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Abstract

This thesis presents an investigation into the surface properties of three GagNi, inter-
metallic samples, each cut along the (001), (100), and (210) crystallographic planes.
Surface characterisation was performed using X-ray photoelectron spectroscopy (XPS),
low-energy electron diffraction (LEED), scanning tunnelling microscopy (STM), and
ultraviolet photoelectron spectroscopy (UPS).

All three of the surfaces exhibited preferential sputtering of Ga from the surface caused
by Ga having a lower surface free energy compared to Ni. After annealing, the Ga con-
centration recovered and then exceeded the amount expected from the bulk composi-
tion in all three surfaces, showing that Ga is segregating from the bulk to the surface.
This is also attributed to Ga having a lower surface free energy. The (001) and (100)
surfaces after annealing showed the (1x1) surface unit cell with no surface reconstruc-
tion observed. The (210) surface, however, at temperatures exceeding 500°C undergoes
¢(2x2) reconstruction below this temperature, a (1x1) surface unit cell is observed in-

stead.

The (001) surface contained both Ga and Ni bonded together, confirmed by STM im-
ages and low energy ion scattering (LEIS), specific step heights were observed which
apply to the distance between Ga - Ga planes or the Ni - Ni planes from the GasNis.
The (210) wide scan showed the expected step heights from the model with only one
possible termination plane, and the ¢(2x2) reconstruction was resolved from the sur-

face at higher annealing temperatures. No bias dependency recorded for all surfaces.

After exposing the (001) surface to pure Oy, the effects it had on the surface were stud-
ied via XPS. Ga oxidises as O, increases, with the formation of multiple Ga oxides.
The Ni did not react with the oxygen, as no change in peak shape or position was seen,
with the only change being a decrease in the amount of Ni recorded, shown by a de-

crease in the atomic composition.

The (001) surface underwent ultraviolet photoelectron spectroscopy scans to record the
valence band region to confirm the density of state calculations performed by collabo-
rators at Tribhuvan University. Results showed that the largest orbital contributions
came from Ni, as expected from the surface, as Ni is the catalytically active element

of the intermetallic compound. Each of the peaks from the density of state results was
mapped onto the UPS results, demonstrating that these density of state calculations

are accurate representations of experimental results.
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Chapter 1

Introduction

Intermetallic compounds (IMCs) are a type of material composed of two or more el-
emental metals [1], which exhibit different crystal structures and properties than the
parent elements. This has made them of particular interest in the field of catalysis due
to their higher selectivity for reactions, high corrosion resistance, and ability to replace
rare earth metals with more common and abundant alternatives [2]-[5]. Binary alloys
are a subset of IMCs in which only two elemental metals are used to form a new inter-
metallic compound. The spatial separation and site isolation of the catalytically active
elements exhibited by IMCs are thought to be responsible for their higher selectivity,
improved thermal stability, and corrosion resistance when compared to other metallic

catalysts typically used in reactions [6].

Catalysis is a fundamental aspect of industrial chemistry, with roughly 90% of all in-
dustrial reactions involving catalysts [7]. A catalyst is a substance that increases the
rate of a reaction without being consumed during the reaction and without affecting
the Gibbs free energy of the system [8]. Although well-studied, catalysis remains a
complex field, and gaining a fundamental understanding of catalytic behaviour con-

tinues to be challenging.

This has led to trial-and-error methods being used to understand and refine the condi-
tions necessary to optimise catalytic activity. Simple and well-defined model systems

are employed to investigate the physical parameters affecting catalysis. For heteroge-
neous catalysts, a single crystal of the material is often grown and cut along specific
crystallographic faces to serve as model catalysts. Using surface physics techniques

such as scanning tunnelling microscopy (STM), X-ray photoelectron spectroscopy (XPS),
ultraviolet photoelectron spectroscopy (UPS), and low-energy electron diffraction (LEED),
the atomic and electronic properties of the sample can be characterised. By introducing
key reactants, it is possible to observe how these surfaces behave in relevant chemical

reactions [9].
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In this thesis, we exclusively study the GagNiy intermetallic compound. Three differ-
ent samples, each cut along a distinct crystallographic orientation—(001), (100), and
(210)—were analysed. A variety of surface analysis techniques were employed to build

a comprehensive understanding of each sample’s surface.

Chapter 2 provides a literature review on intermetallic compounds, detailing their im-
portance to the field of catalysis. Chapter 3 describes the experimental techniques used
in this thesis, covering both theoretical background and practical equipment. It begins
with a detailed overview of one of the Ultra-High Vacuum (UHV) chambers used in
this work, explaining why a UHV environment is essential, how the chamber is evacu-

ated and maintained at low pressure, and the equipment housed within it.

The theory and experimental setup for each of the methods used in this thesis are dis-
cussed in turn. These include Low-Energy Electron Diffraction (LEED), X-ray Pho-
toelectron Spectroscopy (XPS), Ultraviolet Photoelectron Spectroscopy (UPS), and
Scanning Tunnelling Microscopy (STM).

The results chapters, Chapters 4, 5, 6, and 7, present the individual projects under-
taken. Chapter 4 presents XPS data collected from all three GagNiy surfaces to un-
derstand the surface chemical composition and how it is influenced by the preparation
conditions. Chapter 5 focuses on the surface atomic structure, using LEED and STM
to observe the reconstruction of the (210) surface as a function of annealing temper-
ature. STM images—both wide-scan and atomic-resolution—for the (210) and (001)

surfaces are used to identify surface termination and corroborate the LEED data.

Chapter 6 presents XPS results on the oxidation of the (001) surface. These findings
are compared to a previous oxidation study on powdered GaNi [10]. Controlled expo-
sure allowed for the observation of oxide formation and provided insight into how the

surface might behave in industrial environments.

Chapter 7 describes a collaborative project with Tribhuvan University, Nepal. Theoret-
ical density of states (DOS) calculations produced by the collaborators were validated

using UPS measurements obtained from the GagNiy (001) surface in Nancy. The peaks
observed in the UPS spectra were matched to those in the DOS predictions, confirming

the accuracy of the theoretical results.
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Finally, Chapter 8 summarises the findings from each project and evaluates the over-
all progress made in understanding and characterising the surface of GagNiy. Future

directions are proposed to build on this research.



Chapter 2

Background

2.1 Introduction

This literature review will summarise crystals and crystallography with a focus on large
unit-cell alloys and intermetallic compounds. This will be followed by an explanation of
catalysis, with a focus on heterogeneous catalysts. Finally, a summary of four different
intermetallic compounds will be presented, focusing on their catalytic properties and
prior surface physics research, culminating in an overview of the crystal structure and

previous work on the GaNi system of intermetallic compounds.

2.2 Crystals and Crystallography

2.2.1 Crystals

Crystals have fascinated humanity for centuries, from the large crystal caves of Naica,
Mexico, to the microscopic salt crystals used all over the world. The first study that
would lead to crystallography dates back to 1669, when Niels Steensen observed that
the angles between the faces of a crystal are consistent within a species of crystal. This
observation became known as Steensen’s Law and eventually formed the basis for the

first law of crystallography [11].

Over the years, the study of crystallography has expanded, and the definition of what
constitutes a crystal has evolved to incorporate new discoveries. A crystal can be broadly
defined as a material whose atoms are arranged in a three-dimensional, repeating peri-

odic pattern [12].
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2.2.2 Crystallography
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Figure 2.1: A model of X-ray diffraction using the Laue method, in which an X-ray
is fired at a crystal and the scattered X-rays are recorded on a photographic plate or

phosphorescent screen [13].

While there had been work on the study of crystals before 1912, it was the discovery of
X-ray diffraction by Friedrich, Knipping, and Laue that launched the field of crystal-
lography. By diffracting X-rays through a large crystal sample, they observed a diffrac-
tion pattern, shown in Figure 2.1, and confirmed that X-rays exhibited wave-like be-
haviour. Dr. Max von Laue was awarded the Nobel Prize in 1914 for his discovery of
the diffraction of X-rays by crystals. The revelation of the atomic arrangement and
bonding within crystalline solids, as well as the geometric structure of crystal lattices,

propelled the field of crystallography forward.

Crystal System | Number of Lattices | Restriction on Cell Axes | Restriction on Cell Angles
Triclinic 1 a£b#c a# B #£y
Monoclinic 2 a£b#£c a =y =90° 8 # 90°
Orthorhombic 4 a#*b+#c a=L0F=~vy=090°
Tetragonal 2 a=b#c a=pf=~=90°
Trigonal 1 a=b=c¢c a=pF=v<120° # 90°
Hexagonal 1 a=b#c a=pF=90° v =120°
Cubic 3 a=b=c a=p=~v=90°

Table 2.1: A table showing the seven crystal systems along with the conditions required
to fulfil each system [14].



Background 7

The unit cell is the smallest repeating unit that makes up a crystal and falls into one
of the seven crystal systems listed in Table 2.1. The dimensions of the crystal are given

by the lengths a, b, and ¢, while the three angles are represented by «, (5, and 7.

Understanding the unit cell of each material and surface is important, as it allows us to
confirm the orientation by matching the recorded unit cell to a theoretical model. The
unit cell is used in LEED analysis to identify the surface symmetry observed, along

with reconstructions, through deviations from the expected model [15].

2.2.3 Complex Metallic Alloys

000 o0 00
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o000 o0 00

Metal A Metal B

|

000000 0000 000 0. 0.0
o000 o’oo.o 0000 oloele
000000 0000 000 .......
000000 00%e o000 %%
Bimetallic Solid Solution Alloy Intermetallic

Figure 2.2: A model showing possible ways for two metals to alloy together [16].

Complex metallic alloys (CMAs) are a broad category of crystalline materials consist-
ing of metal compounds alloyed together, as shown in Figure 2.2 [16]. CMAs are typ-
ically characterised by three traits: first, the presence of a large unit cell, which can
contain anywhere from ten to several thousand atoms. As quasicrystalline materials are
aperiodic and theoretically infinite in unit cell size, the lower bound for CMAs has been

conventionally set at more than twelve atoms per unit cell [17].

Secondly, there is a variety of atomic clusters present within the unit cell, with these
clusters often beginning to form icosahedral phases. Finally, their chemical formulas
are as complex as their structures, often involving three, four, or five elemental metals.
Examples include Ag-Yb-In and Ho-Mg-Zn. With continued research, binary complex

metallic alloys have also been discovered.
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CMAs have a wide range of applications, as they can be designed and tailored to achieve
specific properties [18]. Due to their resistance to high temperatures and radiation,
many CMAs are used in aerospace engineering and nuclear reactors, where materials

are subjected to extreme environments [17], [19], [20].

CMAs can also exhibit chemical and wear resistance, making them suitable for use in
environments exposed to corrosive substances or in high-performance machinery where

durability is essential [16], [17], [19], [20].

Another area where CMAs have shown promise is as heterogeneous catalysts. Com-
pared to more expensive elements such as palladium—used in many non-catalytic ap-
plications as well [21]—CMAs offer a lower-cost alternative for many catalytic reac-
tions, making them appealing for industrial chemical processes. By understanding the
surface physics of these alloys, scientists can adopt a more research-driven approach to

catalyst design, moving away from trial-and-error methods.

Due to the broad scope of CMAs, the following sections will focus on the two principal
areas of current research: intermetallic compounds and quasicrystals. Both are subcate-

gories within the broader field of complex metallic alloys.

2.3 Intermetallics

Intermetallic compounds (IMC) are a class of materials composed of two or more ele-
mental metals. The resulting IMC has an ordered structure distinct from the compo-
nent elements, as shown in Figure 2.2, with the ordered and periodic distribution of the

two metals compared to an alloy or solid solution [22].

Intermetallic compounds have been studied across many fields of research over the past
few decades. For chemists, their application as a new form of nanoparticle and hetero-

geneous catalyst has been of great interest [23], [24]. Physicists have measured a broad
range of their electronic properties, including magnetic and superconducting behaviours
[25], [26]. Large and complex structures have attracted the attention of many crystallo-

graphers, who have observed large unit cells containing over 23,000 atoms [27].
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IMCs are often synthesised by bulk-melting one metal and then adding the additional
metals until the desired ratio is achieved. This process allows the metals to diffuse into
each other [28]. By manipulating the ratio of added metals, bulk crystals of specific
compositions can be reliably and repeatedly grown, allowing these crystals to be tai-
lored for specific traits and properties [29], [30]. With their defined crystal structure

and specific atomic composition, IMCs are used in several applications [31].

2.4 Quasicrystals

Figure 2.3: A large single crystal of the icosahedral quasicrystal Ho-Mg-Zn [32].

Quasicrystals were discovered by Dr Dan Shechtman in 1982 [33] while studying an
aluminium and manganese alloy, AlgMn. He observed a 10-fold electron diffraction pat-
tern. Before this discovery, 10-fold rotations were considered forbidden by the crystal-
lographic restriction theorem, which stated that a crystal was limited to 2-fold, 3-fold,
4-fold, or 6-fold symmetries [34], [35].



Background 10

These materials were labelled as quasicrystals and are a new class of materials known
for exhibiting long-range order without periodicity. By forming large tiling patterns,
such as Penrose tiling, non-overlapping polygons can be arranged to exhibit these for-

bidden symmetries, such as 5-fold rotational symmetry [36].

The discovery of quasicrystals opened up a new family of materials to explore, and over
the years, many more quasicrystalline materials have been uncovered [37]. Figure 2.3
shows an icosahedral crystal of Ho-Mg-Zn. Table 2.2 shows a comparison between qua-
sicrystalline materials and regular metals, highlighting potential applications for qua-

sicrystals due to their hardness, low friction coefficient, and corrosion resistance [16].

Metallic systems property Metals Quasicrystals
Mechanical Ductility Malleability Brittle
Very Hard
Low Friction Coefficient
Corrosion Resistant

Relatively Soft

Tribological Easy Corrosion

High Conductivity Moderate to Low Conductivity
Electrical Resistivity Increases With Temperature | Resistivity Decreases With Temperature
Small Thermopower Large Thermopower
Magnetic Paramagnetic Diamagnetic
High Conductivity

Very Low Conductivity

Thermal High Specific Heat Values . .
High Melting Points Low Specific Heat Values
Optical Metallic Luster Metallic Luster
bl Drude Peak IR Absorption

Table 2.2: A comparison of quasicrystals and metallic systems [16].

2.5 Catalysis

Catalysts are a vital area of study across many fields of science, particularly within
chemistry, dating back to 1835 when Jons Jakob Berzelius coined the term ”catalyst”
[38]. A catalyst is a material that increases the rate of a reaction, is not consumed dur-

ing the reaction, and does not alter the equilibrium constant [38], [39].

To increase the rate of a reaction, catalysts lower the activation energy required for the
reaction to take place, as shown in Figure 2.4. This does not affect the thermodynam-
ics of the reaction, as the catalyst is not consumed during the process and only facili-
tates kinetically favourable reactions for both the forward and reverse directions, leav-

ing the equilibrium constant unchanged.
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Catalysts are used in reactions of all scales, from small laboratory experiments to large-
scale industrial manufacturing [40]. At industrial scales, catalysis is essential for ensur-
ing sufficient product yield. However, rare earth materials, commonly used as catalysts,
can be expensive. This has led to the optimisation of catalyst surfaces through surface

physics to reduce costs without affecting product yield [7], [41].

Free energy

'
Reaction progress

Figure 2.4: A diagram showing the effects of catalysis on a reaction. The catalysed re-
action in red has a much lower change in energy (AG) compared to the uncatalysed
reaction in black [39)].
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2.5.1 Heterogeneous Catalysts

o0 L© .
/o 7

| Surface of catalyst ‘

Figure 2.5: A model of a chemical reaction using a heterogeneous catalyst. (1 and 2)
The two reactants, green and yellow, adsorb to the surface. (3) The reaction under-
goes a chemical transformation facilitated by the surface, forming the product. (4) The
product desorbs from the surface [42].

Heterogeneous catalysts are a type of catalyst that exists in a different phase than the
reactants. Typically, this is seen with solid metallic catalysts used in environments con-
taining gaseous or aqueous reactants, as shown in Figure 2.5 [43]. As all catalytic reac-
tions occur at the interface between the catalyst and the reactants, understanding the
physics of the catalyst surface is vital. Any changes to the surface will directly affect
catalytic properties, either positively or negatively, with many heterogeneous catalysts

having applications in green technologies and a sustainable future [44].

Surface physics and chemistry involve the study of physical changes and chemical inter-
actions that occur at interfaces. This makes heterogeneous catalysts ideal candidates
for study, as understanding their surface structure will help improve and refine their

catalytic performance.

2.5.2 Intermetallic Compounds as Catalysts

Intermetallic compounds are of great interest for their use as catalysts. They exhibit
increased catalytic activity, stability, and selectivity when compared to previous cata-

lysts that typically used a single metal [1], [45].
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Typically, intermetallic compounds contain a catalytically active element, e.g., Au, Pt,
Pd, Ni, Rh, Co, Ru, and Fe [46]. The other metals should ideally be either early tran-
sition metals or other metals separate from the catalytically active elements. Figure
2.6 shows a periodic table where the catalytically active elements are highlighted in red
and the secondary elements in teal. This refines the number of elements that can form

an intermetallic compound [23].

! Periodic Table of the Elements 18
I 2
He
Hydrogen Helium
2 Secondary Metal L LS LR R
3 4 5 & 7 g8 9 o
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Figure 2.6: A periodic table with the catalytically active transition elements high-
lighted in red, and the secondary metals typically used in IMCs highlighted in teal [47].

Another application of intermetallic compounds as catalysts is in replacing certain el-
ements in key reactions. One example is catalytic converters, found in all petrol and
diesel cars, which use platinum, palladium, and rhodium to convert NO, CO, and HC

into N, COy, and H,O [48].

These metals are expensive and in high demand, and as such, are prime targets to be
replaced with more readily available materials. CeNi is an intermetallic compound of
interest due to its ability to oxidise CO into COy [49], which could make it a potential

replacement for palladium in new catalytic converters.
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ZnPd has also been used as a replacement for Cu in the methanol steam reforming re-
action [3], for which Cu is commonly used. Both have similar valence electron densities.
This suggests that the catalytic function for methanol steam reforming is dependent
primarily on the valence band structure. This implies that other intermetallic com-
pounds with similar valence band structures could be found or synthesised and used

in place of Cu as a catalyst.

The ability to design and grow these compounds for selective reactions [22] means that
rare earth and expensive materials, which are typically used as catalysts, can be re-
placed by these new materials made from cheaper metals. This is of interest to the in-
dustry, especially as chemical reactions are scaled up for large-scale production [10].
One challenge currently limiting wide-scale application is the preparation required for
intermetallic compounds. Controlling the structure, purity, and morphology of the crys-
tals being grown is difficult, and variations in these factors influence catalytic perfor-

mance.

2.5.3 Examples of Compound Catalysts

In the following section, we will examine research conducted on four intermetallic com-
pounds that have specific applications as industrial catalysts. We will begin by dis-
cussing the catalytic reactions these intermetallic compounds are involved in, followed

by a summary of any surface physics studies conducted on each IMC.

By considering a broad range of catalytically active elements, in addition to GaNi, we
can contrast key features and traits among them and gain insights into how to prepare

and image the surface of GagNi,.
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ZnPd

In a world where most energy is currently produced through the burning of fossil fuels,
finding a method of producing COs-neutral energy is vital [2]. Hydrogen is a popular
fuel source, but it has a storage issue. Storing hydrogen in its elemental form is both
costly and difficult. It is possible to store hydrogen chemically in the form of methanol
due to its high hydrogen content and safe handling properties.

ZnPd is one of many intermetallic compounds of interest as a potential catalyst in the
methanol steam reforming reaction. In this reaction, methanol is placed in a steam-

pressurised reactor, where it decomposes into CO, which then reacts with steam to pro-

duce CO4 and Hy [50].

CH3;OH —— CO + 2H, (2.1)

CO + HyO «—— CO, + Hy (2.2)

Cu would be the catalyst of choice for this reaction, as it is one of the best catalysts
at lower temperatures [51]. However, at higher temperatures, Cu is susceptible to sin-
tering, which reduces catalytic activity. ZnPd is a desirable alternative to Cu, as it is

resistant to sintering at high temperatures and other forms of corrosion [3].

ZnPd exhibits a tetragonal system with a P4/mmm space group, similar to the CuTi
structure [52]. The lattice parameters are a = 4.1 A, b=41A, and ¢ = 3.35 A, with

the unit cell consisting of layers of Pd and Zn atoms, as shown in Figure 2.7 (B).

Once synthesised, the surface is prepared under ultra-high vacuum (UHV) by sputter-

ing and annealing at 240°C for half an hour, followed by annealing at 220°C overnight.
The surface was then studied using XPS, STM, LEED, and photoemission electron mi-
croscopy (PEEM).

LEED and PEEM were used to determine surface features, such as domain structures
and crystallite sizes. PEEM images revealed three distinct contrasts, indicating three

different surface orientations [2].



Background 16

(B)

Figure 2.7: (A) An STM image of the ZnPd alloy formed after depositing Zn onto
Pd(111), adopted from [2]. (B) The model of ZnPd with Zn atoms in silver and Pd in
purple.

XPS was employed to analyse the surface chemical composition of the ZnPd alloy and
how the surface responded to sputtering and annealing. The atomic composition, shown
in Table 2.3 [2], indicates that sputtering preferentially removes Zn, while annealing re-
stores the Zn percentage to approximately the bulk composition. Since Zn is the lighter
element in the alloy and has a lower surface free energy, this suggests that Zn is prone

to preferential sputtering [53].

Preparation State | Zn (at%) | Pd (at%)
Sputtered 38.6 61.4
Annealed 50.5 49.5

Table 2.3: The change in atomic composition, measured by XPS, for the ZnPd surface.
Adopted from [54]. Each value has an estimated 5% uncertainty.

STM images were taken of the ZnPd surface to observe surface phenomena. The atomic
structure of the thin film displayed several surfaces: (110), (101), (111), and (114). The
surface appeared to be Pd-terminated, as confirmed by the density of states (DOS)
calculations [55]. The DOS calculations show only contributions from Pd around the

Fermi level, which is consistent with the STM observations [56].

This was expected, as Pd is the catalytically active element within the alloy, and its
presence on the surface is crucial for achieving the ideal level of catalytic activity re-

quired for industrial applications [41].
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GaPd
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Figure 2.8: (A) The model structure of Ga;Pd3, where the Pd atoms are in silver and
Ga atoms are in green. Adopted and edited from [57]. (B) The XPS data of the Ga
2p3/2 peak from GaPd after being air milled: (a) untreated, (b) after Hy treatment at
573 K, (c) after Hy treatment at 673 K, (d) after ion scattering spectroscopy (ISS) [57].

GaPd and Ga;Pdj are highly selective intermetallic compound catalysts for the hydro-
genation of acetylene into ethylene [57], which is a key step in removing acetylene from

the feed material in the production of polyethylene [57]-[59].

