 eV. (d) Beam energy 50
eV. (e) Beam energy 60 eV. (f) Beam energy 70 eV. (g) Beam energy 80 eV. (h)
Beamenergy90eV. . . . .. ...
LEED patterns illustrating the facets structure characteristic of (100) clean
surface with different beam energy (a) 30 eV. (b) 40 eV. (c) 45 eV.(d) 50 eV.
The diffraction spots from the facet are marked by yellow circle. . . . . . ..
(a) Representative Laue back scattering image taken from the most part of
the surface reflecting the symmetry expected from the bulk. (b) Laue back
scattering image from the edge of sample showing a diffuse rings,indicated

by polycrystalline. . . . . ... ... . L
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6.11

6.12

6.13

6.14

6.15

6.16

STM images of the In3Ni(100) surface following multiple sputtering and
annealing cycles. (a) Height distribution recorded at 530 °C over an area of
800 Ax 650 A, with a sample bias of +0.7 Vand a tunnelling current of 0.457
nA, showing surface steps of varying heights. (b) Height profile extracted
along the blue line indicated in (a). (c) Histogram representing the distri-
bution of step heights near the observed steps. . . . ... ... ... ... ..
(a) STM images of InzNi;(100) surface showing atomic resolution after sput-
ter and annealing at 550 °C (100 A x 100 A, - 0.5 eV, 0.645 nA). (b) STM
image (4 A x35A4,05eV,0.645nA). (c) and (d) Top view of (100) surface.
STM images showing atomic resolution (300 Ax 300 A, 0.645 nA) after an-
nealing (100) surface at 550 °C with different bias voltages (a) -1.8 eV. (b) -1
ev. (¢)-0.5eV.(d)+0.5eV.(e) +1eV.(f)+1.5eV. . . . . . ... ... ... ...
STM images showing atomic resolution (116 Ax 78 A, 0.645 nA) after an-
nealing (100) surface at 550 °C with different bias voltages (a) -1.8 eV. (b) -1
ev. (c)-0.5ev. (d) +0.5ev. (e) +lev. (f)+1.5ev. . . . . . . ... ... ... ...
(a) STM images from the sample edge showing atomic resolution (200 Ax
200 A, +1.8 V, 0.645 nA) after annealing (100) surface at 550 °C. (b) -1 ev. (c)
STM images showing atomic resolution (86 Ax 83 A, +1.8 V, 0.645 nA). . . .
Side view of the InzNi(100) surface, showing the stacking of four atomic

planes, labelled 0 to 3, within the unit cell of the surface. . . . ... ... ..
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6.17

6.18

6.19

(a) to (c) XPS spectra of the clean (after annealing at 560 °C), oxygen exposed
and air exposed of In3Ni;(100) surface (a: In 3d, b: Ni 2p and c: O 1s). Oxy-
gen exposure ranged from 20-900 L. (d, e, f) In 3d5,,, O 1S4/, and spectra,
respectively, after normalising the minimum and maximum intensity be-
tween 0 and 1, illustrating the development of a shoulder at higher binding
energies. The dotted, dashed and dash dotted lines at 530.2 eV, 531.0 eV
and 853.6 eV in (c) correspond to the positions of the oxide, pure oxygen
and Ni oxide peaks, as reported in the literature [99, 121, 122]. The dotted
lines in (c) indicate the positions of the oxide peaks, while the dashed lines
in all other spectra correspond to the core level positions of the respective
elements from the clean surface.. . . . . .. ... ... ... ... ... ..
In 3d5,, XPS spectra of the In3Niy(100) surface after cleaning the surface
through sputtering and annealing at 560 °C, with increasing oxygen expo-
sure (a) clean surface. (b) 20 L. (c) 300 L. (d) 600 L. (e) 900 L. (f) Air exposed.
Vertical dashed lines in all spectra correspond to the core level position of
the clean Ni 2p3/,, while vertical dot lines in all spectra correspond to the
core level position of the oxidised In. . . . . ... ... ... ... ... .. ..
Ni 2p3,» XPS spectra of the InzNi(100) surface after clean the surface by
sputtering and annealing it at 560 °C and with increasing oxygen exposure
(a) clean surface. (b) 20 L. (c) 300 L. (d) 600 L. (e) 900 L. (f) Air exposed.
Vertical dashed lines in all spectra correspond to the core level position of
the clean Ni 2p3/,, while vertical dash dot line in air exposed spectra corre-

spond to the core level position of the Ni Hydroxide. . . ... ... ... ..
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6.20 O 1s1,, XPS spectra of the InzNiy(100) surface with increasing oxygen expo-

6.21

7.1

7.2

7.3

sure (a) 20 L. (b) 300 L. (c) 600 L. (d) 900 L. (e) Air exposed. Vertical dashed
lines in all spectra correspond to the core level position of the O 1s; /,, while
Vertical dot lines in all spectra correspond to the core level position of the
oxidised O. . . . . . .. L
The chemical composition of the In3Niy(100) surface after annealing at 560
°C and with increasing oxygen exposure (20 L-900 L). The atomic composi-
tion of the clean and air exposed surfaces is also given for comparison. The

composition was determined from the Ni 2p3,,, C 151, and O 15,5, XPS

Side view representations of the InzNiy crystal structure along different
crystallographic orientations, (a) (100) surface. (b) (210) surface and (c) (001)
surface. (d-g) The in-plane atomic structures of the terminating planes for
the (001), (210) and (100) surfaces. For the (001) and (100) surfaces, the
atoms in the top two layers are considered, whereas for the (210) surface,
only the atoms in the top layer are considered. The bond-lengths between
In and Ni atoms for each surface are also provided. . . . ... ... ... ..
In/Ni atomic ratio on the In3Ni, (100), (210) and (001) surfaces, as deter-
mined by XPS following sputtering and annealing at temperatures ranging
from 360 °C to 560 °C. The data highlight the variation in surface compo-
sition as a function of both crystallographic orientation and annealing tem-
peratures.. . . . ...
In/Ni intensity ratios obtained by LEIS for the InzNi, (001), (100) and (210)
surfaces following sputtering and annealing to 480 °C. These ratios reflect

the elemental distribution at the outermost atomic layer. . . . ... ... ..
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7.4

7.5

7.6

Ratio of pure In to In oxide on the InzNiy(100), (210) and (001) surfaces
following exposure to air and oxygen doses ranging from 20 L to 900 L. The
data illustrate the evolution of surface oxidation behaviour as a function of
crystallographic orientation and oxygen exposure. . . . . .. ... ... ...
Ratio of pure nickel to nickel oxides on the In3Ni(210) and (001) surfaces

following air exposure and subsequent oxygen dosing ranging from 20 L to

(a) LEED pattern of the AINi(110) surface after exposure H [61]. (b) LEED
pattern of the freshly prepared InzNi, (001) surface displaying a (1 x 1) struc-
ture. (c) LEED pattern of the same surface after firing of the TSP, revealing

three domains of the ¢(21/3 x 4) rectangular reconstruction. . ... ... ..
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