CoHy + Hy —— CoHa (2.3)

Figure 2.8 (A) shows the model structure of Ga;Pds, where the Ga atoms are in green
and the Pd atoms are in silver. Each Pd atom is encapsulated by Ga atoms, isolating it
from neighbouring Pd atoms. This site isolation has beneficial effects on the long-term

stability and selectivity of the catalyst [60].

In addition, the covalent bonding between Ga and Pd atoms affects the chemistry of
the alloy, resulting in notable differences between GaPd and pure Pd as catalysts [57].
This is due to the inability of sub-surface hydrides to form, reducing the amount of hy-

drogen available for undesired hydrogenation reactions.

Ga7Pdj3 crystals were grown by melting the required amounts of pure Pd and Ga under
an inert Ar™ atmosphere in a high-frequency furnace. The phase purity of the ingot

was monitored using X-ray powder diffraction [57].
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The topmost layers of the crystals were scanned using XPS, with the results showing
covalent bonding interactions between Ga and Pd atoms. These interactions are at-
tributed to the high selectivity of these catalysts [61]. At the Fermi energy, there is a
significant contribution from the Pd 4d orbital, confirmed through density of states cal-
culations [61], [62]. The catalytically active element being highly present at the Fermi
level is expected for intermetallic compounds, as the valence electrons of the active ele-

ment facilitate catalytic reactions at the surface [16].

After air milling, the exposed surface was measured via XPS before undergoing H,
treatments to clean the surface. Figure 2.8 (B) shows that, before treatment, a sub-
stantial presence of oxidised Ga species was observed around 1118.5 eV. This signal
diminished with treatment, indicating a surface Ga oxide layer had formed, which re-

duced the observed presence of Pd.

Elemental Pd has a higher electron density around the Fermi level compared to Ga;Pds,
which is significantly lower. The addition of Ga causes the Pd d-band orbital to be-
come filled, shifting this band away from the Fermi level [62]. This reduces subsurface
hydride formation—an essential process for the hydrogenation of acetylene—making
Ga;Pd3 a more selective and desirable catalyst compared to the commercially used

Pd/Al,Oj3 catalysts [57], [63].

AlFe

Fe has many applications as a heterogeneous catalyst, notably in the Haber process,
which converts Ny into NH3 [67], commonly used in agricultural fertilisers. It can also
be used in a variety of hydrogenation reactions, where Fe may replace other less effi-
cient and practical metals currently used in industrial catalytic processes. Of particular
interest is the potential for Fe to replace Pd and Ni in hydrogenation reactions [65], as

illustrated in Equation 2.5.

Currently, PdNi is the catalyst of choice for many hydrogenation reactions. Pd is an
expensive and rare metal with broad applications across fuel cells, catalysts, and elec-

tronics [68].
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Figure 2.9: (A) A LEED image of the (010) Al13Fe4 surface with a beam energy of
50 eV. (B) STM image (30x30 nm?) showing step terraces formed after annealing at
600°C. (A) and (B) adopted from [64], (C) from [65], and (D) from [66].

By substituting Pd with the more abundant and affordable Fe, it becomes feasible for
industries to scale up catalyst usage. Ni, while a common catalyst, suffers from several
limitations with prolonged use, including sintering (which disrupts surface order and
reduces catalytic activity), poisoning (which deactivates the catalyst over time), and

carbon formation (which builds up and hinders catalytic performance) [69], [70].

Figure 2.9 (C) shows that Al;3Fey possesses a large unit cell comprising 137 atoms,
with lattice parameters of ¢ = 15.49 A, b = 8.09 A, and ¢ = 12.48 A, and angles o =
90.00° and 8 = 107.67° [64]. The (010) plane was studied to determine whether its sur-
face structure is due to the strong Fe-Al-Fe bonding predicted by quantum chemical

calculations [64].
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STM analysis (Figure 2.9 (B)) indicates that the Al;3Fey surface is Fe-terminated, with
the exposed Fe atoms anchored by subsurface Al atoms [64], maintaining a bipyramidal
structure [71]. Since Fe is the catalytically active element, its isolation on the surface is

expected and beneficial.

Density of states (DOS) calculations in Figure 2.9 (D) reveal that Fe 3d orbitals are
the primary contributors to the total DOS, followed by Al 3p orbitals due to the pres-
ence of a pseudogap [65]. These DOS findings support the STM results indicating a

Fe-terminated surface [64].

InNi

Figure 2.10: (A) The unit cell of IngNiy. (B) Side view of In3Niy (001), showing the
stacking of five atomic layers labelled 0 to 4, with each plane separation shown [72].

InNi is a member of the AINi family of catalysts, all of which have applications as ef-
fective environmental catalysts. With Ni as the catalytic element in the alloy, InNi is
used in reactions involving C—C double bonds [73]. It has been studied as a catalyst
in the reverse water-gas shift reaction [74], for converting acetic acid into ethanol [75],
and for the dry reforming of methane [76], in which two greenhouse gases—CO, and
CH,—are converted into hydrogen gas and carbon monoxide, as shown in Equation
2.4 (1). Ni catalysts, however, tend to deposit more carbon during methane cracking

(Equation 2.4 (2)) and the carbon monoxide disproportionation reaction (Equation 2.4
(3)):

This results in a gradual decline in catalytic activity—an inherent limitation of Ni-
based catalysts. However, smaller Ni particles exhibit greater resistance to carbon de-
position. By using a binary alloy such as InNi, the size of the exposed Ni particles can

be controlled, enabling the design of an ideal catalyst [76].
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Typically, catalysts used in dry reforming of methane face severe coking issues, which
hinder their industrial implementation. To address this, several InNi catalysts have

been designed with improved resistance to coking [76].

CHy + CO; «—= 2CO + 2H, (1)
CHy —— C+2H, (2) (2.4)
2C0 — C+CO, (3)
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Figure 2.11: (A) Surface chemical composition of the InsNiy (001) surface after sputter-
ing and annealing, recorded via XPS. (B) LEIS spectra recorded from the IngNiy (001)

surface after sputtering and annealing at 400°C for two hours using a 3 keV He™ beam.
Both images adopted from [72].

To study the surface of InNi, a sample of InsNiy; was grown using the Czochralski method
[77] and cut into three samples along the (001), (100), and (210) surfaces. Each surface
was prepared via Ar' sputtering and annealing, and then analysed using XPS, LEED,
LEIS, and STM.

The surface chemical composition in Figure 2.11 (A) shows preferential sputtering of In
from the surface, due to In’s lower surface free energy compared to Ni [78]. Preferen-
tial sputtering of the heavier element is a surprising phenomenon, further explained in

Section 3.2.4. After annealing at 310°C, the In content increases to approximately 71

Figure 2.11 (B) shows the Low Energy lon Scattering (LELS) results, probing the out-
ermost atomic layer after sputtering and after annealing at 400°C for two hours. After

sputtering, the Ni intensity increases significantly.
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Following annealing, In intensity increases slightly, while the Ni intensity decreases
sharply. These results corroborate the XPS findings, confirming preferential sputter-
ing of In, followed by surface segregation of In upon annealing. Both results support

the hypothesis that In’s low surface free energy drives segregation.

100 200 300
Distance (A)

Figure 2.12: STM image of the clean IngNiy (001) surface after annealing at 550°C (400
A x 400 A, +0.866 V, 0.645 nA), showing step heights and a line scan along the blue
line [72].

After annealing the IngNiy (001) surface to 560°C for 2 hours, large step terraces formed,
as shown in Figure 2.12. In addition to the expected step height (5.3 A), corresponding
to the unit cell height, sub-steps were observed at 3.5 A and 1.7 A.

These sub-steps match the buckled planes 0 and 3 in Figure 2.10 (B), and are sup-
ported by surface energy calculations. This suggests that In is bonded with Ni at the
surface, as observed in AlFe, which terminates on both elements [79], rather than on
just one. A similar phenomenon is observed in ZnPd, where dual-element surface termi-

nations are more stable than single-element ones [80].

The surface oxidation behaviour of InNi was studied by exposing the clean IngNiy (001)
surface to incremental doses of pure Os. As shown in Figure 2.13, both In and Ni form
oxides upon oxygen exposure. At 900 L, a higher proportion of In had oxidised com-

pared to Ni.
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Figure 2.13: Surface chemical composition of the InzNiy (001) surface upon increasing
exposure to Oy, measured via XPS. Adopted from [72].

This indicates that the (001) surface contains In. As Oy exposure increases, the Ni sig-
nal decreases as oxidised In forms a surface layer, attenuating the Ni photoelectrons.
Nevertheless, some Ni remains capable of oxidising, suggesting it is less reactive than

Ga in GagNiy, where Ga rapidly oxidises while Ni remains largely unaffected [10].

2.5.4 Summary of Prior GaNi Research

In nature, CO, can be reduced photochemically to store energy. This process has be-
come a scientific challenge to replicate artificially. One method involves generating Hs
molecules, which can then be used to reduce CO; gas into liquid methanol [16], [81].
This would offer a sustainable method to convert a greenhouse gas into a liquid fuel
source. Current industrial processes require the products to be produced in large facil-
ities and kept under high pressure (around 100 bar), with no potential for miniaturisa-
tion unless a different catalyst is used in place of the current Pt/Cu/ZnO/Aly O3 sys-

tem.
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At lower pressure, more CO is produced, which poisons the currently used catalysts.
Studies have determined that GaNi shows promise in the reduction of CO5 at ambient
pressure [81]. As mentioned, at ambient pressure, there is an increase in the quantity
of CO produced, which is why GaNi was chosen as an intermetallic catalyst (IMC) for
this reaction. Ni is resistant to coking and will not become poisoned by the increased
CO concentration. By converting CO, into mostly methanol and water, both of which
can be used as fuels for fuel cells, this reaction is of great interest to many industries

[10], [30], [81].

H, + CO, «—— CO + H,0 (1)
4H, + COy ~—= CHy +2H,0 (2) (2.5)

3H, 4+ CO, — CH30H + H,0 (3)

The fundamental hydrogenation reactions for CO5 to produce methanol and water us-
ing a GaNi catalyst are shown in Equation 2.5.4 [30], [81]. Equation 2.5.4 (1) repre-
sents the reverse water-gas shift reaction, where the Hy molecule begins to break down

COy into CO and water.

This reaction is not ideal, as the CO produced would poison the catalyst [82]. Equa-
tion 2.5.4 (2) is the methanation reaction, where CO; is decomposed into methane and
water [30], [81]. Equation 2.5.4 (3) is the methanol synthesis reaction, where COy is
decomposed into water and methanol. This is the ideal reaction, as both products are

usable as fuel sources while converting an abundant greenhouse gas [6], [10].

GaNi IMCs have attracted interest due to their high activity and selectivity for the hy-
drogenation of carbon dioxide into methanol, as shown in Equation 2.5.4. The phase
diagram shown in Figure 2.14 (B) [83] presents multiple possible Ga and Ni combina-
tions that can be grown. Initially, GasNi; was tested due to its high selectivity and cat-
alytic activity [81]; however, it cannot be grown from a binary liquid phase [30]. There
was one compound with the desired fixed stoichiometry for a catalyst, GagNiy, which is
in equilibrium with the binary Ga—-Ni melt. For this reason, GagNiy was selected to be

grown and used for subsequent experiments to study its catalytic activity.
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Figure 2.14 (A) shows a single unit cell of GagNiy. The Ga atoms are in green and the
Ni atoms are in silver. GagNiy crystallizes into the AlsNis-type structure, exhibiting a
trigonal structure with a P3m1 space group and lattice parameters ¢ = 4.05 A and ¢
— 4.89 A [30]. From Figure 2.14 (A), it can be seen that the Ni atoms are bonded only
to neighbouring Ga atoms, forming a tetragonal pyramid, thus isolating the Ni atoms.
This trait is shared by GazNis, AlsNiy, and InzNiy. This isolation of the Ni atoms from
neighbouring Ni atoms contributes to the selectivity of the GagNiy IMC for the hydro-

genation of COy into methanol.

The GasNi, crystals used in all experiments were grown using the Czochralski method
with a GagNis seed crystal [30], [84]. The resulting ingot was cut along high-symmetry
planes and mechanically polished with diamond paste to produce an atomically flat

surface with a mirror-like shine [30], [85], [86].
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Figure 2.14: (A) Two unit cells of GazNiy showing the structural isolation of the Ni
atoms (in silver) by a shell of Ga atoms (in green). (B) The phase diagram shows all of

the possible GaNi phases [83].
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Figure 2.15: High-resolution XPS spectra showing several depths of the Ga 2p3/2 peak
after oxidation (A) and after annealing at 600°C (B). The corresponding Ni 2p3/2
peaks after oxidation and annealing are shown in (C) and (D). Adopted from [10].

When a catalyst is used in industrial environments, it must be assumed that oxygen
will be present. Understanding how oxygen affects the catalytic properties is crucial
for determining whether a given intermetallic compound is suitable for industrial appli-
cations [10], [30]. The effect of surface oxidation on the catalytic properties of GagNis
was studied by exposing powdered GagNiy to pure O, [10].

Once the GagNi, powder was exposed to oxygen, the Ga present on the surface ox-
idised, and the surface composition showed a distinct shift in the binding energy, as
seen in Figure 2.15 (A), which was also observed in Figure 2.8 (B) with Ga oxidation.
The Ni peak was not discernible from the background (Figure 2.15 (B)), indicating
that the Ga oxide (likely GayO3) had formed on the surface, as GagOj is the most com-
mon Ga oxide [87].

The subsurface showed the presence of intermetallic Ga and Ni, further confirming that
the Ga oxide is confined to the topmost surface layer and that Oy had not reached the
subsurface. After annealing at 600°C, the oxide peaks were no longer visible (Figures

2.15 (C) and (D)), indicating that the oxides had evaporated.



Background 28

The effect of annealing the GagNiy catalyst to 600°C increased the amount of COs con-
verted into methanol while maintaining higher selectivity. This suggests that the Ga
oxide layer affects the catalytic properties, as the Ni on the surface is covered by the
oxide, but the Ga oxides can be removed by annealing at a sufficiently high tempera-

ture.

There are no prior surface science studies that have been carried out on GaNi inter-
metallic compounds. The results of this thesis will help build upon existing GaNi re-
search to improve our understanding of these intermetallic surfaces and develop insights

into their catalytic properties.

Chapter 4 covers how the surface chemical composition of three GagNiy surfaces is af-
fected by sputtering, annealing, and scanning angle, providing insight into the topmost

layer composition and how preparation conditions could influence catalytic activity.

Chapter 5 presents LEED and STM results from all three GagNiy surfaces. Using LEED,
surface reconstructions can be observed, along with the conditions (annealing temper-
ature and/or time) that induce them. Wide-scan STM images are used to determine
step heights on large terraces, identifying if the surface is terminated on bonded Ga-Ni
planes similar to InzNiy. Atomic-resolution results will show surface features and the
surface unit cell, which are important to record, as the surface is the interface for cat-

alytic activity [88].

Chapter 6 discusses how the atomic composition of the GagNiy (001) surface changes
upon exposure to pure O, confirming results from powdered GasNis studies [10] and
contrasting them with IngNiy to observe how the change in the secondary element af-
fects oxide formation. Since many industrial catalysts operate in oxygen-rich environ-

ments, recording how the surface oxidises and at what exposure levels is critical.



Chapter 3

Experimental Methods

3.1 Introduction

In this chapter, the experimental methods used to measure and characterise the sur-

faces of the three orientations of the GasNiy binary alloy are described.

Firstly, I will present an explanation of Ultra High Vacuum (UHV) chambers, the ne-
cessity of such an environment, the processes required to achieve UHV| the types of
pumps needed to reach and maintain UHV, and the additional attachments to the

chamber that are used in research.

Secondly, each of the surface analysis techniques will be discussed, from the theoretical
background to the experimental setup used in this thesis, culminating in a discussion
about peak fitting in the XPS software, including how we identified, isolated, and fitted
all of the peaks from the XPS and UPS results presented in the corresponding chap-

ters.

3.2 Ultra High Vacuum

An ultra~high vacuum is broadly defined as an environment with a pressure below ap-
proximately 10~ mbar. Table 3.1 shows the pressure ranges for each type of vacuum.
Such an extreme environment is required in surface physics to characterise the surface
of a solid sample. By reducing the pressure inside the chamber to such a low range, we
minimise the rate at which surface contamination occurs, as demonstrated by the time

taken to contaminate a surface with one monolayer of adsorbates.

3x10°%x S

T
P

(3.1)

29
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Where T is the time taken in seconds for one monolayer to adsorb, S is the sticking
coefficient treated as 1, assuming each O5 molecule adheres to the surface, and P is the

pressure in mbar in Equation 3.1.

The Time To Form One Monolayer of O, As A Funtion Of Pressure
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Figure 3.1: How altering the pressure affects the time to form one monolayer in Equa-
tion 3.1, where the sticking coefficient (S) is treated as 1.

Figure 3.1 shows how increasing the pressure directly affects the time taken to form one
monolayer, as given in Equation 3.1. The pressure begins at 1x107° mbar, which cor-
responds to an ultra-high vacuum pressure (see Table 3.2), where the time to form one
monolayer is approximately 30,000 seconds (8.3 hours). Increasing the pressure causes
the time to form one monolayer to decrease exponentially, dropping to 3,000 seconds
(0.83 hours). This further decreases to 300 seconds (0.08 hours) at 1x10~® mbar, which

is the upper limit of the ultra-high vacuum range.

This illustrates why maintaining extremely low pressures is vital for creating an envi-
ronment in which surface contamination is delayed, which is essential for STM, LEED,
and XPS research, where the goal is to observe the surface structure of the samples.
Figure 3.1 highlights that even within the UHV range, the contamination time is sig-
nificantly affected by small pressure changes, so achieving the lowest feasible pressure
is always the objective. Outside the UHV range, monolayer formation occurs so rapidly

that conducting any meaningful surface analysis becomes virtually impossible.
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Low Vacuum Atmospheric pressure to 1 mbar
Medium Vacuum 1 to 1 x 102 mbar
High Vacuum 1x 1073 to 1 x 10~® mbar
Ultra High Vacuum 1 x 107% to 1 x 1072 mbar
Extreme High Vacuum Less than 1 x 107!? mbar

Table 3.1: Classification of the levels of vacuum. Adapted from [89].

In addition to reducing the rate of surface contamination, lowering the pressure in the
chamber increases the mean free path of an electron, A, as shown in Equation 3.2. Since
Low Energy Electron Diffraction (LEED), X-ray Photoelectron Spectroscopy (XPS),
Ultraviolet Photoelectron Spectroscopy (UPS), and Scanning Tunnelling Microscopy
(STM) all rely on the emission of electrons, a UHV environment is required. The mean
free path, A\, can be calculated using Equation 3.2, where kg is the Boltzmann con-

stant, T is the temperature, d is the molecular diameter, and P is the pressure in mbar:

kT

V= (3.2)

3.2.1 Vacuum Pumps

In this section, the core components that comprise a UHV setup will be discussed. A
general overview of the steps required to reach the UHV range from atmospheric pres-
sure will be provided. The systems within the UHV chamber used for data acquisition

will then be described. Figure 3.2 shows a UHV chamber with all components labelled.

To reach UHV pressures, a sealed chamber designed to achieve and maintain such low
pressures is required. Additionally, the chamber must be made from a material that
can withstand the temperatures reached during the bakeout process, discussed later in
this section, and must exhibit low outgassing properties. The main chamber is typi-
cally made from stainless steel, as it meets all of these requirements. Components are
attached to the main chamber via flanges secured with a ring of bolts. The flanges are
sealed using a copper gasket, where a knife edge on each flange cuts into the gasket

when tightened, forming a highly secure seal.
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Figure 3.2: The UHV chamber used for all of the experiments at the University of Liv-
erpool. Each key part is labelled with (A) being the front side of the detector and (B)
being the rear side.

Attached to the main chamber is a large manipulator, which can move the sample across
the entire chamber and adjust its angle for LEED, XPS, and transfer to the STM cham-
ber. Transferring the sample from the manipulator to the STM chamber is done via the
wobble stick, which can pick up the sample plates and either place them into the STM
housing or a carousel for internal storage. The load lock is attached to a tube where
samples can be loaded into the chamber. Depressurising a smaller volume is safer and

more efficient than depressurising the entire chamber to insert or remove a sample.

A sapphire-seated leak valve is used to introduce gases from an external source—typically
Art for sputtering or O, for dosing—in a controlled manner. The Ar™ inlet valve is
connected to a rotary pump to expel any Art and other contaminants from the poly-
thene tubes. The hemispherical analyser and X-ray source were added to enable XPS
studies within this UHV chamber. The analyser channels the emitted photoelectrons
from the surface to the detector, as shown in Figure 3.2(B). The X-ray source is water-
cooled to prevent overheating, which could damage both the source and the associated

electronics.
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Figure 3.3: A diagram of (A) a rotary vane pump, (B) a turbo molecular pump and
(C) an ion pump. Reproduced from [90].

To reduce the pressure from atmospheric levels to the ultra-high vacuum (UHV) range,
a series of pumps must be operated in sequence. The initial pump used to bring the
UHV chamber from atmospheric pressure down to a rough vacuum of approximately
1x1072 mbar is a rotary vane pump. This is a mechanical compression pump consist-
ing of a circular rotor offset within a larger circular cavity. This design creates a pe-
riodic change in volume at both the inlet and outlet, facilitating the removal of gases
from the chamber. Figure 3.3(A) shows a diagram of the rotary vane pump, where

gas enters the inlet and is compressed as it is pushed along. Upon reaching the outlet

valve, the gas exits the system, typically via an oil reservoir.

To transition from a rough vacuum to an ultra-high vacuum environment (1x1073 to
1x107Y mbar), a turbomolecular pump is employed. Using a series of angled fan blades
rotating at high speed, the pump imparts kinetic energy to gas molecules, pushing
them further through the pump until they are expelled through the outlet. Turbo-
molecular pumps typically operate between 1x1072 and 1x107!° mbar, so a partial
vacuum is required before they can be used. Figure 3.3(B) shows a diagram of the tur-

bomolecular pump.

An ion pump is also used to attain and maintain UHV pressures. It consists of two ti-
tanium cathode plates surrounded by an array of tubular anodes. When a high voltage
is applied, the resulting electric discharge ionises residual gas molecules in the chamber,

which are then attracted to the cathode.
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A magnetic field is applied at right angles to the cathode plates, causing the electrons
to follow a helical path. This increases the rate of ionisation, allowing more of the re-
maining gas molecules to be captured on the cathode plates. Ion pumps must operate
at low pressures, so they can only be used once a turbomolecular pump is already in

operation. Figure 3.3(C) shows a schematic of an ion pump.

The final pump used is a titanium sublimation pump, which coats the walls of the
UHV chamber with a thin layer of titanium. Any gas molecules adhering to the cham-
ber walls are chemisorbed by the titanium and retained as stable compounds. The
pumps described above are those used in the UHV chambers for this thesis. Other con-

figurations can also be employed to reach UHV pressures.

3.2.2 Bakeout Procedure
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Figure 3.4: A graph showing the effect a bakeout has on the pressure in a chamber over
time [91].
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To begin the process of attaining UHV, the chamber is first evacuated using a rotary
vane pump to reach the low vacuum range. The turbomolecular pump is then engaged
to bring the chamber down to the medium vacuum range (Table 3.1). A bakeout proce-
dure is also performed while the turbomolecular pump is running. This involves heat-
ing the entire chamber to between 120°C and 200°C using ceramic heaters and insu-
lating panels that cover the chamber for over 12 hours. This accelerates the desorption
of water molecules from the internal walls of the chamber (Figure 3.4). Instruments
connected to the chamber are operated under normal conditions during the bakeout

to degas them and remove any adsorbed gases. After more than 12 hours of baking,
and once each instrument has degassed, the chamber should be under UHV conditions,

which is confirmed using an ionisation gauge.

3.2.3 Pressure Measurement

Pressure management is vital for maintaining any vacuum environment, as even a small
leak can raise the pressure above the UHV threshold. For pressures in the low vacuum
range, Pirani gauges are used to monitor the backing pressures for the rotary and tur-
bomolecular pumps. Pirani gauges work by detecting changes in the temperature of a
filament within the vacuum region. This is typically done by measuring the change in
resistance of the filament, from which the corresponding pressure in mbar can be deter-

mined.

In higher vacuum regions, ionisation gauges are used. The ionisation gauges in the
UHV chamber (Figure 3.2) consist of a cathode filament, an anode, and an ion collec-
tor. The filament is heated, causing the thermal emission of electrons, which are accel-
erated towards the anode due to the potential difference. These electrons ionise any gas
particles they encounter. The resulting ions are collected, and the current produced is

used to infer the density of gas particles and the pressure within the chamber.
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Figure 3.5: A diagram of (A) Pirani gauge and (B) an ionisation gauge. Reproduced
from [90].

3.2.4 Surface Preparation

This section will cover how each of the three samples was prepared before and after

being placed into the UHV chamber.

Ex-situ Preparation

The sample was grown via the Czochralski method by Dr. Peter Gille at Ludwig-Maximilians-
Universitat Miinchen. Once the crystal had cooled to room temperature, it was cut

along the (001), (100), and (210) planes using a 50 pum thick tungsten wire with boron
carbide powder (800 mesh) in a glycerol suspension [30]. The orientations of the crys-

tals were confirmed using Laue backscattering. After cutting, each surface was me-

chanically polished using diamond grit paste of decreasing grain sizes down to 0.25 pum.

Any remaining paste was removed by washing the sample in methanol using an ultra-

sonic bath.

In-situ Preparation

Once a sample was introduced into the UHV chamber via the load lock, it underwent
in-situ preparation through multiple cycles of sputtering and annealing. Sputtering in-
volves bombarding the surface with charged noble gas ions (Ar™ was used for all exper-

iments in this thesis) to remove surface contaminants (Figure 3.6).
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Argon gas was introduced into the UHV chamber through a leak valve to a pressure of
2.5%107° mbar. An ion gun heats a filament to emit electrons toward an anode, ionis-
ing the Ar gas. The Ar" ions are then accelerated toward the sample using a negatively
biased grid, where they impact the surface, removing contaminants and some sample
material. This bombardment causes the surface structure to deteriorate, as seen in Fig-
ure 3.6 (A), since the Art ions effectively sandblast the surface. Annealing is required
to allow the sample to regain a flat, ordered surface. The sample is grounded during

sputtering to prevent charge buildup.

Figure 3.6 (A) shows some of the bulk material being removed from the surface during
sputtering. If the Ar* ions have sufficient kinetic energy, they can eject atoms from the
surface of the sample. Three factors are key to understanding whether specific elements
are preferentially sputtered from the surface [92], [93]. These are atomic weight, surface

free energy, and bonding strength.

Lighter elements require less energy to sputter than heavier elements. Elements with
low surface free energy tend to segregate to the surface and are more easily removed
during sputtering. Finally, the higher the bonding energy between atoms, the greater

the energy required to remove that element from the surface.

For intermetallic compounds, which are composed of two or more elements, these three
factors determine which element is preferentially sputtered. It has been previously re-
ported that heavier elements with lower surface free energy can be preferentially sput-
tered. For example, In is preferentially sputtered from the surface of InzNi, [72]; In is
heavier than Ni but has a lower surface free energy. Similarly, the heavier elements In
and Yb are preferentially sputtered from the surface of the quasicrystal Ag-In-Yb, due

to their lower surface free energy compared to Ag [94].

Annealing involves heating the sample to a desired temperature for a specific period.
A general guideline is to anneal at a maximum of approximately two-thirds of the bulk
melting temperature in kelvin. This limit is used because, compared to the bulk, sur-
face atoms have lower coordination numbers, meaning less energy is required to induce
surface melting. Annealing is typically performed using a resistive heating element,
usually a ceramic component, where the temperature is controlled by adjusting the in-

put current and voltage via a high-voltage power supply.
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(A) Sputter

AN .,

(B) Anneal

Figure 3.6: (A) The effects of Ar" sputtering, the green atoms are the bulk materials
with orange circles to represent contamination on the surface. Black Ar™ atoms are
fired at the surface to remove the contamination. (B) The effects of annealing the sput-
tered surface. By heating the sputtered surface, the roughness caused by the Ar™ sput-
tering is corrected back to an atomically flat surface with any Ar atoms embedded into
the surface desorbed.

If the resistive heating element is insufficient to reach the desired temperature, electron
bombardment can be employed to further increase the sample’s temperature. Electron
bombardment involves using an electron gun to direct electrons toward the back of the
sample plate [95]. These electrons transfer their energy to the sample in the form of

heat.

Annealing not only aids in the removal of any Ar* ions that may have adsorbed onto
the surface, but it is also essential after sputtering to promote the diffusion of atoms
to the surface. This restores the surface stoichiometry and atomic order, resulting in a

clean and atomically flat surface—an ideal condition for surface studies.
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3.3 Surface Analysis Techniques

In this section, we will discuss each of the surface analysis techniques used in this the-
sis: low energy electron diffraction (LEED), X-ray photoelectron spectroscopy (XPS),
ultraviolet photoelectron spectroscopy (UPS), and scanning tunnelling microscopy (STM),

including the theory behind each technique and the experimental equipment used.
3.3.1 Low Energy Electron Diffraction (LEED)

History

Low Energy Electron Diffraction is the oldest diffraction technique by which the sur-
face symmetry of a crystalline material can be directly observed on a phosphorescent
screen. The origin of LEED as a diffraction technique can be traced back to the Davis-

son—Germer experiment conducted between 1923 and 1928.
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Figure 3.7: A model of the Davisson-Germer Experiment. The entire experiment is
housed in a vacuum chamber to ensure that the emitted electrons could diffract from
the Ni target [96].

The Davisson—Germer experiment was a series of experiments in which a narrow beam
of electrons was first directed at a single crystal of nickel held normal to the electron

gun [96].
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A movable detector was used to detect the scattered electrons from the target. It was
discovered that at certain angles, there was a peak in the number of electrons recorded,
as well as troughs, suggesting the electrons exhibited wave-like behaviour as proposed
by Louis de Broglie. This discovery of electron diffraction, confirmed through Bragg’s

law, experimentally observed de Broglie’s hypothesis of wave-particle duality.

Physical Principle

Diffraction techniques utilise the elastic scattering of particles/waves to probe the sur-
face structure of a crystal [97]. After interacting with the sample, the scattered waves

interfere constructively and destructively, forming maxima and minima.

Low-energy electron diffraction uses 10 - 200 eV electrons to probe the surface struc-
ture. The intensity and distribution of the diffracted beams contain information about
the atomic arrangement and spatial distribution of the sample. A diffraction pattern is

related to the reciprocal lattice of the sample:

K— Ky = G (3.3)

where K is the scattered wave vector, Ky is the incident wave vector, and Gy, is the
reciprocal lattice vector. Since the scattering is elastic, |[K| = | K| = (27/A), as conser-

vation of energy is applied. Gy is the reciprocal lattice vector defined by:

G = hA+ kB +1C (34)

where h, k, and [ are the Miller indices, and A, B, and C are the reciprocal lattice vec-
tors of the real-space lattice vectors a, b, and c¢. The real-space and reciprocal-space

lattice vectors are related by:

. 2mb X ¢ B 2me X a o= 2ma X b (3.5)
a-(bxc) b-(cxa) c-(axb)
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Ewald Sphere

Figure 3.8: A model of a 2D Ewald sphere showing for an incident vector Ky how a re-
ciprocal lattice is constructed with the diffracted waves K; and Ky with the red points
that intersect the circle, O and P.

An Ewald construction is typically used to model the diffraction process observed through
LEED. For a 2D Ewald sphere, the reciprocal lattice points are considered perpendicu-
lar to the surface because there is infinite periodicity along that direction, denoted by

the series of red points in Figure 3.8. Any red points that intersect the circle, the size

of which is determined by the incident Ky vector, will result in a diffracted wave. These

diffracted waves would be visible as bright spots on the LEED optic.

By increasing the size of the Ewald sphere, through increasing the incident wave vector
(beam energy), more points will intersect with the circle and be visible, which can be

confirmed from higher beam energy LEED images, which show additional spots.

Inelastic Mean Free Path

The inelastic mean free path is the average distance an electron can travel through
a given medium before losing energy. For an electron, the inelastic mean free path
(IMFP) can be modelled using a universal curve shown in Figure 3.9 [98]. As the elec-
tron energy increases, the IMFP decreases until it reaches a minimum, after which the

IMFP increases in a linear relationship with electron energy:

143
A= —5 +0.054 VE (3.6)
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Universal Curve Of The Inelastic Mean Free Path

1(}2 -

l.ﬂl"

Inelastic Mean Free Path (nm)

-

(=]
=
i

10° 10! 104
Electron Energy (eV)

Figure 3.9: A Universal Curve showing how the electron energy affects the Inelastic
Mean free path. The equation used is modified from [98] equation [5].

Here, E is the electron energy and A is the inelastic mean free path [98]. At the lowest
energy, the electrons are not probing the topmost layer of any material. For GasNiy, a
range of 1 - 200 eV was chosen. This range covers the surface sensitive range (40 - 100

eV) to far into the bulk, 120+ eV.

Equation 3.6 is a modified version of Equation [5] from Quantitative electron spec-
troscopy of surfaces: A standard database for electron inelastic mean free paths in
solids [98] where the terms A; and B; were substituted for values that would apply to

a vacuum environment given in Table 3.1.

Experimental Set-Up

Figure 3.10 (A) shows a schematic of a LEED setup. An electron gun generates elec-
trons by heating the cathode filament, which is used in Chapter 5. The electrons pass
through a Wehnelt cylinder to focus them, then through several lenses, which accel-
erate the electrons through potential differences. After being emitted, the accelerated
electrons impinge on the surface and backscatter towards the hemispherical fluorescent

screen and a series of grids.
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Figure 3.10: A schematic of a LEED set-up (A) and a (1x1) LEED image from
Al(111) (B). (A) is from [90].

The first grid is grounded to remove any field between the sample and the grid, ensur-
ing the electron path in the region is unaffected. The second and third grids use neg-
ative potential differences to suppress the inelastic backscattered electrons. The final
grid accelerates the remaining electrons towards the screen to cause fluorescence. Each
grid can have its input voltage altered to adjust the contrast of the LEED screen to en-
sure the best images. This setup ensures that only elastically scattered electrons are
observed on the fluorescent screen, which represents the surface symmetry of the sam-

ple in reciprocal space.

In addition to the reciprocal lattice information LEED images provide, we can also ob-
tain the geometrical arrangement of the diffraction spots and infer information from
the sharpness and brightness of the spots in the LEED images and the presence of
background noise. A clean and well-ordered surface will display sharp points on the
LEED optic with minimal background (Figure 3.10 (B)). If the Bragg peaks are broad-
ening with an increase in the background, this would suggest the surface is rough and

there may be defects or contaminants affecting the surface order.

If no peaks are observed, it means the surface is disordered. LEED can, and often is,
used to monitor the surface preparation process, typically after cycles of sputtering and
annealing or material deposition on the surface. LEED can also indicate reconstruction

on the surface of a sample by the presence of additional spots.
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3.3.2 Scanning Tunnelling Microscopy (STM)
History

Scanning Tunnelling Microscopy (STM) was invented by Dr. Gerd Binnig and Dr.
Heinrich Rohrer in 1981 at IBM Zurich [99], and they were awarded the Nobel Prize

in Physics in 1986 for this discovery. Using a sharp tip close to the surface of the sam-
ple, information regarding the structural features and topography of the surface can be
recorded. STM utilises the quantum tunnelling effect, as the tip is brought to within 5
- 10 A of the surface, and the wave functions from the atom at the point of the tip and

the atoms on the surface will overlap.
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Figure 3.11: (A) a schematic model of an STM set-up and (B) an energy diagram
showing the quantum mechanical tunnelling of the STM tip to the surface. Er, and
Er, are the Fermi energies of the surface and tip, respectively. ¢; and ¢, are the work
functions of both the sample and tip, V is the bias voltage, d is the tunnelling gap and
¢y is the effective barrier height. Taken from [90].

Quantum mechanical tunnelling occurs when a particle passes through a potential en-
ergy barrier that is larger than the total energy of the particle [100]. A property of
matter having wavelike properties means there is a possibility of it existing outside of
the potential energy barrier, allowing the particle to tunnel through the energy bar-
rier without going over, as classical physics would require, as shown in Figure 3.12. As
mentioned previously, quantum tunnelling is vital for STM to function, as the electrons
tunnel from the tip to the surface, or from the surface to the tip. The tunnelling cur-
rent can be measured, or the z-axis position of the tip can be adjusted to produce an

image of the surface at an atomic level.
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Figure 3.12: A model showing quantum mechanical tunnelling where a particle can
transfer through a potential barrier from the sample to an STM tip. Image was
adapted from [101].

Physical Principle

By applying a bias voltage between the surface and the tip, we allow electrons to tun-
nel across the gap between the tip and surface. A negative bias voltage applied to the
tip causes electrons to tunnel from the tip to the surface, probing the unoccupied states,
while a positive bias voltage applied to the tip causes electrons to tunnel from the sur-

face to the tip, probing the occupied states. The tunnelling current is given by:

- V' cap(— Ay 2d). (3.7)

D(V) represents the electron state densities of the tip and the sample, V is the bias
voltage, d is the effective tunnelling gap, ¢p is the effective barrier height, and A is a
constant. Equation 3.7 shows an exponential relationship between j and d, so a minor
change in the tip-sample distance, from a protrusion or depression, will result in a sub-

stantial change in the tunnelling current.
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Experimental Set-Up

Figure 3.11 (A) shows a simplified model set-up of an STM. An atomically sharp tip,
typically made of tungsten, is housed in the scanning stage, which is suspended above
the sample. Copper fins are located at regularly spaced intervals around the scanning
stage, which, when lowered, fall between two powerful magnets suspending the stage

freely, preventing any mechanical vibrations from being transferred to the tip.

A coarse positioning system is used to move the tip to and from the surface and across
the surface to different areas. In contrast, a series of piezoelectric ceramics are used
for the fine control of the tip in the z, y, and z directions by applying electrical signals

across the ceramic to expand or contract the piezoelectric [102].

A complex series of feedback electronics (Figure 3.11 (A)) are used to monitor the tun-
nelling current and the tip-to-sample distance. The position and tunnelling current are
converted into an image on a computer, where other parameters such as bias voltage,

scan size, feedback control, etc., can be adjusted [103].

(A) Constant-current mode (B) Constant-height mode
Tip &> el Tip >
N _Pathoftie Y. Pathoftp
Sample Sample
Height 4 Current
X X

Figure 3.13: A model of the two modes of scanning with STM. (A) shows a constant
current mode where the Z-axis height is altered to maintain a constant tunnelling cur-
rent, while (B) shows a constant height mode where the change in tunnelling current is
recorded. From [90].
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There are two modes for STM operation: constant current and constant height. Con-
stant current mode maintains the tunnelling current at a set value by adjusting the
Z-axis piezoelectric element during scanning. This results in an image formed from
changes in the z, y, and z directions of the piezoelectric movement [104] (Figure 3.13
(A)). This method produces images more slowly than constant height mode but allows
the tip to adapt to sudden changes in surface topography, either avoiding protrusions

to protect the tip or lowering into depressions to maintain signal.

Constant height mode fixes the position of the Z-axis piezoelectric during scanning and
records variations in the tunnelling current to generate an image based on changes

in the z and y axes and tunnelling current [104]. This method acquires images more
quickly, as the tip does not move in the z direction; however, it does not respond to
sudden height variations, increasing the risk of tip damage if it encounters a protrusion
or step edge. For this reason, constant current mode was selected for all STM results in

this thesis.

STM is an exceedingly sensitive surface analysis technique, meaning that distortions
can occur in the data that may not correspond to actual surface features. Two software
packages, WSXM [105] and Gwyddion [106], were used to correct these distortions.
Plane levelling is applied to correct for slope artefacts due to tip-sample misalignment,
using different methods depending on whether the image is atomically flat or contains
steps of varying height. Scan line defects, resulting from line-by-line image acquisition,

as well as corrupted lines, are removed through a scar removal process.

Due to the small scan area on the sample surface—ranging from 400x400 nm? to 20x20
nm? in this thesis—subtle and otherwise imperceptible effects, such as drift, thermal

drift, and creep, can be observed in the STM images.

Thermal drift arises from differences in the thermal expansion coefficients of the vari-
ous materials in physical contact with the STM tip and the sample surface [104], [107].
Temperature fluctuations cause these materials to expand and contract at different
rates, leading to relative motion between the tip and the sample. In this thesis, only
STM systems without active temperature control were used. As a result, thermal drift
could not be stabilised and thus remained a persistent influence on the acquired data,

necessitating correction during image processing.
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Figure 3.14: (A) A model of a raster scan showing the movement of an STM tip from
left to right before moving onto the next layer below and starting again. (B) FFT of

an STM image from the GagNiy (001) surface showing the skewed hexagon caused by
drift.

Understanding how thermal drift affects an image during scanning is important. Typi-
cally, a raster scan is used to collect an image, as shown in Figure 3.14 (A), where the
tip moves from left to right, recording the change in height/current as a function of
position, then increments downward to the next line and continues [108]. The scan
speed in the X-direction is therefore much faster than the overall scan speed in the
Y-direction, meaning that thermal drift will have a more pronounced effect in the X-
direction due to its higher scan speed. Figure 3.14 (B) shows an FFT image of the
GagNiy (001) surface. The six bright points should form a hexagon, but due to drift,
the hexagon had to be skewed vertically to align properly.

As thermal drift is a constant presence, drift correction will be applied to all high-
resolution STM images. If the expected symmetry of the surface is known—for exam-
ple, a hexagonal pattern as seen in Figure 3.14 (B) the FFT image can be adjusted by
rotating, skewing, and scaling the image vertically and horizontally until the observed
symmetry matches the expected one. To correct the real-space image, the corrections
made in reciprocal space are used: any horizontal skewing applied in reciprocal space
corresponds to vertical skewing in real space, and vice versa. Similarly, any scaling ad-
justments in reciprocal space must be inverted when applied to the real-space image

109).
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Creep is observed as the continued motion of a scanner following a rapid change in
voltage, such as when the scanning position is altered. Piezoelectric materials do not
respond to voltage changes instantaneously. The initial movement occurs in less than

a millisecond and then gradually reaches the final position asymptotically, as shown in
Figure 3.15. This asymptotic movement is referred to as creep [110]. Creep distorts the
surface, making features appear either smaller or elongated in one direction. This ef-
fect is especially noticeable after zooming into a region or moving to a new area of the

surface, although any recent tip movement will contribute to creep.
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Figure 3.15: (A) A model showing the effect of creep for a piezoelectric actuator. As
the voltage is applied, the displacement X occurs within less than a millisecond, after
which the secondary displacement in red, AX,,, occurs over a longer period, causing
creep to distort the frame being recorded [110]. (B) A diagram showing the effect of
hysteresis, with the black dashed line showing the ideal linear relationship between the
applied voltage and the piezoelectric movement and the red lines representing the non-
linear relationship which occurs [111].
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Creep can be resolved by allowing the tip to scan the surface a few times to allow the
piezoelectric to settle before recording or using a coarse motor for larger movements
when applicable. Piezoelectric actuator hysteresis occurs when the change in the piezo-
electric actuators does not follow an ideal linear path, as shown in Figure 3.15 when a
voltage is applied, which will distort the image recorded [112]. Typically, this occurs
when changing the scan size or moving the scan window and will only affect the first
set of lines scanned. Rescanning the window or lowering the scan speed is used to re-

duce the effect of the hysteresis on images.

After the STM results have been corrected, any drift measurements can be taken di-
rectly from the image. Line profiles are commonly used to measure the change in the
Z-axis height or tunnelling current along the selected line, allowing for the step height
between terraces and the height of other features to be measured. A height histogram
can also be used to measure step heights. There are two other image analysis tech-
niques used regularly in STM analysis: the Fast Fourier Transformation (FFT) and
autocorrelation. Both of these allow for the inherent order present in an image to be

measured and assessed when it might not be easy to see by the eye initially.

An FFT converts an image into its harmonic components, which are sums of sine and
cosine functions with several frequencies and amplitudes. These harmonic components
are represented in the Fourier domain, where points in this domain correspond with
key frequencies contained within the real-space image. This allows any order within the

image to be easily observed, even if it is not discernible by the naked eye.

Figure 3.16 (A) shows a real image of the GagNiy (001) surface recorded via STM,
while Figure 3.16 (B) shows the 2D FFT of Figure 3.16 (A). Periodic features in real
space are observed in the Fourier domain by bright points where multiple frequencies
overlap. This can be seen through the six bright spots that form a hexagon, in addition

to two points at the top and bottom of the image, which are attributed to noise.

Filtering out these high-intensity spots and applying an inverse FFT means that these
features can be observed in real space, as shown in Figures 3.16 (D) and (C) respec-

tively. These repeated features can now be observed, measured, and adjusted to correct

for drift.
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The central region of the FFT corresponds to low frequencies, which are associated

with larger, non-repeating features; this is evident from the absence of distinct bright
spots near the centre. When filtering both the bright spots and a portion of the cen-
tre of the FFT (Figure 3.16 (H)), we can enhance the repeating features, as shown in

Figure 3.16 (G).
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Figure 3.16: (A) A 20x20 nm? STM image of the GagNi, (001) surface. (B) The FFT
of (A) shows all of the bright spots coming from a repeating feature. (C) The inverse
FFT of (D) shows the real space repeating features, which is a rhombic unit cell. (D) A
filtered version of (B) filtering out the six brightest spots. (E) The Inverse FFT of (F)
showing the long-range information from the centre of the FFT (F) A filtered version
of (B) filtering the information from the centre containing the long-range non-repeating
information. (G) The Inverse FFT of (H), enhancing the repeating features from (C)
and combined with (E), shows how the repeating features look with the larger surface
structure. (H) A filtered version of (B) combining (D) and (F).
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3.3.3 X-ray Photoelectron Spectroscopy (XPS)

History

The photoelectric effect is at the core of all methods of photoelectron spectroscopy.
The photoelectric effect is the emission of electrons from a material after exposure

to light [113]. The history of the photoelectric effect can be traced back to Heinrich
Rudolf Hertz [114], who was the first person to confirm Maxwell’s theory of electro-
magnetic radiation in 1886. Maxwell proposed that light was an electromagnetic wave
which propagated at the speed of light. This experiment used sparking electrodes to
produce light, which could be measured, and in addition, it was also noted by Hertz
that while exposing these electrodes to ultraviolet light, they became notably easier to

create electric sparks from.

Hertz’s discovery was an important first step into the history of the photoelectric effect
and was further developed upon by Philipp Eduard Anton von Lenard, who studied
how the intensity of the light affected the emitted photoelectrons [115]. Under classical
electromagnetic theory by altering the light intensity the kinetic energy of the electrons
from the material would also increase and vice versa using a dim light there would be

a delay from the light hitting the surface to the emission of an electron as a wave the
light was assumed to be transferring the energy to the election [116]. Lenard discovered
that by doubling the intensity of a light source facing a material, you did not increase
the energy of the emitted electrons, but doubled the number of electrons being emitted

from the surface, and the maximum kinetic energy was dependent upon the material.

Albert Einstein proposed a solution to Lenard’s discovery. Building upon Max Planck’s
hypothesis that the energy carried by electromagnetic waves must be released in ”pack-
ets” of energy Einstein published a paper proposing that light energy is carried as a
quantised pack of energy which has an energy hv where h is Planck’s constant [117]

and v is the frequency of the electromagnetic radiation.
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E = hv (3.8)

As the light hits the surface, Einstein predicted that these photons were imparting all
of their energy into the surface electrons [118]. Some of this initial energy is lost in al-
lowing the electron to overcome the bond it has to the material, and the rest is given to
the electron [119].

Kg=hv—2¢ (3.9)

As all photoelectron spectroscopy work utilises the emission of photons from the sur-
face of a material, utilising a source of electromagnetic radiation, be it X-ray or ultra-
violet light, this field of study would not be possible without Max Planck and Albert

Einstein’s contributions to physics.

Physical Principle
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Figure 3.17: A diagram of the photoelectron process (A) with a model XPS set-up
shown in (B) [90].

Dr. Kai Siegbahn was awarded the Nobel Prize in Physics in 1981 for the development
of X-ray photoelectron spectroscopy. XPS uses X-rays to liberate an electron bound to
an atom until it is emitted from the surface, where the kinetic energy of those emitted
electrons is recorded (Figure 3.17). XPS is effective at probing the topmost layers of

a sample (1 - 10 nm). The kinetic energy of an electron is a function of the electron’s

binding energy, which is element-specific (Equation 3.10).

hv=BE+KE+® (3.10)

Where ¢ is the work function of the spectrometer, which is a constant value. Typically,
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¢ would represent the work function of the material experiencing the photoelectric ef-
fect, but as the sample and the spectrometer are in electrical contact, their Fermi levels
are aligned, so the work function of the spectrometer can be used. The binding energy
can be calculated using Equation 3.10 and is independent of the X-ray source used to
eject the photoelectron. XPS is used in the identification of elements from a sample

and quantifying the chemical composition, discussed further in Chapter 3.

Experimental Set-Up
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Figure 3.18: (A) An XPS spectrum taken from GazNiy (001) with the largest peaks

at the core level highlighted by black lines. (B) A UPS spectrum taken from GasNis
(001).

Figure 3.17 (B) shows a model of an XPS set-up. An incident X-ray beam excites an
electron from a sample into a detector. The X-rays are typically produced from either
an Mg or an Al anode, with high-energy electrons being targeted at a cooled Al or Mg
anode to produce incident X-rays of known energy.

Both Mg and Al X-rays have noticeable doublet emission peaks from the electron va-
cancies in the K-shell, producing two peaks, K, and Kg. This will cause the "satellite”

peaks to be observed within the spectra, where photoelectrons from both K, and Kz

are recorded.

A monochromator can be used to rectify this problem by filtering out the undesired
photons, or software can be used to remove these peaks. For this thesis, each source
used will be mentioned for each sample, and the sources will not be monochromatic.

Once an electron is emitted from the surface, a series of lenses collects it into the hemi-
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spherical detector. The electron detector measures the current from the incident elec-

trons, but the current from a single electron would be too small to accurately measure.

By applying a high voltage to a tube within the detector with a high-resistance coat-
ing, the emitted electron will be absorbed and emit a shower of secondary electrons,
multiplying the initial reading of one electron into a cascade of electrons, increasing the

amplitude of the signal recorded.

The shower of electrons is then passed through the hemispherical analyser. The anal-
yser consists of an inner and outer dome where the electron travels between the two.
Each of the hemispheres is set to different voltages, producing an electromagnetic field
that will only allow electrons of a given energy to pass through onto the detectors [120].
By altering the voltages and the pass energy over a range, it is possible to develop an

XPS spectrum for a sample.

The XPS spectrum is a plot of the number of recorded electrons for each binding en-
ergy bin; the energy step range determines the bin size. When enough energy is pro-
vided to emit photoelectrons from core levels, they appear as peaks, as seen in Figure
3.18 (A). By noting the binding energy of each peak, the elemental makeup of the sur-
face can be determined. Figure 3.18 (A) has peaks for Ga and Ni. By taking the area
of each peak minus the background, it is possible to obtain the composition of the sur-

face of the sample, which is discussed in more detail in Chapter 4.

3.3.4 Ultraviolet Photoelectron Spectroscopy (UPS)

The experimental set-up for UPS is similar to that shown in Figure 3.17 (A). Typically,
a differentially pumped helium discharge lamp is used as the radiation source, which
produces photons at two energies, He! at 21.2 eV and He? at 40.4 eV, which arise from
the decay of the 1s and 2p states. The UV photoelectron interacts with the topmost
layers of the surface, causing the valence electron to be ejected towards the analyser,

and the single electron is multiplied into a cascade in the detector as described above.

For this thesis, a He! source was used, and it is not monochromatic, meaning satellite
peaks will be present in the UPS results. Figure 3.18 (B) shows the results of a UPS
scan. The range of binding energy is limited by the photon energies to the valence

band electrons. Density of states calculations are used to model the orbital contribu-
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tions, which are used to identify peaks in the UPS spectrum.
Software and Peak Analysis

Exp Variable 0 d

Pass Energy: 20 Magn.: 5 W.F.: 4.373 Energy Step 0.050 eV
Total Acqu Time 8 mins 0.400 s (200.0 ms x 2 x 1201)
Acquired On: 2022/ 5/31 18:0:11

Source: Mg (300 W)
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Figure 3.19: XPS spectrum from CasaXPS showing the Ga 2ps/» peak from the GasNi,
(001) surface. All the key features for peak analysis are shown from regions and com-
ponents to the residual standard deviation value (SDV), a value representing how close
the fitted peak matches the results.

CasaXPS was used to analyse all of the XPS and UPS data in this thesis. After open-
ing an XPS or UPS file, the first step is to highlight and identify all of the peaks present.

Peaks are highlighted using a region, denoted by two vertical blue lines.

An appropriate background type is selected, as shown in Figure 3.19. For this thesis,
a Shirley background was selected unless otherwise stated. After finding the peak po-
sition, a library of all element peaks can be used to identify which element and orbital

this peak represents.

A line shape is used to fit a peak. Fitting provides the line shape of the peak, confirms
if multiple peaks are required due to other contributors, and accounts for high-energy
tails. For this thesis, a mixture of GL(Z) and A(X, Y, 0) GL(Z) line shapes are used.
GL(Z) is a Gaussian/Lorentz line shape where Z is a value from 0 to 100, with 0 rep-
resenting a pure Gaussian peak and 100 representing a pure Lorentzian peak. A(X, Y,

0) is an addition to the GL(Z) line shape that adds asymmetry to the peaks to account
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for high-energy tails. X can be any value between 0 and 1, and Y can be any positive

value.

By adjusting the values in the line shape, changing the type of line shape used, or adding
more peaks within a region, we can reduce the residual standard deviation value (STD)

seen in Figure 3.19 to close to unity.

The residual standard deviation value is an estimation of the noise alongside the resid-
ual trace produced by fitting the peak. As Poisson statistics are present, an STD value
approaching 1 is considered optimal; by altering the parameters of the fit, we can ap-
proach unity. To produce the most optimal line shapes, each value (X, Y, Z) is put
through a Monte Carlo simulation where the value is varied between a given range.

The results that produce the lowest residual STD are then selected.

Using this Monte Carlo method, we can determine if secondary, tertiary, etc., peaks
are required to fit the measured data. This may indicate the presence of an oxide or

another element, as discussed in Chapter 6.

3.4 Growth, Phase Diagram and Structure of Ga3Ni,

This section covers the methods used to grow all three GagNiy samples studied in this
thesis. The samples were grown by Prof. Peter Gille [30] and provided for study. The
Czochralski method is one of many techniques that can be used to grow crystals, as
shown in Figure 3.20 (A). By placing a seed crystal into a crucible containing the molten

alloy, a large single crystal can be grown.

The Czochralski method produces a large single ingot of the desired crystalline mate-
rial using an extremely slow pull rate while gently rotating the crystal to achieve the
desired solid-liquid interface [121]. The process is widely used to grow large single crys-
tals of semiconductor wafers, as well as binary alloys used for catalysis. The method is

named after Jan Czochralski, who discovered it in 1915 [122].

For Ga—Ni intermetallic compounds, a bulk melt of Ga is used, into which Ni is intro-
duced to reach the desired atomic percentage. GagNiy is the only configuration from
which a single crystal can be grown. Figure 2.8 (B) shows that GagNiy can be crys-

tallised from a Ga-rich solution between 369°C and 950°C. The maximum annealing
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temperature is used because the accumulation of liquid Ga during the experiment can

cause the temperature to decrease, resulting in Ga-rich inclusions if the drop is drastic.

A macroscopic seed crystal is used to initiate sample growth in the Czochralski method.
If no seed crystal is present, the literature offers several alternatives. One method in-

volves using a refractory material such as tantalum, which has a high melting point

[29].

A second option is to use a ceramic tip to induce spontaneous nucleation [123]. A third
option is to use a similar material or one of the alloy’s constituent elements [30]. For
GagNiy, a Ni seed was used since its melting point (1455°C) is well above that of the
melt used to grow the crystal. Although there is no thermodynamic equilibrium be-
tween Ni and GagNiy, the goal of using Ni as a seed is to provide a nucleation site for
a single Ga3Ni, crystal once the seed is wetted, from which the rest of the crystal can

grow.

Once the seed crystal was placed into the melt, extraction began at a rate of 0.1 mm/hr
to form the crystal neck. After three days, the rate was reduced to 0.05 mm/hr and
finally to 0.025 mm/hr, allowing the crystal to grow over 22 days. The crucible was
rotated at a constant 6.7 rpm, while the crystal was counter-rotated at 70 rpm to aid
material transport at the growth interface [30]. This entire process took place in a
sealed metal chamber under UHV to prevent oxygen contamination, and the crystal

was grown under an Art environment [29].

After twenty two days, the GagNiy crystal shown in Figure 3.20 (B) was cooled to room
temperature at a rate of 150 K/hr before being sliced into three samples, each with a
different crystallographic orientation: (001), (100), and (210). Each orientation was
confirmed through Laue diffraction. Each surface was mechanically polished using dia-
mond grit paste of decreasing grain size from 6m to 0.25m, with methanol cleanings in

an ultrasonic bath between each grit.

The phase diagram for Ga—Ni (Figure 2.8 (B)) shows four possible compounds: GasNi,
Ga7Ni3, GayNiz, and GagNiy. Only GagNi, is in equilibrium with the Ga—Ni melt, mak-
ing it the only phase from which a single crystal can be grown [30]. GagNiy is grown

at the highest annealing temperature of 950°C, as no other Ga—Ni alloy can be crys-
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tallised from the melt at that temperature, reducing the risk of inclusions from other

alloys if the melt composition changes.

The phase diagram does not show a homogeneity band for the GagNiy intermetallic
compound. GagNi, crystallises in the Al3Niy structure type, which includes AlsNi,

GasNiy, and InsNiy, with a P3m1 space group and lattice parameters of a = 4.06 A
and ¢ = 4.89 A [30].

The Al3Ni, structure exhibits trigonal symmetry, as shown in Figure 3.20 (C). This
symmetry isolates the Ni atoms (in silver) by surrounding them with four Ga atoms
(in green). This site isolation is believed to contribute to the high selectivity of this

intermetallic compound [124].
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Figure 3.20: (A) A diagram of the Czochralski method. (B) GasNiy crystal pulled
along a 3-fold rotational axis. (C) GagNiy structure showing the Ni atoms, silver, be-
ing isolated from other Ni atoms by the Ga atoms, green.



Chapter 4

Surface Chemical Composition of
GagNiQ

4.1 Introduction

In this chapter, three sets of results will be presented. Firstly, the GazNiy (001) XPS
spectra are shown after air exposure, followed by sputtering and annealing. Secondly,
the atomic composition changes for all three GazNi, surfaces (001), (210), and (100)
are examined as a function of sputtering and annealing temperature. Thirdly, the vari-
ation in atomic composition for all three GagNi, surfaces as a function of scanning an-

gle is discussed.

With no prior research into the surface preparation of GagNis, understanding how sput-
tering and annealing affect the surface of each sample is important. By observing changes
in the spectrum and the atomic composition, ideal preparation conditions for all three

samples are identified.

4.2 Experimental Details

A single grain sample of GagNiy was grown via the Czochralski method [30]. Each sam-
ple was cut along a different surface: (001), (210), and (100), and polished using pro-
gressively smaller grains of diamond paste, from 6 pm to 0.25 um. All three surfaces
underwent standard surface preparation procedures in the UHV chamber. The surfaces
were sputtered using argon ions (Ar", thirty minutes, 2 keV (& 2.5x107 mbar, drain
current ~ 28 pA) and then annealed (500°C, ninety minutes) until no contamination

was detected.

62
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The GasNiy (001) surface was studied at the University of Liverpool Surface Science
Research Center, and all three surfaces—(100), (001), and (210)—were investigated at
the Institut Jean Lamour in Nancy. The surface preparation conditions were identical

between the two institutes.

The surfaces were characterised by XPS using an Al (Ka) source in Liverpool (base
pressure 1x107? mbar) and a Mg (Ka) source in Nancy (base pressure 4.7x107!° mbar).
At L'Institut Jean Lamour, the (100), (001), and (210) samples were studied in two dif-
ferent UHV chambers, which had different source-detector geometry setups for XPS in
collaboration with Dr. Vincent Fournee, Dr. Julian Ledieu, and Wilfried Bajoun Mba-
joun. Each of the surfaces underwent XPS scans after sputtering, annealing at different
temperatures, and air exposure to study any changes in the surface chemical composi-

tion due to these treatments.

4.3 Results and Discussion

4.3.1 Influence of Air Exposure, Sputtering and Annealing

Before being introduced into the UHV chamber, each of the GagNiy; samples had been
exposed to air for a prolonged period, saturating the surface with oxygen and other
contaminants. XPS was used to identify the constituent elements of the sample and
any contaminants, as well as to investigate how the surface reacts to sputtering and
annealing. Figure 4.1 shows survey scans from the air-exposed, sputtered, and annealed

surface of the (001) surface, where the principal peaks of all constituent elements have

been marked and labelled.

The air-exposed surface shows the presence of oxygen and carbon. After sputtering, the
O 1s and C 1s peaks are no longer present. The spectrum taken from the surface after
annealing (560°C) is identical in shape and position to the sputtered surface. The bind-
ing energies and profiles of each principal peak of Ni and Ga were then investigated.

To determine the binding energy, the peaks were fitted using an asymmetric Gaussian
and Lorentzian product line shape with a Shirley-type background. Several background
types were tested, but the Shirley background was selected as it reliably produced the
best fits. An example of fitting is shown in Figure 4.2 (A) and (B).



Surface Chemical Composition 64

1143 eV| | 1116 eV 532 eV —— 560°C
Ga 2p,,| | Ga 2p,;, O1s —— Sputter
From Ain
870 eV ||853 eV
Ni2p,, ||Ni2p.,, 284 eV
C1s

Intensity

o
K‘L&_)

\J\Lﬂh‘%
MN“‘-\.

LA s

[

]
1250 1000 750 500 250 0
Binding Energy (eV)

Figure 4.1: XPS spectra from the (001) surface after exposure to air, sputtering for
thirty minutes and annealing at 560°C for ninety minutes taken with an Al (K,)
source. Vertical black lines are placed at the elemental binding energies of expected
elements on the surface [125].

The Ga 2p3/2 peak after air exposure was fitted using two peaks at 1119.2 eV and
1117.0 eV, as shown in Figure 4.2 (A) and Table 4.1. The peak at the higher binding
energy corresponds to Ga in Ga20;3 [126], whereas the peak at the lower binding en-

ergy is from intermetallic Ga [125].

A majority of Ga near the surface has been oxidized, with the oxide peak making up
94% of the total area, calculated by taking the ratio of the area of each component
peak against the . After a single cycle of sputtering, all of the oxide present on the sur-
face was removed, as the Ga 2p peaks after sputtering only required a single asymmet-

ric Gaussian and Lorentzian line shape to fit (Figure 4.2 (B)).
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Figure 4.2: (A) XPS spectra from the air-exposed surface. (B) XPS spectra from the
clean surface (B). The binding energy for elemental Ga has been highlighted. The
binding energy was taken from [125]. (A) required two peaks to fit, showing the pres-
ence of both the intermetallic Ga and GayO3 and after sputtering, only one peak was
required (B). A Shirley background was used.

Experimental Value | Literature Value
Pure Ga 1116.8 1117.0 [125]
Ga in GayOs3 1118.8 1119.2 [126]

Table 4.1: The binding energy of the Ga 2p3/» and Ga in GayO3 2p3/» compared to lit-
erature values.

Gallium 2p

Figure 4.3 compares the Ga 2p peaks from the air-exposed surface and the surface after
sputtering and annealing at 560°C. The air exposure has oxidized a majority of the Ga
on the surface. The XPS results from the sputtered surface show that the Ga 2p peaks
have shifted to a lower binding energy, close to that of pure Ga, confirming the removal
of Ga203. After annealing the surface at 560°C (Figure 4.3), there is no change in the

position or shape of the Ga 2p1/2 and Ga 2p3/2 peaks, showing that the surface is not

contaminated again after annealing.

The Ga 2p peaks are consistently 27 eV apart, as expected from the literature [126],
due to them being doublet peaks. As this is a constant, all Ga 2p1/2 and Ga 2p3/2
peaks will be set 27 eV apart for all further analysis.
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Figure 4.3: The XPS of on the Ga 2p;/; and Ga 2p3/, peaks. Black vertical lines show
the literature binding energies for Ga 2p;/, and Ga 2p3/, [126]. The figure shows the
air-exposed, sputtering and annealing.

Data Set Binding Energy (eV)
Ga 2p 15 | Ga 2p 35 | Difference
Air Exposed 1145.7 1118.8 26.9
Sputtered 1143.5 1116.7 26.8
560°C 1143.7 1116.7 27.0
Elemental [125] 1144.0 1117.0 27.0

Table 4.2: A table showing the change in binding energy for the Ga 2p; /5, Ga 2p3/s in
addition to the difference between the two peaks. The elemental values are from litera-

ture [126] and are present for reference.
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Nickel 2p

We will now compare the Ni 2p peaks from the air-exposed surface, after sputtering,
and after annealing at 560°C, as shown in Figure 4.4. The Ni 2p air-exposed results in
Figure 4.4 only show the binding energy region around the Ni 2p3/2 peak. Two peaks
are observed: the lower binding energy peak at 853 eV is close to the literature value
for Ni 2p3/2 [125] in Table 4.3, and the peak at the higher binding energy, at 856.0
eV, is consistent with the presence of Ni(OH), [127]. No peak at 854.4 eV is observed,
which would confirm the lack of NiO on the surface [126].

8?_"0 eV 853 eV —— 560°C
NI 2Py, Ni 2py;, — Sputter
—— From Air

Intensity

880 8%5 8%0 sés aéo 355 séo 845
Binding Energy (eV)

Figure 4.4: XPS spectra for both the Ni 2p;/, and Ni 2p3/, peaks from air exposure
after sputtering and annealing. Vertical black lines show the binding energy values of
elemental Ni 2p;/5 and Ni 2p3/s.

After sputtering, the Ni(OH)2 peak was completely removed, as no visible shoulder or
peak was found. Both the Ni 2p;/, and Ni 2p3/, peaks were fitted using a single line
shape, as with the Ga results. The shape and position of the peaks do not change after

annealing.
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The data indicate that Ni on the surface appears to be inert towards oxygen, as no ox-
ide was found, whereas it forms a hydroxide on the surface when exposed to air. On
the other hand, the majority of the Ga on the surface is oxidised after air exposure.

Sputtering and annealing remove the contaminants from the surface.

Data Set Binding Energy (eV)
Ni2p 15 | Ni2p 3 | Ni(OH),
Air Exposed N/A 825.8 856.7
Sputtered 870.2 852.9 N/A
560°C 870.5 853.1 N/A
Elemental [125] | 870.1 852.7 856.7

Table 4.3: A table showing the change in binding energy for the Ni 2p, /5, Ni 2p3/, and
the Ni(OH), peaks due to the preparation conditions. The elemental values are from
literature [126] and are present for reference.

4.3.2 Atomic Composition

The atomic composition of the surface was calculated after sputtering for a series of

annealing temperatures: 335°C, 400°C, 410°C, 414°C, 441°C, 492°C, 502°C, and 508°C.

Area — Back d
(1) : Corrected Area (CA) = rea T DACKBTotn

Number of Scans

. CA
(2) : Normalised Area (NA) = (PC’ < IMFP x ATF)

B > NA of one element
N > NA of all elements

(3) : Atomic Composition (AC) x 100

The corrected area is normalised by three factors: the photoionisation cross section
(PC), the inelastic mean free path (IMFP), and the analyser transmission function
(ATF). The photoionisation cross section values are taken from the literature, appro-

priate for the X-ray source employed [128].
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The inelastic mean free path (IMFP) for GaszNi, at the binding energies corresponding
to the Ga and Ni peaks was calculated using formula proposed by Tanuma, Powell, and
Penn (TPP) TPP-2M [129], [130]. The analyser transmission function (ATF) is specific
to each detector and depends on the analyser parameters [131], as described by Equa-
tion 4.1, where a and b are detector-specific constants, and Ej, and E, are the kinetic

energy of the measured peaks and the pass energy of the XPS scan, respectively.

After normalisation, the atomic composition is determined by calculating the ratio of
the normalised area of a given peak to the total normalised area of all detected peaks,

expressed as a percentage.

4.3.3 Depth Profile

Typically, XPS measurements are performed with the sample oriented normal to the
detector to maximise signal intensity and minimise statistical error. In this geome-

try, photoelectrons originating from a few nanometres beneath the surface can escape
and be detected. For the GagNisy surface, the probing depth under normal emission

was estimated to be approximately 24 nm, providing sufficient surface sensitivity. This
value was approximated as 3\ [132], where A is the inelastic mean free path (IMFP) for
GagNiy, calculated using the TPP-2M method [129].

To further enhance surface sensitivity, the sample can be rotated to increase the emis-
sion angle relative to the surface normal, thus making XPS more surface-specific [133],
although this comes at the cost of reduced signal intensity. Our experimental setup en-

ables measurements at grazing angles by rotating the sample accordingly (Figure 4.5).
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Figure 4.5: Altering the scanning angles affects the depth of the sample being mea-
sured using XPS. 6 is the angle between the detector and the surface normal. By in-
creasing the angle between the detector and the surface normal, the probing depth is
reduced [134].

Atomic Composition As A Function Of Temperature

By measuring the surface chemical composition after sputtering and annealing at in-
creasing temperatures for all three surfaces, we can observe the effects that the prepa-

ration conditions have on the Ga and Ni concentrations.

(001) Surface

The results for the (001) surface, shown in Figure 4.6 (A), provide the atomic percent-
age after each surface treatment. Sputtering induces a significant shift in the atomic
composition, with Ga accounting for only 30% of the total atomic composition, com-
pared to the 60% expected from the bulk composition. In contrast, Ni comprises 70%
of the surface chemical composition, whereas the expected bulk composition is only

40%.
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Figure 4.6: (A) The atomic composition of the (001) surface determined via XPS as a
function of sputtering and annealing. The bulk composition is highlighted by the dot-
ted lines. (B) The atomic composition of the (001) surface determined via XPS as a

function of the scanning angle after annealing to 335°C. The bulk composition is high-
lighted by the dotted lines.
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The data in Figure 4.6 (A) show a clear decrease in the Ga percentage in the topmost
layers after sputtering, with a rapid increase following annealing, whereas the inverse
trend is observed for Ni. As illustrated in Figure 2.14 (A), the model indicates that Ni
atoms are isolated from neighboring Ni atoms by being encapsulated by four Ga atoms.
The increase in Ni observed after sputtering could be attributed to the disruption of
these Ga cages, exposing more Ni atoms as the surface becomes roughened by sput-
tering with Art ions. As the surface is annealed and order is restored, the exposed Ni
atoms are re-encapsulated by Ga atoms, as evidenced by the increase in the Ga per-

centage after annealing.

The decrease in Ga and the subsequent increase in Ni could also indicate that the sput-
tering process preferentially removes Ga from the surface, resulting in an excess of Ni
observed at the surface. Three factors influence the preferential sputtering of an el-
ement within an intermetallic compound (IMC): atomic weight, surface free energy,
and bonding energy. An element with lower atomic weight, lower surface energy, and
lower bonding energy is more likely to be preferentially sputtered [92], [93], [135], [136].
Since Ga is heavier than Ni, atomic weight is not the dominant factor responsible for

the preferential sputtering.

When comparing the surface free energy of the constituent elements, Ga has a lower
surface free energy than Ni. The surface free energy of the close-packed surface of body-
centered tetragonal Ga is 0.661 .J/m?, while that of the close-packed surface of face-
centered cubic Ni is 2.011 J/m? [78]. This significant difference in surface free energy
suggests that Ga, despite being the heavier element, is preferentially sputtered from

the surface. This phenomenon has also been observed in the isostructural binary alloy
IngNiy, where the heavier In has a lower surface free energy and is preferentially sput-
tered, as well as in the quasicrystal Ag-In-Yb, where In and Yb, having lower surface

free energies, are preferentially sputtered [72], [94], [137].

The InzNiy (001) surface may provide additional insights into the surface composition
of this family of IMCs. Both the (001) surfaces exhibit similar trends in atomic compo-
sition after sputtering and annealing, with the secondary element having a lower sur-

face free energy.
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Results from the IngNiy (001) surface, which show preferential sputtering of the non-
catalytically active element, align with the findings from the GasNiy (001) surface.
This suggests that the preferential sputtering of Ga from the surface could explain the
observed results. A similar trend has been noted in Ag-In-Yb and ZnPd, where the
heavier elements with lower surface free energy are preferentially sputtered from the

surface [80], [137].

After annealing at 335°C, the percentage of Ga increases to 67%, while the percentage
of Ni decreases to 33%. This is significantly higher than the bulk composition at a rel-
atively low annealing temperature, with further annealing showing minimal changes in
atomic composition. This suggests that the surface has become saturated. These com-

position changes imply that annealing causes Ga to segregate from the bulk to the sur

face. Surface segregation in an alloy is defined as the enrichment of the surface by one

of the alloy’s constituent elements [138], as observed in Figure 4.6 (A).

Surface segregation is driven by three factors in the alloy: the difference in surface en-
ergy between the components, the difference in atomic radius, and the bonding energy
[139]. Typically, the element with the lower surface energy will segregate to the surface.
This effect is more pronounced in interstitial materials rather than crystalline materi-
als, as the atoms in crystalline materials are tightly bound within the crystal lattice,

which overcomes the difference in surface free energy.

Both Ga and Ni have similar atomic sizes, so the difference in atomic radius required
for Ga segregation is unlikely [139]. The XPS results confirm Ga segregation for all
three surfaces, suggesting that the segregation of Ga to the surface is due to Ga having
a lower surface free energy compared to Ni. The preferential sputtering and segregation
of the heavier element within an IMC due to annealing were also observed in In3zNis

72].

As In is heavier than Ga, all of the concerns regarding Ga being preferentially sput-
tered from the surface are also present for IngNis;. However, the results observed in
GagNiy matched those from InzNi,y, so we can attribute the same conclusion regarding

a negative heat solution to both IMCs.
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At 335°C, Figure 4.6 (B) shows no change in the atomic composition with the change
in grazing angle, with any observed changes falling within experimental error. At 0°,
Ga is 6% and Ni is 33%, and at 66°, Ga remains at 67% with Ni still at 33%. This in-
dicates an even distribution of Ga and Ni among the top layers. The increase in the
size of the error bars suggests a decrease in the number of photoelectrons being de-

tected.

(210) Surface

Figure 4.7 (A) shows the atomic composition of the (210) surface. After sputtering, the
atomic composition reveals that Ga and Ni have similar surface concentrations, with
Ga making up 45%, with Ni comprising the remaining 55%. Annealing the surface in-
creases the percentage of Ga to 60% at 402°C and 78% at 508°C. Similar to the (001)
surface, Ga segregates from the bulk to the surface. At 400°C, the surface composition

is approximately equivalent to that of the bulk, with a ratio of 60% Ga to 40% Ni.

In Figure 4.7 (B), the atomic percentages from the (210) surface are plotted as a func-
tion of grazing angle. A reduced angle range was used due to the difference in source-

detector geometry of the UHV chamber.

The results in Figure 4.7 (B) show little change in the atomic composition as the graz-
ing angle increases. These results suggest that Ga is evenly distributed among the top
layers of the surface, similar to the (001) surface, as seen in Figure 4.6 (B). However,

due to the shallow angle range used, any potential Ga enrichment at the topmost layer

may not have been detected.
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Figure 4.7: (A) The atomic composition of the (210) surface determined via XPS as a
function of sputtering and annealing. The bulk composition is highlighted by the dot-
ted lines. (B) The atomic composition of the (210) surface was determined via XPS as
a function of scanning angle. The bulk composition is highlighted by the dotted lines.
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(100) Surface

Figure 4.8 (A) shows the change in the atomic composition of the (100) surface after
sputtering and annealing at increasing temperatures. After sputtering, the surface con-
sists of 50% Ga and 50% Ni. Comparing this result to the other two GazNiy surfaces,

we can observe that Ga is preferentially sputtered from all three surfaces.

For the (100) surface, we were able to record lower annealing temperatures, starting at
250°C. At this temperature, the Ga% begins to increase, approaching the bulk com-
position, as denoted by the blue and red dashed lines in Figure 4.8 (A). The surface
chemical composition matches the bulk composition after annealing at 300°C. Increas-
ing the annealing temperature further causes the Ga% to increase and the Ni% to de-
crease, surpassing the bulk composition, with Ga composing over 73% of the surface

after annealing at 500°C.

Figure 4.8 (B) shows the atomic composition of the surface after annealing at 410°C at
grazing angles of 0°, 11°, 26°, 41°, and 56°, which was the maximum angle at which the
sample could be tilted further without the risk of the sample falling out of the manip-
ulator. These results were recorded separately from the temperature-dependent data
and are not included in Figure 4.8 (B). The atomic composition does not change as the

grazing angle increases from 0° to 41°, with a slight increase in Ga from 83

The increase in Ga by 2% is within experimental error for XPS results, especially con-
sidering the reduction in intensity recorded at such extreme angles. The results from
Figure 4.8 (B) show that Ga and Ni are evenly distributed among the top few nanome-

ters of the (100) surface, which is consistent across all three surfaces.

The (001), (210), and (100) surfaces all show Ga segregating from the bulk to the sur-
face after being sputtered away. With the results of all three surfaces being consistent,
it can be concluded that Ga is preferentially sputtered from the surface and then segre-

gates to the surface after annealing.
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4.3.4 Comparison of the (001) surfaces for GasNi, and InsNi

IngNi, is an isostructural crystal to GagNiy, which is also part of the Al3Niy family of
catalysts discussed in Chapter 2. It has been studied by a fellow PhD student at the
University of Liverpool. All of the IngNi, results are attributed to Ahowd Youssef Alfa-

had and sourced from [72].

By comparing the (001) surface of both GagNiy and IngNis, we can see how the sec-
ondary elements present within these intermetallic compounds affect the (001) surface,
and which phenomena are intrinsic to the AlsNiy family of catalysis and which ones can

be related to the presence of Ga or In within the intermetallic compound.

Figure 4.9 (A) and (B) show how the atomic composition changes as a function of an-
nealing temperature. From Chapter 4, it was confirmed that Ga segregates from the
bulk to the surface after annealing for all three surfaces. Figure 4.9 (B) shows that for
In3Ni,, after sputtering, Ni constitutes approximately 60% of the surface composition,
indicating that In is also preferentially sputtered from the surface. After annealing to
310°C for ninety minutes, the composition of the surface shifts to In, composing over

70% of the surface.

Both In and Ga segregate from the bulk to the surface for the (001) surface, which is
attributed to the surface free energy of both In and Ga being lower than that of Ni
[140]. Both surfaces terminate on the bonded Ni planes, so both Ga/In and Ni are
present in the topmost layers, confirmed through angle-resolved XPS on both surfaces

and LEIS in IngNi, [72].

Both samples reach a plateau in secondary element composition, with only minor fluc-
tuations recorded within experimental error. The angle-resolved results shown in Fig-

ure 4.6 (B) indicate that Ga is evenly distributed among the top layers.
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4.4 Summary

This chapter investigates the effects of the preparation conditions on the surface chemi-

cal composition of all three GaszNi,y surfaces.

Sputtering increases the percentage of Ni visible on all three GagNi, surfaces beyond
the bulk composition, as shown in Figures 4.6 (A), 4.8 (A), and 4.7 (A). This has been
attributed to the preferential sputtering of Ga from the surface due to Ga having a
lower surface free energy than Ni. The phenomenon of the heavier element with the
lower surface free energy being preferentially sputtered from the surface has been ob-
served in IngNiy, where In is preferentially sputtered from the surface [72], and in Ag-
In-Yb [137], where preferential sputtering of the heavier elements, In and Yb, with

lower surface free energies has also been observed.

Annealing the surfaces caused Ga from the bulk to segregate to the surface in all cases,
as seen in Figures 4.6 (A), 4.8 (A), and 4.7 (A), which is also attributed to Ga having a
lower surface free energy. Similar results were observed from the IngNiy (001) surface as

well, where In segregated to the surface after annealing.

The angle dependant results shown in Figures 4.6 (B), 4.8 (B), and 4.7 (B) showed
that all three samples have Ga and Ni evenly distributed among the topmost layers.
This can not confirm the presence of both Ga and Ni on the topmost layer. A low en-
ergy ion scattering (LEIS) study performed on the (001) surface by Ahowd Alfahad,
discussed in Chapter 5 and shown in Figure 5.9, confirmed that the topmost surface

layers contain both Ga and Ni atoms.

To achieve a surface composition similar to that of the bulk and to observe the (1x1)
bulk unit cell through LEED, each of the GagNi, surfaces would need to be annealed
to different temperatures. For the (210) surface, annealing at 400°C for ninety min-
utes, as shown in Figure 4.7 (A), produced a surface composition akin to the bulk. The
(001) surface will require annealing at 300°C for ninety minutes to achieve bulk com-
position, as shown in Figure 4.8 (A). For the (001) surface, a lower range of annealing
temperatures is required to determine when the surface composition matches the bulk
composition, as the Ga% exceeded 65% after annealing at 335°C, the lowest recorded

temperature.



Chapter 5

Surface Atomic Structure of GasNiy

5.1 Introduction

This chapter presents the atomic structure of GagNiy (001), (210), and (100) surfaces
studied by LEED and STM. LEED results demonstrate how the LEED images are
affected by sputtering and annealing at different temperatures. The XPS results pre-
sented in Chapter 4 revealed Ga segregation from the bulk to the surface during an-
nealing. Here, we will investigate how this segregated Ga influences the surface symme-

try.

STM results for the GagNiy (001) and (210) surfaces will be discussed. We begin by
calculating the step height for each surface to understand surface morphology and iden-
tify which plane the surface terminates on. The step height and features observed in
the high-resolution STM images will be compared with the model structures. In Chap-

ter 4, it was shown that Ga segregates from the bulk to the surface after annealing.

5.2 Experimental Detalils

Single grain samples were grown by the Czochralski method [30] and cut to expose the
(001), (210), and (100) surfaces. After being manually polished using progressively
smaller grits of diamond paste from 6 ym to 0.25 um, each sample was prepared un-
der UHV with several cycles of sputtering (Ar™, thirty minutes, 2 keV, drain current 6
pA /28 pA) and annealing (525°C, ninety minutes), where the annealing temperature

was recorded through an optical pyrometer at an emissivity of 0.2.

81
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LEED patterns were recorded after sputtering and annealing over a range of tempera-
tures (335°C - 525°C). A series of LEED patterns were recorded with an electron beam
energy from 1 - 200 eV every 1 eV (base pressure 1x1072 mbar). Covering the 1 - 200

eV range ensures that the most surface-sensitive LEED images will be recorded.

The quality of the surface was checked via LEED. These STM experiments were con-
ducted in two laboratories: the University of Liverpool, where the base pressure while
scanning was 2x10™Y mbar, and the Institut Jean Lamour, Nancy, where the base pres-
sure while scanning was 4.7x1071% mbar. Both experiments used the same preparation

method as discussed above and the same GasgNiy samples.

The STM images used in this thesis were recorded in two laboratories, Institut Jean
Lamour in Nancy and the Surface Science Research Center in Liverpool. To ensure the
results are accurate, all of the STM apparatus were calibrated using a material with
known dimensions, which was easy to scan via STM. HOPG was used as it is a well-
researched surface [141], ensuring we were able to calibrate the surface before scanning

each of the surfaces.

To prepare the surface sufficiently to produce high-quality STM images, each sample
must be annealed at temperatures where Ga segregation has occurred. The abundance
of Ga on the surface caused issues with obtaining STM images, especially at the atomic
scale. After pulsing the tip, the image quality would drastically decrease as the tip
pulled weakly bonded materials from the surface, ruining the prepared tip. After fur-
ther pulsing to sharpen the tip, large blobs of material would be deposited over the sur-

face.
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5.3 Results and Discussion

5.3.1 Surface Model Structure

Figure 5.1 shows the unit cell of all three GagNiy surfaces with a side-on view followed
by a head-on view of all three surfaces. By adding the bonds between the nearest-
neighbour atoms, Figure 5.1 shows that the Ni atoms are only connected to the near-
est Ga atoms and vice versa; the surrounding Ga atoms are only bonded to Ni atoms.
This suggests that the Ni atoms are anchored into the unit cell by the Ga atoms, which

encompass the Ni atoms in a tetrahedral shell seen in Figure 3.20 (C).

1 e (B)

1.35,&11%9000000
O O
O O O 489A
0 2 % ©

3.51 Al

(D)

> oo 12— O 0 O
[1(_)2]ioo Opopo [cﬁ;! 0O 00O
. © 0 O o © 0 O o0

p b [100]

(D) OO0 00000 |p

© 0 OO0 OO0 O —) (] o
1.85§C?_e (%) o o o -
[001] 04.%5,&0 6000 1.65A% o c)3.51
" 0°20°%0

[QLOI_£ 4.89 A
N2olg—-e— o O 0 O

Figure 5.1: Model structures of all the GasNiy surfaces, with the nearest neighbour
bonds shown. Ga atoms are in green and Ni atoms are in silver. (A) and (B) show the
side profile, with the step heights given, and the top view, with the unit cell dimensions
of the (001) surface. (C) and (D) show the side profile, with the step heights given, and
the top view, with the unit cell dimensions of the (100) surface. (E) and (F) show the
side profile, with the step heights given, and the top view, with the unit cell dimensions
of the (210) surface.
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Figure 5.1 (A) shows a Model of the (001) surface, which exhibits a rhombus unit cell

with a dimension of 4.05 A which can be mapped over both the Ga and Ni layers. Fig-
ure 5.1 (B) shows several (001) layers stacked vertically, showing the slight offset of the
Ga and Ni atoms. The surface can be considered a buckled layer consisting of the top-

most Ni and Ga layers.

Two of the three distances given, on the left, are the distances between the pure Ni
planes, while the value on the right is the height of the unit cell. From the STM re-
sults, it was concluded that the Ni to Ni steps were being observed in addition to the

unit cell height.

Figure 5.1 (C) shows the (210) surface unit cell showing a large rectangle with sides
of 7.01 A and 4.89 A. Figure 5.1 (D) shows three (210) planes stacked vertically, each
plane is identical being a mixture of Ga and Ni atoms, each plane being equidistant
from each other at 2.03 A or /2 where a the corresponding lattice parameter equal to

4.05 A.

The Model of the GagNiy plane (100) shown in Figure 5.1 (E) shows the (1x1) rect-
angular unit cell with sides of 4.05 A and 4.89 A. Figure 5.1 (F) shows several (100)
planes stacked vertically, the planes are either pure Ni, pure Ga or a mixed Ga and Ni
plane, as shown in Figure 5.1 (E). The distances provided show the distance between

each of the individual planes starting from the pure Ni and Ga planes.
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5.3.2 GasNi, (001) Surface

Surface Structure by LEED
(A) o
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Figure 5.2: (A) The Model of Al (111) showing the surface unit cell. (B) LEED image
of Al (111) at 74 eV with Bragg peaks highlighted by white circles.

As no prior LEED analysis had been carried out on GazNiy surfaces, the results were
calibrated using LEED images from the Al (111) surface. Figure 5.2 (A) shows the
model structure of the Al (111) plane with a hexagonal unit cell and a lattice constant

of 2.86 A.

Figure 5.2 (B) shows a LEED image of the Al (111) surface taken at 74 eV. The ex-

pected unit cell can be calculated using Equation 5.1.

27
A= m (5.1)

Where a is the known real-space length of the lattice vector and A is the reciprocal

space distance. The reciprocal unit vector is obtained from the LEED pattern.

A
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Figure 5.3: LEED patterns for GagNiy (001) surface after sputtering (A) and anneal-
ing at 335°C (B) and 525°C (C). The beam energy is 74 eV for all patterns. Spots are
highlighted by circles.

CF is the conversion factor that converts the reciprocal unit vector measured from
the LEED image, BB, in equation 5.2, into inverse angstroms using the value AA in
equation 5.2. By using Al (111), which has a known lattice vector length, aa, we can
produce a CF that is usable to convert the reciprocal unit vector for all of the GagNi,
surfaces. The CF is sensitive to the beam energy, so it will need to be recalculated for

each beam energy used.

With the conversion factor calculated, the next step was to obtain appropriate LEED
images from all three of the GagNiy surfaces. For the conversion factor to be applied,
the GagNiy LEED images are recorded at the same distance from the phosphorescent
screen. The LEED images were recorded by a permanently mounted camera kept in

darkness at a fixed point from the phosphorescent screen.

To compare the LEED patterns to the model structure, we first present the atomic
structure of the (001) plane in Figure 5.1. The green spheres represent Ga, and the sil-
ver spheres represent Ni. The surface unit cell is a rhombus with a dimension of 4.05
A as marked in Figure 5.1 (A). Figure 5.3 shows the LEED patterns after sputtering
and annealing at different temperatures, all at the same beam energy of 74 eV. Typi-
cally, no LEED patterns are expected from the sputtered surface because the process
roughens it. However, our data shows a LEED pattern, as seen in Figure 5.3 (A). As

expected from the rough surface, the LEED pattern has a high background.



Surface Atomic Structure of GasNis 87

After annealing the surface at 335°C (Figure 5.3 (B)), a sharp hexagonal pattern with
a low background can be observed in an energy range of 18 - 200 eV. Higher annealing
temperatures do not cause any further change in the LEED patterns. The dimensions
of the unit cell recorded from the LEED pattern, when converted from reciprocal into
real space, match the dimensions of the unit cell from the model, confirming that the
surface corresponds to a bulk truncation. The segregation of Ga to the surface has not

influenced the surface symmetry.

Surface Structure by STM

Step Terrace Morphology

STM images of the surface were taken after annealing at different temperatures, start-

ing at 335°C and going up to a maximum of 525°C. No steps or terraces were observed
until annealing at 450°C, where clearly defined step edges became visible. An STM im-
age taken after annealing at 525°C is shown in Figure 5.4 (A), which shows large flat

terraces.

The step heights were analysed from STM images recorded within the annealing tem-
perature range of 450°C to 525°C. Height histograms in the vicinity of a step edge were
used to determine the step height. An example of a height histogram is shown in Fig-
ure 5.4 (B). STM images from six different areas of the surface, after different prepara-
tion cycles, were analysed. In total, 110 steps were measured over an area of 760 pum?,
with three average step heights observed: 5.1 A, 1.8 A, and 3.8 A with the error be-
ing the standard error of the mean. The 5.1 A high steps were found most frequently
(94%), while 1.8 A and 3.8 A steps were rarely observed (3% each). The highest step is

composed of the two smaller steps as shown in Figure 5.4 (C).

Large white spots can be seen mostly at the step edges and a few in the middle of the
terraces (Figure 5.4 (A)). These spots protrude from the surface at a height of a few
nm. It is unlikely that these spots are due to surface contamination, as XPS results
showed no contaminants on the surface. They could be due to segregated Ga collect-
ing on the surface in random clusters, as these clusters were observed throughout the
surface. Alternatively, these could be leftover GagNiy that did not diffuse onto the step

edges or into the surface during surface preparation.
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Figure 5.4: (A) A 400x400 nm? STM image from the (001) surface. (B) Height his-
togram from the section of (A) marked by the black square, showing three different
step heights (4.89 A, 1.35 A and 3.51 A). The histogram underwent 3-point levelling
to reduce the noise present, producing cleaner peaks. (C) A 3D section of (A) marked
by the black square showing the miniature steps that make up the larger steps. The
sub-steps are marked and their average heights given, plus error.
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Atomic Resolution

Figure 5.5: (A) 20x20 nm? STM image of the GagNiy (001) surface. A row of dots is
visible running diagonally across the surface, showing structure on the surface. White
patches are randomly dotted over the surface. (B) FFT of (A) with the peaks at-
tributed to the noise highlighted in green and those from the surface in white.

For all of the STM results recorded at the Institut Jean Lamour in Nancy, a 25 Hz
noise is present due to a standing wave vibration in the building. Each of the chambers
is isolated on a concrete block to reduce the effects of noise; however, the 25 Hz noise
persisted. It was not possible to remove the noise during the measurements. However,
during data analysis, the noise could be filtered. Figure 5.5 (B) shows a fast Fourier

transformation (FFT) of high-resolution STM images with noise.

The features at the top and bottom of the FFT image are due to the noise. The noise
has been filtered from the STM data presented in this section. After selecting a flat
section of the (001) surface, decreasing the scan speed, and adjusting the remaining
scan parameters to produce an image, the system was left to scan the same window

several times to reduce the impact of drift.

Figure 5.5 shows a 20x20 nm? STM image from a terrace. Across the centre of the im-
age, the resolution improves due to the tip changes. Large white features with irregular
shape and size, similar to the ones seen in Figure 5.4 (A), appear randomly across the

image.
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Filtering the image by height to select these protrusions did not produce an FFT pat-
tern or a pattern after autocorrelation was performed on these features. The lack of
any symmetry present means they are occurring randomly. These white patches are
ubiquitous across the entire surface. The FFT of Figure 5.5 shows hexagonal symmetry

as expected from the LEED. The lattice constant determined from the FFT was 4.05 A

+ 0.1 A, which is consistent with the Model structure and LEED results.

Figure 5.6: (A) The inverse FFT of Figure 5.5 (A). (B) The filtered FFT used to pro-
duce (A). All six of the brightest maxima were selected in addition to the background
in the centre. (C) The filtered FFT converted back to real space showing the (1x1)
structure on the (001) surface.

After filtering the six maxima along with the background from the centre of the FFT,
these results were converted back into real space through a reverse FFT to highlight
the underlying surface structure. Figure 5.6 (A) shows that after filtering, points can
be observed forming hexagons. The average size of the hexagons is 4.0 & 0.1 A, which
is consistent with the Model values (4.05 A). After overlaying atoms in the Ni plane
from the Model onto a section of the STM image (Figure 5.6 (C)), we were able to
observe that the bright features observed in STM matched the position of the Model

atoms.

The STM results for the GagNi, (001) sample show three different step heights (5.1 A,
2.0 A, and 3.9 A). The step heights are consistent with the distance between Ni planes
from the model, indicating that the surface is Ni-terminated. The atomic resolution

observed from the high-resolution images matches the atomic structure in the Ni plane.

The STM results are consistent with the LEED, showing a (1x1) pattern.
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Weak Superstructure

Figure 5.7: (A) The FFT of a high resolution STM image from the (001) surface show-
ing the six bright spots from the (1x1) structure and the twelve diffuse spots resulting
from a weak superstructure. (B) The reciprocal space of a three-domain ¢(2v/3 x 4)
superstructure, where different colours represent the reciprocal space of three different
domains. (C) The inverse FFT of selected superstructure spots shown in (D) with a se-
lected superstructure domain highlighted. (D) The Filtered FFT showing one example

of the selected domain.
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Figure 5.5 (B) shows the FFT of an STM image from the (001) surface. In addition
to the expected peaks from the surface symmetry, there is an inner ring with twelve
diffuse spots. These weak spots are highlighted in the magnified FFT in Figure 5.7 (A).

These weak spots indicate that a weak superstructure is present on the surface.

Alfahad et al. have shown a superstructure of three domains ¢(2v/3 x 4) on the (001)
surface of isostructural IngNiy [72]. This superstructure was induced by hydrogen present
within the UHV chamber. The reciprocal space of this superstructure is shown in Fig-
ure 5.7 (A), where the spots in different colours arise from the three different domains.
The weak spots observed in the FFT of the STM image match the spots that arise

from the ¢(2v/3 x 4) superstructure shown in Figure 5.7 (B). This indicates that our
surface also undergoes this superstructure, but the order of the superstructure is very

weak.

We also analysed the inverse FFT of each of the three superstructure domains, one ex-
ample is shown in Figure 5.6 (C), where we can identify a central rectangular unit cell
as expected. The dimensions of this unit cell are different from the expected for the
¢(2v/3 x 4) superstructure because we used the second-order spots to calculate the in-
verse FFT (the first-order spots were not observed in the FFT, Figure 5.7 (D)), and
also the superstructure spots are not being fully resolved, which will produce some in-
accuracy within the calculations. However, the aspect ratio for the unit cell in the in-

verse FFT (1.13) closely matches the expected ratio of ﬁg = 1.16.

Surface Termination

We will now discuss the possible surface terminations. Three models will be discussed.
For this, we present a side view of the (001) surface in Figure 5.8. Model One will ex-
plain the surface termination with Ni atoms on the topmost layer bonded to Ga atoms
in the layer below (the layers are marked by 1 and 4 in Figure 5.8). In this model, the
distance between the Ni atoms on the topmost layer and the Ga atoms in the layer be-
low is 2.61 A apart; therefore, these atoms are likely to be bonded to each other. Model
Two will explain the surface termination with Ga atoms on the topmost layer bonded

with the Ni atoms in the layer below (the layers marked by 0 and 3 in Figure 5.8).
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The distance between the Ga atoms on the topmost layer and the Ni atoms in the layer
below is 2.42 A so these atoms are likely bonded. Model Three shows the surface ter-
mination on the consecutive Ga planes (the layers are marked by 0, 2, and 3 in Figure
5.8). If the surface terminated on plane 2, the Ga atoms from the top layer would be

bonded to the Ga atoms in the layer below.
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Figure 5.8: The model structure of vertically stacked (001) planes with the three pro-
posed surface termination models, the expected step heights for each model are shown.
Model One shows the surface termination with the Ni atoms on the surface, marked by
the planes 1 and 4 in blue. Model Two shows the surface termination with Ga atoms
on the surface, marked by the planes 0 and 3 in red. Model Three, the Ga surface ter-
mination utilises all of the Ga layers, marked by the planes 0, 2 and 3 in magenta.

The step heights expected from Model One are 3.54 A and 1.35 A, or their combina-
tion, 4.89 A. These step heights were observed via STM, as shown in Figure 5.4 (C).
However, the step heights expected for Model Two (3.06 A and 1.83 A) are also close
to the measured step heights within experimental errors. Therefore, the Model Two of

surface termination is also possible.

We rule out the surface termination with Model Three. If the surface terminated on all
three of the consecutive Ga planes, we would expect to see three small steps of 1.83 A,
1.23 A, and 1.83 A appearing consecutively. However these steps were not observed by

STM
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Figure 5.9: LEIS spectra recorded from the GagNiy (001) surface after sputtering and
annealing at 480°C. Each peak is highlighted with the corresponding element. The y-
axis is set to a natural log scale.

A low-energy ion scattering (LEIS) study was conducted on the (001) surface by Ahowd
Alfahad to identify the element(s) present in the topmost atomic layer and thereby de-
termine the most appropriate surface termination model. LEIS employs noble gas ions
with energies between 1 and 10 keV. These ions are readily absorbed at the surface,
meaning that any detected signal originates exclusively from the outermost atomic

layer [142], [143]. Figure 5.9 presents the results of the LEIS measurements on the

(001) surface following sputtering and annealing.

After sputtering, the data show approximately equal intensities for Ga and Ni at the

surface, indicating that Ga has been removed, consistent with the hypothesis of prefer-
ential sputtering of Ga discussed in Chapter 4. Upon annealing to 480°C, the Ni peak
decreases, confirming that Ga segregates to the surface, as also observed in Chapter 4.

However, the persistence of a notable Ni peak suggests that Ni atoms remain present in
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the outermost layer, although Ga is the dominant element. If Model Three were accu-
rate, the topmost Ga atoms would completely block the He™ ions from reaching the un-
derlying Ni layer, and a Ni peak would therefore not be detected. Therefore, the LEIS

results rule out Mode Three, which is consistent with the STM observation.

Model One and Model Two would produce identical surface unit cells, with Ni atoms
forming a rhombus of length 4.05 A in Model One, and Ga atoms with the same geom-
etry in Model Two, as shown in Figure 5.1 (A). This rhombus was observed via STM
(Figure 5.6 (C)). Since STM cannot distinguish between Ga and Ni, we are unable to
confirm whether Model One or Model Two is correct based on high-resolution STM

alone.

Both Model One and Model Two contain bonded Ga and Ni atoms on the surface. The
surface stability of other binary intermetallic compounds, such as ZnPd, also suggests
that a surface termination with both constituent elements is more stable than a termi-
nation with a single element [80]. The presence of Ni on the surface is also important

for the catalytic properties of the surface [10].

Between Model One and Model Two, Model Two may be more probable for the follow-
ing reasons. Ga has a lower surface free energy than Ni [78], making a Ga-terminated
surface more stable. Model Two is also consistent with the LEIS results shown in Fig-
ure 5.9. With Ga being the dominant element on the topmost layer of the surface, but
a notable Ni peak showing that there are Ni atoms present on the surface. Model Two
also matches the surface termination of isostructural IngNi, proposed by Alfahad et al.
[72]. Based on STM, LEIS, and DFT calculations of surface free energy, they showed
that the surface terminates with In atoms in the topmost layer, bonded with Ni atoms

beneath.
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5.3.3 Ga3Ni, (210) surface

Surface Structure by LEED

Figure 5.10: LEED patterns for GagNi, (210) surface after sputtering (A) and anneal-
ing at 320°C (B) and 525°C (C). The beam energy is 50 eV for all patterns. The white
circles correspond to the (1 x 1) structure with the cyan circles corresponding to the
c(2 x 2) superstructure.

The LEED patterns were recorded after sputtering and annealing at 320°C and 525°C.
Figure 5.1 (C) shows the (210) surface unit cell. It is rectangular with sides of 7.01 A
and 4.89 A.

The sputtered surface in Figure 5.10 (A) shows some diffuse Bragg peaks exhibiting
rectangular symmetry. The peaks seen in Figure 5.10 (A) are in the same positions as

the Bragg peaks seen in the LEED patterns after annealing (Figure 5.10 (B) and (C)).

After annealing to 320°C, the Bragg peaks become sharper, as seen in Figure 5.10 (B),
with the additional presence of Bragg peaks previously not observed in Figure 5.10 (A).
The surface unit cell matches the model. Background intensity has also decreased at

this annealing temperature.

At the highest annealing temperature recorded, 525°C, a new series of Bragg peaks ap-
peared at the centre of each surface unit cell, as shown in Figure 5.10 (C). The recon-
struction was identified as ¢(2 x 2). A LEED modelling software program, LEEDPat
[144], was used to recreate the observed LEED pattern from the given parameters and
then construct a superlattice to confirm the type of reconstruction that occurred on the

surface.
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Figure 5.11 (A) shows an excerpt from the LEEDPat window [144]. In the top left, the
Basic 2D lattice section is where the parameters from the GazNiy (210) model are in-
put. The settings used to produce the model LEED are a Rectangular group with val-
ues of a = 7.01 A and b = 4.89 A.

After the base lattice was constructed, the superlattice/reconstruction was modelled.
The ¢(2 x 2) superlattice was chosen, as the model LEED results in the bottom right
match what was observed in Figure 5.10 (D), with the surface unit cell forming a rect-
angle with a central peak. The model also calculates the lattice length between the su-
perlattice points, which was consistent with the values measured from the LEED image
and from the model shown in Figure 5.11 (B), confirming that a ¢(2 x 2) reconstruc-

tion has occurred.
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Figure 5.11: (A) The main window from the LEEDPat [144] LEED modelling software
shows the input parameters and the type of reconstruction selected, with the real space
results on the left and the reciprocal space results on the right. (B) The model (210)
plane with the ¢(2 x 2) reconstruction highlighted with the purple atoms. The unit cell
dimensions are given.
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Surface Structure by STM

Step Terrace Morphology

Figure 5.12: (A) 100x100 nm? STM image of the GazNi, (210) surface. (B) The 3D
view of the black square in (A). Each plane is labelled with either a red arrow or a
black arrow. Black arrows represent the unit cell height a which is 4.05 A and the red
arrows represent a/2 which is 2.03 A.

Large-scale STM images of the (210) surface were acquired (Figure 5.12 (A)) following
annealing at various temperatures between 300°C and 520°C. No step terraces were
observed on surfaces annealed below 350°C. At 350°C, step edges and terraces began to
appear; however, the terraces remained relatively narrow. To obtain larger terraces, the

annealing temperature was increased to 520°C (Figure 5.12).

White protrusions were also observed across the entire surface (Figure 5.12 (A)), simi-
lar to those seen on the (001) surface. These protrusions appeared randomly distributed,
and filtering the images to isolate these features did not produce a discernible FFT
pattern. As discussed in the previous section, these white protrusions are likely at-
tributable to segregated Ga or GagNi, clusters that were not fully incorporated into

the surface following sputtering.

According to the model (Figure 5.1 (D)), only a single interplanar spacing (2.03 A)
and its multiples are expected. Using the height histogram and line profile methods
described in Section 5.3.2, the step heights were measured to be 2.01 + 0.1 A and 4.05
4+ 0.02 A, as shown in Figure 5.4 (B), where only step heights corresponding to a and
a/2 were observed. These values were determined from measurements of 40 individual

step heights across an area of 480 x 480 nm? in the STM images.
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Atomic Resolution

Figure 5.13: (A) 20x20 nm? STM image of the GagNiy (210) surface. A row of dots is
visible running diagonally across the surface. White patches are visible and randomly
dotted over the surface. (B) FFT of (A) with the spots highlighted by white circles and
the surface unit cell outlined with white lines. (C) A model ¢(2 X 2) reconstruction
overlaid onto an inverse FFT of a section of (A).

Figure 5.13 (A) shows a high-resolution STM image of the (210) surface, where a se-
ries of dots forming diagonal rows corresponds to individual atoms. These STM images
were obtained after annealing the sample at 500°C, a temperature at which the sur-
face undergoes a ¢(2x2) reconstruction, as independently confirmed by LEED measure-

ments.

The corresponding FFT, shown in Figure 5.13 (B), displays a central rectangular unit
cell, corroborating the ¢(2x2) symmetry observed in LEED. A primitive unit cell is
outlined with a white diamond in Figure 5.13 (B). The lattice constant extracted from
the FFT was 8.5 4 0.1 A, while direct measurements from the STM image using a line
profile tool yielded 8.4 + 0.1 A, both consistent with the expected value for a c(2x2)

reconstruction (8.5 A).

To further validate the reconstruction, a structural model of the ¢(2x2) unit cell was
overlaid onto the STM image (Figure 5.13 (C)). The model closely aligns with the po-
sitions of the brighter features in the STM data, confirming the presence of the ¢(2x2)

reconstruction on the (210) surface.
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5.3.4 GazNi, (100) surface

Surface Structure by LEED

Figure 5.14: LEED patterns for GazNiy (100) surface after sputtering (A) and anneal-
ing at 410°C (B) and 494°C (C). The beam energy is 50 eV for all patterns. Spots are
highlighted by white circles.

The model of the GagNiy (100) plane, shown in Figure 5.1 (E), displays a rectangular
unit cell with sides of 4.05 A and 4.89 A. LEED patterns were recorded from the sur-
face after sputtering and annealing at 410°C and 494°C, as shown in Figure 5.14. The
LEED pattern after sputtering, Figure 5.14 (A), shows no spots, unlike the (001) sur-
face. Sputtering has roughened the (100) surface too much for any surface symmetries
to be observed. After annealing the surface to 410°C, Bragg peaks become visible, dis-

playing a rectangular unit cell across a range of beam energies (20-200 eV).

The dimensions of the surface unit cell measured from the LEED pattern match the
unit cell of the model shown in Figure 5.1 (E), suggesting that no reconstruction has
occurred. Increasing the annealing temperature has no significant effect on the LEED
pattern. As with the (001) surface, the segregation of Ga from the bulk to the surface

does not alter the surface symmetry observed.
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Figure 5.15: The LEED patterns from the GagNiy (100) surface at five different tem-
peratures recorded with a beam energy between 35 - 67 eV. This image is from Dr
Ahmna Alofie’s thesis [145].

Dr. Amnah Alofie previously performed a LEED study [145] of the (100) surface over
a range of annealing temperatures from 360°C to 430°C and recorded a range of recon-

structions at the lower annealing temperatures.

Her results match what we observed from our (100) sample, with a (1x1) surface unit
cell being observed at temperatures above 410°C. Due to a discrepancy in the emissiv-
ity used for temperature recording, we measured a higher temperature than the values
quoted in Dr. Amnah Alofie’s thesis, which explains the absence of (2x1) reconstruc-

tion observed at 410°C.

5.3.5 A Comparison of all Three GasNi; Surfaces

In this section, we will compare all of the results for each of the three GazNiy surfaces,
(001), (100) and (210). Starting with a look at the model for each of the GazNiy sur-
faces and the differences in the surface structure to explain the difference in the results.
Then the individual XPS results for all three surfaces will be compared to show how
the preparation conditions have affected each of the surfaces and how segregated Ga

has collected on the surface.

Next, we will discuss the LEED results, Sections 5.3.2, 5.3.3 and 5.3.4, and why the
(210) surface was the only one to undergo reconstruction. Then, the STM results will

be discussed, and understanding the surface geometry of each sample will offer insights
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into the questions raised by the findings of the prior experimental techniques.

Finally, the GagNiy and InzNiy (001) surfaces will be directly compared to each other.
By comparing the surface chemical composition as a function of temperature, surface
geometry and symmetry through LEED and oxidation discussed in chapter 6 we can
further our understanding of both these samples and what phenomena, such as segre-
gation of the secondary element, Ga/In on the surface, reconstruction on the (210) sur-
face and a lack of Ni oxides after Oy exposure, are due to the Al3Ni, family of catalysts

and which ones are due to Ga in the intermetallic compound.

Figure 5.1 shows the unit cell of GagNi,y followed by a side-on and head-on view of all
three surfaces. By adding the bonds between the nearest neighbour atoms, Figure 5.1
shows that the Ni atom is only connected to the nearest Ga atoms. This suggests that
the Ni atoms are anchored into the unit cell by the Ga atoms, which encompass the Ni
atoms. The site isolation of the Ni atoms from the neighbouring Ni atoms is attributed
to the increase in catalytic selectivity [10] of GaNi IMC. Site isolation is present in

many IMC from InNi to GaPd [72], [85].

Figure 5.1 (A) shows the (001) surface, which is the only surface to exhibit the buck-
led planes where the Ga and Ni layers are bonded together. The results from the step
height analysis produced two possible options for the surface termination shown in Fig-
ure 5.8 either Ga one the surface bonded to Ni, the red distances, or Ni on the surface
bonded to Ga atoms in the layer below, the blue distances. LEIS results from GagNis
show both Ga and Ni present on the topmost surface. With Ga having a lower sur-
face free energy than Ni and segregating to the surface observed via XPS in Chapter

4 [92] it was decided that Model Two with Ga atoms on the surface is the expected
surface termination matching the isostructural In—3Ni,y, which was found to have both
In and Ni on the surface via LEIS and though STM and surface energy calculations

terminated with In atoms on the surface bonded to the Ni atoms below [72]

The (210) and (100) surfaces seen in Figure 5.1 (C) and (E) only have Ni on mixed
planes, with the (100) surface having a pure Ga plane at the top and bottom of the
model unit cell. The (001) surface terminates on the bonded Ga-Ni planes in the cen-
tre of the unit cell. The (210) surface consists of a single mixed plane where the Ni is

bound to 2 atoms and a singular Ga in the subsurface.
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Each of the three surfaces has slight variations in how the Ga and Ni atoms are bonded.
By comparing the results from each of the samples, we can consider whether the change
in surface structure is a factor in the differences we observed in how each surface reacts
to sputtering and annealing. Each surface terminates on a bonded Ga-Ni plane, which
has been observed in InzNis [72] though STM and confirmed by surface energy calcula-

tions.

Comparison of the LEED results

The XPS results from Chapter 4 showed Ga segregation onto the surface of all three
samples. This shift in the atomic composition was thought to affect the surface symme-
tries observed through LEED. Figure 5.16 shows the LEED results for all three surfaces
from sputtered (Figure 5.16 (A), (D) and (G)) and then after annealing at two different
temperatures, with the highest temperatures for each surface in the right-hand column.
A trend across all three surfaces is seen in Figure 5.16; higher annealing temperatures
produce a higher quality LEED image with sharper Bragg peaks and less background.
Longer annealing times were used for lower annealing temperatures on the (001) and
(210) surface to see if annealing time would alter the surface symmetry. An increase

from 90 minutes to 180 minutes did not affect the quality of the LEED images.

The sputtered results for each of the three surfaces show Bragg peaks, confirming that
for the (001) and (100) surfaces, there is significant surface symmetry present after
sputtering as the peaks are sharp, and some diffuse Bragg peaks can be seen on the
(210) surface. From the XPS results, Ga is preferentially sputtered from the surface,
leaving a more Ni-rich surface. Figure 5.16 (A) shows a triagonal pattern from the
(001) surface after sputtering. Increasing the electron energy causes an additional three
Bragg peaks to be observed rotated by 60°. Both sets of peaks together make the ex-

pected hexagon shape, which was seen in Figure 5.16 (B) after annealing.
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(A)(001) - Sputter| (B)(001) - 320°C |(C)(001) - 500°C

(D)(100) - Sputter|(E)(100) - 414°C |(F)(100) - 495°C

(G)(210) - Sputter (H)(zioj- 325°C |(I)(210) - 508°C

Figure 5.16: A series of LEED images taken from all three surfaces from sputtered

to annealed at two increasing temperatures, with the Bragg peaks highlighted. (A),
(B) and (C) are from the (001) surface and consist of the sputtered surface. The sur-
face was annealed at 320°C and 500°C, respectively, with the Bragg peaks of interest
highlighted in white. (D), (E) and (F) are from the (100) surface and consist of the
sputtered surface and the surface annealed at 414°C and 495°C, respectively, with the
Bragg peaks of interest highlighted in red. (G), (H) and (I) are from the (210) surface
and consist of the sputtered surface, and the surface annealed at 325°C and 508°C re-
spectively with the Bragg peaks of interest highlighted in blue showing the appearance

of the ¢(2x2) reconstruction.
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The (100) and (210) surfaces after sputtering, seen in Figure 5.16 (D) and (G), show a
similar trend with Bragg peaks being visible. Figure 5.16 (G) shows a large rectangular
unit cell, but when converted into real space, the distance would be too small to be any
form of real surface structure. After annealing the surfaces in Figure 5.16 (E) and (H),
additional Bragg peaks appear as the surface becomes more ordered. Bragg peaks seen
from the sputtered LEED images match the position of Bragg peaks seen after anneal-
ing the respective surface, suggesting that there is some order present on the sputtered
surface. For both the (001) and (100) surfaces at the highest annealing temperatures
shown in Figure 5.16 (C) and (F), no reconstruction occurred even with the Ga% ex-

ceeding 80% of the surface composition.

The (210) surface underwent c(2x2) reconstruction, observed by the additional Bragg
peak and identified through modelling software, once the Ga% on the surface exceeded

60%, Figure 4.7 (A).

At lower Ga%, no reconstruction was observed at any beam energies, showing that this
reconstruction was an effect of Ga moving and settling onto the surface. Segregated
Ga did not cause a superstructure that could be observed via LEED for the (001) and
(100) surfaces.

Comparison of the STM results

Using the results from Chapter 5, we were able to use LEED images to produce sur-
faces that are ideal for STM images to be recorded. The XPS results in Chapter 4 and
Figures 4.7 (A), 4.8 (A), 4.6 (A) show that the Ga % is notably higher than the bulk
composition, especially for the (001) surface. In this thesis, we only studied the (001)
and the (210) as the (100) surface had been previously studied by Dr Amnah Musaed
Alofi [145] at the University of Liverpool.

Both the (001) and (210) surfaces mostly consisted of multiple thin terraces stacked
tightly on top of each other at a lower annealing temperature (450°C) with Figure 5.17
(A) and (B) show a wide scan of the (001) and (210) respectively.
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Figure 5.17: (A) A 400x400 nm? STM image of the (001) surface. (B) A 100x100 nm?
STM image of the (210) surface.

Figure 5.17 (A) shows a mixture of short compact terraces and larger wider terraces in
addition to scattering of large white protrusions which can also be seen on the (210)

surface in Figure 5.17 (B) where the protrusions cover all of the steps in large clusters
and the step edges are bunched together. Using higher annealing temperatures, larger,
flatter terraces were able to form, which can be used for step height analysis. However,

the white protrusions remained present.

Figure 5.18 (A) and (B) show 3D images of the (001) and (210) surfaces which were
used to measure the step height and confirm Ni termination for the (001) surface with
the presence of the 1.4 A and 3.5 A sub-steps. The (210) surface only had one possible

termination plane shown in Figure 5.1 (E), which was consistently observed in Figure

5.18 (B).

Large protrusions that were taller than the surrounding terrace were visible across all
of the. These are believed to be large clusters of elemental Ga which have settled on

the surface after segregation, as they are randomly dispersed and are not a consistent
size or shape. XPS results showed that the surface was only Ga and Ni, with no other

elements detected, ruling out contamination as a cause for those.
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Figure 5.18: (A) A 3D image of the (001) surface with the step heights shown to con-
firm Ni termination. (B) A 3D image of the (210) surface with the average step height
displayed.

Focusing on a flat section of both surfaces, we were able to resolve atomic structure
from both the (001) and (210) surfaces. Figure 5.19 (A) and (B) both show a clear
structure present in particularly with Figure 5.19 (B), where rows of atoms are visi-
ble. Figures 5.19 (C) and (D) show the FFT results where both surfaces have had the

noise removed to enhance the bright peaks, making them visible.

Both results match the LEED results in Figure 5.16 (C) and (I), with the (001) surface
exhibiting (1x1) symmetry and the (210) surface displaying the c¢(2x2) reconstruc-
tion with the central spot highlighted in Figure 5.19 (D). Figures 5.19 (E) and (F) are
Fourier filter images of the (001) and (210) surfaces, respectively, by selecting the peaks
and some of the central noise we have filtered the initial image to only show the peri-
odic parts. This enhances the visible structure seen in Figure 5.19 (A) and (B), which

allowed the confirmation of the (1x1) unit cell and the ¢(2x2) reconstruction.
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Figure 5.19 (C) shows the inner ring, which contains twelve spots which correspond to
a C(Q\/§ x 4) superstructure shown in Figure 5.7. The points are diffuse, suggesting
that this superstructure is weak, as it was not observed in the LEED. The c¢(2v/3 x 4)
superstructure matches the one observed from the isostructural InzNiy (001) surface.

Though the superstructure was much more pronounced for IngNiy [72].

The (100) surface was studied by Dr Alofi at the University of Liverpool and exhibited
multiple reconstructions of the surface, which were dependent upon the annealing tem-
perature. With (4x2) and ¢(2x2) occurring at 366°C and 390°C with a (1x1) surface
structure being seen at annealing temperatures > 430°C [145]. Each one was confirmed
by LEED and STM and matches the (210) surface, which also showed temperature-

dependent surface reconstruction.
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Figure 5.19: STM images of the (001) and (210) surface. (A) 30nmx30 nm? section

of the (001) surface equalised to highlight surface structure. (B) 35x35 nm? section

of the (210) surface equalised to highlight surface structure. (C) An FFT of (A) with
the noise removed to enhance the peaks and noise. Peaks of interest are highlighted

by white circles. (D) An FFT of (B) with the noise removed to enhance the peaks and
noise to show the central peak indicative of ¢(2x2) reconstruction. Peaks of interest are
highlighted by white circles. (E) A filtered section of (A) showing atoms forming the
(1x1) expected surface structure. (F) A filtered section of (B) showing atoms forming

the ¢(2x2) reconstruction observed through LEED.
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Comparison of the (001) surfaces for GasNi, and InsNi

Three samples of IngNi, were cut along the same sample planes as the three GagNi,
samples are currently being studied by a fellow PhD student at the University of Liver-
pool. All of the InsgNi, results are attributed to Ahowd Youssef Alfahad [72] By com-
paring the (001) surface of both GagNiy and InzNiy we can see how the Ga present
within the intermetallic compound affects the (001) surface and which phenomena are
intrinsic to the Al3Ni, family of catalysis and which ones can be related to the presence

of Ga within the intermetallic compound.

LEED image of the (001) surfaces

Figure 5.20: The LEED pattern from the (001) surface of IngNi,, after annealing (A)
and after hydrogen exposure (B), and GagNiy after annealing over 500°C. (A) and (B)
adopted from [72].

Both the (001) surfaces of GazNiy and IngNiy are isostructural with IngNiy having a
larger unit cell [72]. It was expected that the LEED results would be similar, if not
identical, due to both intermetallic compounds exhibiting similar XPS results. Figure
5.20 shows LEED images taken from IngNi; (001) (A) and (B), and GasNi, (001) (C),

after annealing at over 500°C for ninety minutes taken at a beam energy of 100 eV.

Figure 5.20 (A) and (C) show the expected (1x1) hexagonal surface unit cell with the
correct dimensions expected from the (001) model for both GaszNiy and IngNiy. Figure
5.20 (B) shows a superstructure forming on the InzNiy (001) surface after exposure to
hydrogen after firing the Titanium sublimation pump [72]. A complex ¢(2v/3 x 4) can
be in Figure 5.20 (B).
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This phenomenon was not observed with GaszNis even after multiple firings of the TSP
no reconstruction occurred. None of the GagNiy samples reacted to the presence of hy-
drogen within the UHV chamber, even when left for 48 hours. This could suggest that
the atoms on the surface, both the Ni from the termination plane and the Ga clusters,
are either not susceptible to bonding with the hydrogen released during the TSP cy-
cle or that the hydrogen is bonding to the Ga clusters observed though STM which
are randomly distributed across the sample which would shield the surface symmetries

from the reconstruction seen in Figure 5.20 (B).

STM of the (001) surfaces
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Figure 5.21: 3D STM images of the (001) surface from InsNiy (A) and GagNiy (B). The
model structures of both IngNiy (C) and GagNiy (D) with the distance between each

layer are given.
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Figure 5.21 (A) and (B) show a 3D model of STM images from the In3Niy and GasNis
surfaces respectively. Both intermetallic compounds are mostly composed of larger ter-
race steps, which are multiples of C, where C is the height of the unit cell. Both inter-
metallic compounds also had sub-steps from Figure 5.21 (A) are 1.5 A and 3.7 A and
from Figure 5.21 (B) are 1.4 A and 3.5 A

When compared to the model, Figure 5.21 (C) and (D), the sub-steps observed from
GasNiy and IngNiy show that both surfaces are terminated on the bulked planes. These
planes are a mixture of bonded Ga/In and Ni, which enhances the stability of the sur-

face. This was confirmed with InzNiy through surface energy calculations [72].

The other feature observed from the GagNiy (001) surface seen in Figure 5.3.2 was

the presence of white clusters over the entire surface. This phenomenon seems to be
tied to the segregation of Ga from the bulk to the surface. The InzNiy (001) surface
was not covered in white protrusions comparable to the amount seen on the GagNi,
(001) surface. This was expected as Figure 4.9 showed that at similar temperatures the
atomic compositions of the surface showed In composing on average 70% of the surface
whereas Ga composed 80% of the surface, suggesting that the lower bond energy be-
tween Ga - Ni compared to In - Ni allowed for more Ga to travel from the bulk to the

surface and conglomerate [146].

This would be a possible explanation for the differences in how GagNi, and InsNiy be-
haved during STM imaging. GagNiy was difficult to obtain STM images from with tip
quality rapidly fluctuating and degrading as it scanned any of the GazNi, surfaces
which could be caused by an excess of weakly bonded elemental Ga on the surface.
InsNiy (001) was easier to obtain images from once the parameters discussed in [72]
were found. After similar preparation using the same STM equipment, the only differ-
ence was the lack of these white clusters of material covering the surface of the InzNis

sample.
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5.4 Summary

In this chapter, we discussed the LEED and STM results from all three high symme-
try surfaces of GagNiy, compared them to each other and compared the isostructural

InsNiy (001) and GagNiy (001) surfaces to observe the surface atomic structure.

The LEED images for the (001) surface as shown in Figure 5.3.2 (C) show a clear (1x1)
surface unit cell which was also observed in the FFT of the STM image of the (001)
surface as seen in Figure 5.5 (B). By filtering the six bright spots and performing an in-
verse FFT, we were able to see the periodic structure in real space as shown in Figure
5.6 (B) and (C), which matched the (1x1) surface unit cell from the model. A weak
¢(2v/3 x 4) superstructure was observed in the FFT images, highlighted in Figure 5.7
(A), as faint spots within an inner ring. Three domains were found and, when con-
verted into real space, formed a centred unit cell with the expected aspect ratio when
compared to the model. This superstructure was also observed on the InzNiy (001) sur-

face.

Step height analysis for the (001) surface showed the presence of two distance sub-
steps, as shown in Figure 5.4 (C), which were used to identify how the surface termi-
nates. Three models were considered for the surface termination. The model with Ga
on the surface bonded to the Ni in the layer below fits the results we have obtained

from the step height analysis and the LEIS results shown in Figures 5.4 (C) and 5.9.

The LEED images for the (210) showed (1x1) surface unit cell when annealing at 320°C
and ¢(2x2) reconstruction after annealing at higher annealing temperature 525°C. The
c(2x2) was observed in both the FFT and real space as shown in Figure 5.13. The step
height analysis showed only two recorded step heights as shown in Figure 5.12 (B),

a and a/2, where a is the height of the unit cell 4.05 A. This was expected from the
model seen in Figure 5.1 (D) as the (210) is composed of one mixed Ga and Ni plane
separated by a/2.

The LEED results for the (100) surface show a (1x1) surface unit cell which matches
the previous results obtained by Dr Alofi in her study of the (100) surface at higher

annealing temperatures [145].
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Comparing the isostructural GagNiy and InzNiy (001) surfaces we were able to con-
firm both surfaces exhibit the 0(2\/3 x 4) superstructure with the superstructure being
stronger on the IngNi, surface as it was able to be detected from the LEED pattern as
shown in Figure 5.20. Figure 5.21 (A) and (B) show the step heights observed for both
In3Ni, and GagNiy respectively, both show the presence of substeps which were used to
propose that the surface terminates on a mixed plane with the secondary element on
the surface, Ga or In, bonded to the Ni atoms in the layer below. Surface energy calcu-
lations alongside LEIS studies on the IngNiy (001) surface confirmed that In atoms are

on the surface and bonded to the Ni atoms in the subsurface [72].



Chapter 6

Surface Oxidation Studied by XPS

6.1 Introduction

This chapter presents an XPS study of the oxidation behaviour of GagNiy (001). The
air-exposed results shown in Chapter 4 indicate that Ga oxidises and forms a layer on
the surface. By exposing the (001) sample to controlled amounts of oxygen, it is possi-
ble to observe the transition from a clean surface to an oxygen-saturated surface. Most
industrial heterogeneous catalysts operate in environments where oxygen is present,

making it essential to understand how the surface reacts to oxygen.

Prior research on the effect of oxidation on the catalytic properties of powdered GazNi,
[10] shows the formation of a surface layer of Ga oxide(s) with minimal Ni present. In-
termetallic Ga, with a shoulder from Ga oxide(s), and Ni are visible 5nm below the
surface, with less Ga oxide(s) observed deeper down [10], as shown in Figure2.15 from
Chapter 2. This reduces the effectiveness of the surface as a catalyst, but understand-
ing how the surface reacts to oxygen and how it oxidises could not be achieved using a

powdered sample.

6.2 Experimental Details

A single-grain sample of GagNiy was grown via the Czochralski method [30] and cut to
expose the (001) surface. The surface was polished using decreasing grain sizes of dia-
mond paste (6 ym to 0.25 um), after which further cleaning was carried out through
cycles of sputtering (Ar™, thirty minutes, 2 keV, drain current 64A) and annealing
(500°C, ninety minutes). XPS was used to check whether the surface was contaminant-

free before oxidation.
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The oxidation experiment was performed at the University of Liverpool using an Al K,
source. After cleaning, the surface was dosed with pure oxygen (99.5%) at exposures
of 2L, 11 L, 101 L, 1033 L and 13,265 L at room temperature (One Langmuir (L) of

exposure is defined as one second of exposure to 1.3x107¢ mbar).

6.3 Results and Discussion

Below, we describe the changes in the core levels of Ga, Ni, and O of the (001) surface
after exposing the surface to oxygen at different doses of O, and compare them to the
clean surface results. All of these results were recorded at the University of Liverpool,

in the Stephenson Institute for Renewable Energy.

6.3.1 The Clean Surface

From prior experiments on the (001) surface, we were able to determine that the sur-
face is sufficiently cleaned after two cycles of sputtering and annealing at temperatures
around 500°C. This was confirmed by analysing the entire XPS spectrum for GagNi,

to check for any contamination. Figure 6.1 (A) shows the entire eV range for the (001)
surface after several cycles of sputtering and annealing at 520°C. Multiple peaks can be
observed, and each was identified by comparing the position of each peak to literature

values of known metallic elements [126].

After the surface had been exposed to air, oxygen, carbon, and nitrogen peaks were ob-
served, as shown in Figure 6.1 (D). O 1s at 532 eV, N 1s at 398 eV, and C 1s at 284
eV. After sputtering and annealing, each of these peaks was removed from the blue
spectrum, showing that they were removed from the surface of the sample. A small
peak is seen at 531 eV, close to the O 1s peak; this is an overlap with a Ga Auger peak
when using an Al Ka source. Using an Mg Ka source would cause an Ni Auger peak
to overlap at the same point. Two Gaussian peaks were fitted to both the Ga 2p; /5 and
Ga 2p3/2 peaks to ensure that any secondary or tertiary oxide peaks were not present

on the clean surface.
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Figure 6.1: The wide XPS scan of the (001) surface after being annealed at 520°C. (A)
The entire spectrum of the (001) surface in 0.5 eV steps with the key peaks highlighted
and labelled. (B) Shows the 200 - 0 eV range in 0.5 eV steps with each key peak iden-
tified. (C) The Ga and Ni peaks after air exposure and cleaning to show the effects on
the elements observed. (D) The contamination peaks after air exposure and cleaning,
that C, N and O are all removed after sputtering and annealing.

After confirming that the key contaminants were not present on the surface, each peak
was identified. Figure 6.1 (A) shows that all of the large peaks could be matched to
either Ga or Ni, with Figure 6.1 (B) focusing on the lower energy range, confirming

that all the peaks present below 200 eV can be matched to either Ga or Ni.

This confirmed that the surface was clean and ready for the oxidation study, as well as
the steps required to reverse the oxidised surface to a clean state when needed. The fol-
lowing section will break down the effects of increasing exposure on the (001) surface,

starting with Ga, followed by Ni.
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Figure 6.2: XPS spectra of the Ga 2p,/, and Ga 2p3/, as O, exposure was increased,
for the GagNip (001) surface prepared by annealing at 571°C. The formation of a shoul-
der towards higher binding energy can be observed at higher exposures. Vertical lines
mark the binding energy of elemental Ga 2p; /2 and Ga 2p3/, adopted from [125], [126].

6.3.2 Effects on the Gallium Peaks

Figure 6.2 shows the Ga 2p1/2 and Ga 2p3/2 XPS peaks from the clean, oxygen-dosed,
and air-exposed surfaces. The clean surface results for the Ga 2p1/2 and Ga 2p3/2
peaks were recorded after sputtering and annealing the surface to 571°C. After expos-
ing the surface to oxygen between 2 and 1001 L, the position and shape of the peaks do
not change. At 1033 L, both the Ga 2p1/2 and Ga 2p3/2 peaks begin to show the for-
mation of a shoulder at higher binding energy due to the increasing presence of Ga203
on the surface. Once 13,300 L was reached, the shoulder on the 2p1/2 and 2p3/2 peaks
becomes more pronounced, showing an increase in the Ga203 2p peaks, as seen in Fig-

ure 6.2.
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Figure 6.3: XPS spectra from the GagNiy (001) surface after exposure to O (13300
L). The binding energy for elemental Ga has been highlighted, the binding energy was
taken from [125]. The Ga peaks required two peaks to fit one from intermetallic Ga
and the other from Ga in Gay0Os.

Peak Core Level (eV)

Intermetallic Ga | Ga in GagOs | Air Exposed | Elemental Ga [147] | GaxOg [126]
2p1/9 1116.78 1118.02 1118.8 1117 1119
2p3/9 1143.78 1145.08 1145.8 1144 1146

Table 6.1: The extracted peak positions for the intermetallic Ga peaks, the Ga in
GayO3 at 13300 L compared to the literature values for both elemental Ga [147] and
GayO3 [126].

To extract information about the formation of the oxide peak from the XPS, the FWHM
and the position of the Ga 2p1/2 and Ga 2p3/2 peaks were recorded and locked. As

the position and shape of these peaks do not change, with the separation between the
peaks being 27 eV, only the intensity of the peak is expected to change as exposure in-

creases.

As the oxide peak forms, it changes in FWHM, position, and intensity to fit the associ-
ated 2p peak as the exposure increases, as shown in Figure 6.4. The presence of addi-

tional oxides, such as Ga203, Ga20, GaO, and GaQO,, are the possible oxidation states.
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Figure 6.4 (A) shows the FWHM of the Ga203 2p peaks as a function of exposure.
The results start at 330 L and show a decrease in the FWHM as exposure increases,
in line with the air-exposed results. This is expected as the peak increases in intensity,
becoming easier to resolve with a reduced FWHM. As the oxide peak increased in in-
tensity, it began to move away from the intermetallic Ga 2p peak, as seen in Figure
6.4 (B). Starting at 330 L, with the formation of the oxide peak, both of the oxide 2p

peaks move further away from the Ga 2p peak as exposure increases.

The reduction in FWHM and the increase in separation between the oxide and inter-
metallic Ga peaks are expected as exposure increases. As the oxide peak increased in
intensity, the peak became easier to resolve, reducing the width of the peak and shift-
ing it to a higher binding energy, eventually reaching the position and FWHM seen in
the air-exposed peak (Figure 6.3).
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Figure 6.4: (A) The FWHM of the Ga oxides 2p;/, and Ga oxides 2p/» as a function
of Oy exposure. (B) The peak position of the Ga oxides 2p; /2 and Ga oxides 2p1/; as a
function of Oy exposure.

As the intensity of the Ga 2p1/2 and Ga 2p3/2 peaks could change during the fitting
process, we were able to calculate the changes in the atomic composition of the Ga 2p
peaks, as seen in Figure 6.5. Between 0 and 11 L, no oxide peaks are observed, with a
slight presence of Ga oxides at 101 L. However, the 1.46% for Ga oxide is too small to
confirm the presence. At 330 L, a shoulder is observed in Figure 6.2, which is due to
the increase in Ga oxide observed (25%), with the amount of oxide present increasing
with O2 dosing. At 13,300 L, the oxide peak becomes dominant, composing 52% of all
Ga observed. When saturated, the oxide peak, predominantly Ga203, composes 94% of

the peak, after air exposure.
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Figure 6.5: The composition of the Ga 2py/, and Ga 2psz/, peaks from the (001) surface

as exposure to Oy increases taken from XPS results. The intermetallic Ga peaks and

the Ga in GayOj3 are labelled.

Exposure | Ga (%) | Ga Oxide (%)
Clean 100.0 0.0
2.0 100.0 0.0
11.0 100.0 0.0
101.0 98.5 1.5
330.0 75.0 25.0
570.0 57.8 42.2
790.0 53.7 46.3
1032.0 50.0 50.0
13300.0 47.7 52.3
Air Exposed 5.6 94.5

Table 6.2: The atomic composition determined using the 2p peaks as exposure to O,

increases extracted from the XPS spectra.
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6.3.3 Effects on the Nickel Peaks
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Figure 6.6: XPS spectra of the Ni doublet peak as Oy exposure is increased.

Both the Ni 2p1/2 and Ni 2p3/2 peaks, as seen in Figure 6.6, show no changes in peak
position and shape. There is no occurrence of a secondary peak with exposure to oxy-
gen up to 13,300 L, suggesting that Ni is inert to O,, as expected from data analysis of

the air-exposed sample from Chapter 4.

As exposure increased, the area of the Ni peaks recorded from the surface of the sample
decreased (Table 6.3). The decrease was due to the formation of Ga203 on the surface.

As this oxide layer thickened, the Ni peak count continued to reduce.

The core-level shifts observed from the clean surface results show electron charge trans-
fer from Ni to Ga. The intermetallic Ga peak has shifted 0.3 eV to a lower binding en-
ergy compared to elemental Ga (Table 6.1). The intermetallic Ni peak has shifted 0.2
eV to a higher binding energy from elemental Ni (Table 6.3). This suggests that the

Ni is donating electrons to Ga when in the GasgNisy intermetallic compound, and this is

confirmed by DFT.
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Exposure | Binding Energy (eV) FWHM Intensity (Arb Units)
(L) Ni 2pyo | Ni2p3/5 | Ni2pyje | Ni2pgp | Ni2pyp | Ni2pgo
560°C 870.4 853.2 1.7 14 4862.3 11647.1
2.0 870.3 853.2 2.1 1.5 6907.5 14201.4
11.0 870.3 853.2 1.9 1.5 6290.6 13812.0
101.0 870.4 853.2 1.8 1.5 5296.8 13063.8
330.0 870.4 853.2 2.0 1.4 5789.4 11848.9
561.0 870.4 853.2 1.9 1.4 5262.7 10874.9
790.0 870.3 853.2 2.0 1.4 5497.0 10923.7
1032.0 870.3 853.2 1.8 14 5200.1 10966.6
13300.0 870.4 853.3 2.2 1.6 5153.4 10749.7
Air Exposed 0.0 852.8 0.0 1.6 0.0 2010.4

Table 6.3: Peak position, FWHM and the intensity of the Ni 2p; /5 and Ni 2p3,, XPS
spectrum after increasing exposure Os.

6.3.4 Effects on the Total Atomic Composition

Using the survey scans, the atomic composition was calculated as a function of oxy-
gen exposure and shown in Figure 6.7. By tracking the surface composition of Ga, Ni,
and O as the surface was dosed, we could observe how the O 1s peak formed. The air-

exposed results contained C and Ni(OH)s.

The clean surface shows a Ga percentage of 86%. As the exposure increased, the Ga
component in green decreased to 26% at 13,300 L. The percentage of Ni in blue de-
creased from 14% to 10% at 13,300 L. In addition to the Ga oxide, we detected pure
oxygen on the surface. The amount of pure oxygen increased to 31% of the surface
composition at 13,300 L. The air-exposed results show the percentages of Ga, Ni, and
pure oxygen to be 0.5%, 0.4%, and 47%, respectively, with a large carbon contamina-
tion of 44%. The notable change in the Ga oxide to Ga ratio when exposed to air was
expected, as the sample was exposed to air at atmospheric pressure, saturating all the
Ga on the surface. The presence of water vapour is key for the formation of the hy-

droxide.
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Figure 6.7: The atomic composition of the surface as a function of Oy exposure show-
ing all the key elements, Ga, Ni, O, C and Ni(OH)s.

6.3.5 Comparison of Oxidation on GazNi, and In3Ni,.
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Figure 6.8: The atomic composition as a function of oxygen exposure for GagNiy (A)
and IngNiy (B). (B) is adopted from [72].
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As with GagNis, IngNi, has industrial applications, meaning that it will be used in an
environment where oxygen is present. Both the (001) surfaces of GagNiy and In3Nis
have large quantities of the secondary metal present on the surface. Chapter 6 dis-
cussed how Ga was the sole element that oxidised on the surface as oxygen exposure

increased.

Figure 6.8 shows how both samples were affected by oxygen exposure. Starting from
the clean surface, both samples have a surface composition which is dominated by Ga

or In above the bulk composition.

As Oy exposure on the IngNiy increases, both the In and Ni begin to form oxides. In
oxides are the most abundant oxides on the surface at all levels of exposure. Unlike
GagNiy, the Ni on the surface is oxidising with a clear Ni oxide bar visible at 300 L and

more. Both GagNiy and InzNiy have a presence of Ni hydroxide at air exposure.

With both GagNiy and IngNiy having oxides forming at 300 L the lack of Ni oxide from
GagNiy compared to IngNi, is a notable change. Both GagNiy and IngNiy appear to
oxidise at a similar rate as the % of Ga, In and Ni are close for equivalent levels of ex-

posure however the amount of oxygen in much higher in the GasgNis results.

After exposure to air at atmospheric pressure, no Ni or elemental Ga was found from

the GasgNiy sample, unlike with InzNiy, where all constituent elements were able to be
resolved. This is due to the Ga being more susceptible to bonding with oxygen from

the atmosphere, rapidly forming a layer of oxide from the surface, suppressing the amount

of Ni% present, unlike In3Nis.

Both surfaces show the presence of Ni(OH), after air exposure but not after exposure
to pure Oy at any amount of exposure. This confirms that the presence of Oy and Hy
in the UHV chamber is not enough to cause a hydroxide formation, which only oc-

curred after exposure to air at atmospheric pressure.
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6.4 Summary

In this chapter, we analysed the change in peak position, shape, and atomic compo-
sition of the key elements of the GagNiy (001) surface upon dosing with oxygen using

XPS.

The XPS results after exposing the surface to pure oxygen in a controlled environ-
ment show the formation of an oxide layer, predominantly composed of Ga203 with
other oxides being present on the surface. Ni was unaffected by the increase in expo-
sure, aside from a decrease in intensity due to the formation of the Ga oxide. We also
compared the results to the air-exposed surface and found that the maximum exposure

used (13300 L) had not saturated the surface.

Hydrogen gas is present in the chamber, undetectable via mass spectrometer, which,
alongside the oxygen present during exposure, contributes to the formation of Ni hy-
droxide within the chamber. At the larger exposure amounts, there was no trace of the
hydroxide peak, suggesting that water vapour is required to form the hydroxide, which

the (001) surface would have been exposed to during air exposure.

The XPS results from this study match aspects of the XPS results from a prior ox-
idation study of GagNi2 [10]. Both observed that a surface layer of Ga oxide(s) had
formed while reducing the amount of Ni recorded through XPS. The prior research fo-
cused on the effects of O2 exposure on the catalytic properties of powdered GaszNiy and

did not show the surface chemical composition as a function of dosing.

In contrast, we were able to observe the formation of the oxide(s) on the surface. The
reduction in catalytic activity observed by Dr Magdalena Wencka is due to the forma-
tion of the Ga oxide(s) layer, which reduces the concentration of Ni atoms, the cat-
alytically active element, on the surface. This was corrected by heating the sample to
600°C, where the oxide(s) evaporated, and the surface reconstructed to a more energet-

ically favourable composition akin to the bulk [10].
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Further oxidation studies are required on the GagNiy (100) and GasNiy (210) surfaces
to observe if there are any changes due to the change in surface orientation. In partic-
ular, the GazNi, (210) surface is composed of both Ga and Ni, whereas the other two

surfaces are only composed of one element.

Another avenue would be to use angle-resolved XPS to observe how the atomic con-
centration at the surface changes with different surface sensitivities to see if the Ga ox-

ide(s) peak became more pronounced as the XPS scans became more surface-sensitive.

One final area of study would be confirming the result from “The effect of surface oxi-
dation on the catalytic properties of GazNiy intermetallic compound for carbon dioxide
reduction.” by Dr Magdalena Wencka [10], in which the oxide layer was evaporated off
after annealing to 600°C. This was not studied during the oxidation project due to the

risk of severe surface damage at those temperatures.



Chapter 7

Valence Band Structure

7.1 Introduction

This chapter presents the study of the valence band structure of GagNi,, investigated
using ultraviolet photoelectron spectroscopy (UPS) and supported by density of states
(DoS) calculations based on density functional theory (DFT), in collaboration with

a research group from Tribhuvan University, Nepal. As this work represents the first
UPS investigation of the GagNiy surface, comparing the experimental spectra with the-
oretical DoS calculations provides critical insight into the electronic structure near the

Fermi level.

Valence Band Structure

The valence band corresponds to the outermost electron orbitals in a material. Upon
excitation, valence electrons can transition to the conduction band and move freely
within the solid, as illustrated in Figure 7.1 [148]-[150]. As the most weakly bound
electrons, valence electrons are also those that participate in catalytic reactions. Un-
derstanding the orbital character near the Fermi level is essential, particularly in iden-
tifying which atomic species dominate the electronic structure [151]. Experimental UPS
spectra near the Fermi level are compared with DoS calculations to validate the theo-

retical predictions, including the total and orbital-resolved contributions.

The density of states (DoS) quantifies the number of electronic states per unit energy
interval as a function of energy. In this work, DoS calculations were performed using
density functional theory (DFT), a quantum mechanical method widely used to model
the ground-state electronic properties of materials [152], [153]. These calculations pro-
vide a detailed description of the orbital contributions to the electronic structure of the

GagNiy intermetallic compound.
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Figure 7.1: Schematic illustration of the valence and conduction bands in insulators,
metals, and semiconductors. The Fermi level corresponds to the highest occupied elec-
tronic state at absolute zero [154].

7.2 Experimental Details

A single-crystal sample of GazNiy was grown using the Czochralski method [10]. The
sample was oriented along the (001) surface, sectioned, and polished sequentially with
diamond paste down to a final grain size of 0.25 pym. Surface cleaning was performed
in an ultrahigh vacuum (UHV) chamber (base pressure: 2x107'%mbar) using multi-
ple sputtering (Ar™, 2keV, 6 pA, 30minutes) and annealing cycles (407°C, 90minutes).
The sample temperature was monitored using an optical pyrometer with an emissivity
setting of 0.2. Post-treatment, no surface contamination was detected by X-ray photo-
electron spectroscopy (XPS). However, gallium enrichment was observed after anneal-
ing, with the surface composition showing 73% Ga compared to the expected 60% from
the bulk stoichiometry. The structural quality of the surface was confirmed to be bulk-
terminated based on low-energy electron diffraction (LEED) and scanning tunnelling

microscopy (STM) measurements.
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UPS measurements were carried out using a He; radiation source (photon energy: 21.2 eV)
at normal emission. During all UPS experiments, the helium partial pressure was main-
tained at 7x10~® mbar. The Fermi level was calibrated by recording the UPS spectrum

from a tantalum (Ta) strip electrically connected to the sample.

7.3 Results and Discussion

7.3.1 UPS Results

Intesnity (Arbitrary Units)

Binding Energy (eV)

Figure 7.2: UPS spectrum of the GazNiz(001) surface after annealing at 414°C for
ninety minutes, taken using a He, source, with the Fermi edge marked by a vertical
dotted line.

The UPS spectrum obtained from the surface after sputtering and annealing is shown
in Figure 7.2. A vertical dotted line marks the Fermi edge. A hump is visible around
—0.3 eV (marked as 1), and a plateau extends up to —0.8 eV, indicating an appreciable

density of states. Between —0.8 eV and —1.1 eV, a weak peak is observed (marked as

2).
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A dominant peak appears at —1.50 eV (marked as 3), with two shoulders located around
—1.6 eV (marked as 4) and —1.9 eV (marked as 5). Another broad, shallow peak can
be discerned between —2.0 eV and —3.0 eV (marked as 6), followed by a peak at —3.3eV

(marked as 7). All peaks are summarized in Table7.1.

Peaks Binding Energy (UPS) | Binding Energy (DFT) | Contribution

Fermi Level 0 0 Ni d, Ga p, Ni p

1 -0.30 -0.30 Ni d, Ga p, Ni p

2 -1.00 -1.02 Ni d

3 -1.50 -1.56 Ni d, Ga p, Ni p

4 -1.60 -1.60 Ni d

5 -2.30 -1.98 Ni d, Ga p, Ni s

6 -2.80 -2.78 Ni d, Ga p

7 -3.20 -3.20 Ga p, Nip, Nis

Table 7.1: A table showing the peak position of each key feature from the UPS results
and the corresponding feature from the DFT calculation (Figure 7.3). The contribution
columns show the orbital contributions of each feature in order of largest contributor to
smallest.

7.3.2 Comparison of UPS with the DoS Calculations

Figure 7.3 compares the UPS data to the partial and total density of states (DoS). At
the Fermi energy, marked by the dashed line, the Ni d, Ga p, and Ni p orbitals con-
tribute. The Ni d orbital is the dominant contributor across all regions, followed by the
Ga p orbital and then the Ni p orbital. Peak 1 is mainly contributed by the Ni d or-
bital, with significant contributions from the Ga p and Ni p orbitals. Peak 2 is solely
contributed by the Ni d orbital, with no significant contributions from other orbitals.
Peaks 3 and 4, separated by 0.04 eV, show different dominant contributions: Peak 3
exhibits a significant contribution from the Ga p orbital, while Peak 4 shows contribu-
tions from the Ni d and Ni s orbitals. Peak 5, like Peak 2, is solely contributed by the
Ni d orbital. Peak 6 shows contributions from both Ni d and Ga p orbitals. Finally,

Peak 7 is dominated by the Ga p orbital, with some contribution from Ni d as well.
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Figure 7.3: The UPS spectrum from Figure 7.2 (upper), the total DoS calculations
(Lower). Each peak has been labelled, and the Fermi edge is denoted by a vertical
dashed line. Both of the graphs have the same X-axis range (-4 eV to 0.25 eV).
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All peaks observed in the total density of states were matched to features present in
the UPS results shown in Figure 7.2. From the individual orbital contributions, the Ni
d orbital is the dominant contributor to all peaks, followed by Ga p and Ni p orbitals.
The substantial contribution from Ni is expected, as Ni acts as the catalytic agent in

this intermetallic compound.

On either side of the Fermi edge, contributions from Ga and Ni orbitals—specifically
Ni d and Ga p—are present, suggesting that there is no bias dependency. This observa-
tion is consistent with the STM results presented in Chapter 5, where the GagNiy (001)

surface showed no bias dependency during scanning.
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Figure 7.4: Three UPS spectra for (A) Elemental Ni, (B) Elemental Ga and (C) the
GagNiy. (A) and (B) are from The XPS Library with both samples being scraped and
etched, while (C) is from the UPS study performed on GasNis.

The UPS results for GagNiy show that Ni is the dominant elemental contributor to
the spectra, as seen in Figure 7.4(C) and corroborated by the DoS in Figure 7.3. Fig-
ure 7.4(A) shows the UPS spectrum for elemental Ni [155], while Figure 7.4(B) shows

the UPS spectrum for elemental Ga.
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The Ni spectrum displays a singular peak beginning just below the Fermi level and ex-
tending up to 4 eV, leading to a secondary hump that tapers off after 8 eV. The Ga
spectrum shows a sudden increase at the Fermi edge, followed by a relatively flat region

from 0.5 eV to 8 eV, with a distinct peak appearing between 10 and 11 eV.

When comparing the GagNi, spectrum to the spectra of its constituent elements, the
Ni peak from Figure 7.4(A) can clearly be discerned. In both cases, the peak appears
approximately 1.5 eV away from the Fermi edge, and the secondary hump after the

main peak is similarly observed in both Ni and GagNi, spectra.

The Ga spectrum exhibits no discernible peaks within the energy range relevant for
GagNiy, but it may explain the plateau observed in the GazNi, spectrum between 0
eV and —1 eV, as the Ga spectrum shows a substantially lower number of counts com-

pared to the Ni spectrum.

7.4 Summary

It was known from the STM results for the (001) surface (Chapter 5) that the topmost
surface contains both Ga and Ni, as shown by the XPS results in Chapter 4. This is
expected from the model shown in Figure 2.14(A), where the Ni atoms are bonded to
Ga atoms in the layer below. The large contributions from both the Ni d and Ni p or-
bitals are expected, as Ni is the key catalytic agent in this intermetallic compound due
to its ability to rupture C—C double bonds [156], which is vital for methanol steam re-
forming, discussed in Chapter 2 [157].

Using the same probing depth calculation as for the XPS results in Chapter 4, the
probing depth is approximately 3 x A, where X is the photoelectron inelastic mean free
path [132]. For the kinetic energy range of the UPS spectrum, 20-25eV, the probing
depth was calculated to be between 3.2 and 3.9nm, confirming that the UPS results are
surface sensitive. Further UPS studies are planned for all three samples. The (210) and
(001) surfaces will be studied to observe any significant differences between a purely
Ni-terminated plane ((001)) and mixed termination planes ((210) and (100)). Another
study will involve annealing the (001) surface at lower temperatures to achieve bulk

composition, to observe whether Ga segregation affects the UPS spectra.



Chapter 8

Summary and Outlook

8.1 Conclusions and Further Studies

The work undertaken for this thesis aims to develop our understanding of the three
surfaces of the intermetallic compound GagNi,. This was accomplished by utilising an
array of surface analysis techniques to examine the surface chemical composition and

surface geometry of the (001), (100), and (210) surfaces of GazNis.

As there was no prior research on the surface of GagNi,, it was crucial to develop opti-
mal surface preparation conditions. This is addressed in Chapters 4 and 5, which dis-
cuss changes in surface chemical composition and surface symmetry as a function of
temperature. The results showed that higher annealing temperatures produced LEED
images with sharper Bragg peaks and a reduced background, suggesting that the GasNi,
surface requires elevated annealing temperatures to produce larger terraces and cleaner
STM images. Longer annealing times were tested but yielded no significant improve-
ments compared to increasing the annealing temperature. Further studies could involve

extending the annealing time to confirm these findings.

In Chapter 4, the surface chemical composition of all three GagNiy surfaces was moni-
tored after sputtering and annealing. Initial results showed that Ga was preferentially
sputtered from the surface due to its lower surface free energy compared to Ni. This
was true for all three surfaces, although to varying extents, attributed to differences in
the composition of each surface. Similar results, where the heavier element was pref-
erentially sputtered from the surface, were also observed in IngNiy and Ag-Yb-In [72],

[137], supporting the validity of these findings.

After annealing, Ga segregated from the bulk to the surface, as shown by the increase
in Ga concentration with increasing annealing temperature in Figures 4.6 (A), 4.7 (A),

and 4.8 (A). A similar trend was also observed in IngNiy [72].

135
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At the annealing temperatures required to achieve ideal LEED images, Ga had segre-
gated from the bulk to the surface in excess of the bulk composition for all three sur-
faces. Angle-dependent XPS results showed that Ga and Ni were evenly distributed

among the topmost layers as Ga migrated from the bulk to the surface.

Further study into these three samples would involve using a laser probe to record
lower annealing temperatures than those measurable with the optical pyrometer, in or-
der to identify the transition temperature for the (001) and (100) surfaces, and to plot
the temperature at which the Ga percentage exceeds the bulk value for the (210) sur-
face. A comprehensive temperature analysis of the surface chemical composition would
help to understand the parameters required to induce Ga migration to the surface. Ad-
ditionally, a study of the surface chemical composition of Al3Ni,, as GagNi, is a part of
this family of catalysts, would provide insights into how Ga in the intermetallic com-

pound affects the increase in Ga

Chapter 5 discusses the surface symmetries and images recorded via LEED and STM,
respectively. Ideal LEED images were obtained at higher annealing temperatures; in-
creasing the annealing time further produced no observable changes. Sharper Bragg
peaks and reduced background noise were seen for the (100) and (001) surfaces, while
the (210) surface underwent a c¢(2x2) reconstruction. This reconstruction was observed
in STM images of the (210) surface, where the reconstructed unit cell was visible with-

out enhancements.

The (001) surface exhibited a (1x1) unit cell, as expected from the LEED results. Wide-
area scans of the (001) surface revealed multiple terrace step heights, confirming a
buckled termination plane consisting of both Ga and Ni. Research conducted on InzNi,
(001) produced the same conclusion of preferential sputtering and surface segregation

of the secondary element, confirming that the surface contained a mixture of both ele-

ments [72].

Both the (001) and (210) surfaces were covered with clusters of material, presumed to
be excess Ga segregated from the bulk. Further studies would aim to determine opti-
mal conditions to inhibit the formation of these white clusters, thereby improving the

consistency and quality of STM imaging, as achieved with IngNi,.
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These clusters appear to be loosely bound to the surface and can migrate to the STM
tip during scanning. Depositing O2 or C60 onto each surface and observing the result-

ing behaviour would enhance surface studies of these three samples.

Chapter 6 examined the effect of exposing the GazNiy (001) surface to increasing amounts
of oxygen. Ga on the surface rapidly oxidised, forming a top layer, as evidenced by the
emergence of a Ga oxide shoulder that developed into a secondary peak, and the con-
current reduction of the Ni peak—with no Ni oxide peak recorded or observed as expo-
sure increased. This behaviour is distinct from that of InzNiy, where Ni oxide formation

was observed.

The oxidation results of GasNiy aligned with those from a previous study on powdered
oxidised GagNi,, where Ga formed surface oxides and the amount of observable Ni de-
creased with exposure [10]. Our results provided further insight into how this oxide

layer develops as a function of pure Os exposure.

Exposing the (100) and (210) samples to oxygen should be a priority for future studies
to complete the oxidation profile of GagNi,. Additionally, performing angle-dependent
XPS on each oxidised surface would confirm the formation of the Ga oxide layer and
identify the Oy dose required to fully cover the surface. Finally, analysis of the O Is
peak as the O, dose increases would offer valuable information on how, or whether,

oxygen bonds to the GasNi, surface.

Chapter 7 was carried out in collaboration with Tribhuvan University, Nepal, which
provided the density of states (DOS) calculations. These were used to fit the UPS re-
sults to the total and partial DOS, confirming that Ni is the dominant orbital contrib-
utor near the Fermi level. This finding was expected, as discussed in Chapter 2, where
many other intermetallic compounds show the catalytically active element contribut-
ing the most to the density of states at the Fermi level. Further studies on the UPS
of GazNiy should focus on the (100) and (210) samples to assess how different surface

structures influence the UPS results.
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Further studies on GagNiy that would complement the results presented in this the-
sis have been discussed at the end of each summary section. In summary, the surface
of GagNiy has exhibited many interesting behaviours that warrant further investiga-
tion. Additional surface analysis techniques, such as atomic force microscopy or low-
temperature STM, could be employed to reduce the movement of elemental Ga on the

surface, which currently makes reliable STM imaging of GagNisy challenging.

Secondly, a LEED I-V study to quantify the atomic positions within each surface
would offer new insights into the structure of these complex samples. Finally, a study
of the surface of Al3Niy, would contribute to a comprehensive understanding of the
Al3Niy family of intermetallic compounds and how the presence of Al, Ga, or In

influences the surface’s response to sputtering, annealing, and oxidation.
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