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Abstract

The primary aim of this project is to describe the surface formation of the previously unstudied
2/1 Ag-In-Yb approximant along the (111) plane direction. These approximants often offer
invaluable insight into their more complex quasicrystal parent, fuelling the development of valu-
able material technologies from catalysts to photovoltaics.

Using low-energy ion spectroscopy (LEIS) methods combined with scanning tunnelling mi-
croscopy (STM) imaging, we successfully developed an understanding of the species present on
the surface and the planes along which the surface terminates. From this experimental analysis,
we identified that the surface formed along 3 Yb-rich subplanes (A, B and C), demonstrating
additional fragmentation of the surface into smaller metastable subplanes. This conclusion was
strengthened by the use of step-height analysis, which demonstrated 4 distinct step-heights,
including a smaller 0.8 A - 1.1 A step. This indicated the presence of divides between adjacent
subplanes. Additional use of a computational STM model permitted matching of our observed
STM motifs to specific arrangements of species on our theoretical subplanes, strongly indicating
their presence.

Finally, chemical analysis techniques, such as areal density methods, were employed. These
demonstrated that plane stability is determined by a mixture of: Yb density, minimisation of
destabilising cleavage of Tsai clusters and finally the stabilisation of low density subplanes by
relaxation into neighbouring In-rich planes with lower surface free energy. This analysis sup-
ported the presence of our subplanes, indicating them to be highly stable compared to other
possible surface terminations. Furthermore, this partially refuted the hypothesis that the struc-
ture terminates solely along Tsai cluster-centre planes similar to the previously studied 1/1
approximant. Instead, indicating the importance of other chemical stability features, such as In
support, giving our approximant a much more varied and stochastic surface profile.

Our model, although successfully implemented on our available dataset, does require further
work to consolidate. We recommend X-ray Photoelectron Spectroscopy studies (XPS) to help
eliminate the influence of LEIS uncertainty and possible In migration models. Additionally, a
larger STM data set would be beneficial in reducing overall uncertainty. Additionally, our work
may provide impetus for further studies on 2/1 or coarser approximants with the stochastic

surface profile having possible novel adsorption or electronic properties.
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1 Introduction

First discovered in 1982 by Dan Schectman, quasicrystals have spawned a wave of excitement
amongst the solid state community, culminating in the award of the 2011 Nobel prize in Chem-
istry to Schectman for their discovery [1]. What makes these crystals so revolutionary is that
they disobey the time-tested foundational law of crystal structure, having no periodic structure
at all. Up until their discovery, it was believed that all crystals must show a periodic struc-
ture, with non-periodic structures only being observed in mixed solids and soft matter materials
[2]. However, unlike normal crystals, which are neatly periodic, quasicrystals show a mixture
of structures which never repeat yet still form a cohesive crystal. Additionally, quasicrystals
demonstrate a property known as long-range order; this effectively means that they can be
reconstructed from a limited number of base structures (ie Tsai Clusters) repeated uniquely
throughout space. Crucially, this property means that quasicrystals show ordered diffraction
patterns with bright diffraction spots. This has made the study and characterisation of qua-

sicrystals much more feasible, opening the doors to many exciting applications [3].

Principally, quasicrystals present an interesting number of mathematical applications. Primar-
ily, their aperiodicity, which can be described mathematically using aperiodic functions. These
functions extend to describe the famous tiling problems in which an infinite plane must be tiled
by regular polyhedra [4]. For instance, our Ag-In-Yb quasicrystal, from which our approximant
is derived, can be characterised using the famous Penrose pentagonal tiling [5]. Additional
mathematical avenues of interest arise via the self-similarity of quasicrystals; being composed
of repeating units with varying orientations, they closely resemble fractal patterns like the Sier-
pinski triangles [6]. This similarity may open new avenues in characterising the mathematical

features of the quasicrystal surfaces [7].

Furthermore, more practical applications of quasicrystals may revolutionise material science,
providing solutions to a number of open problems. These range from replacing harmful Teflon
in non-stick pans to reinforcing steel to make super-tensile strength structures [8]. Importantly
for industry, quasicrystals can also be deployed as catalysts within various chemical reactions.
Their non-repeating structure allows the identification of numerous high-density surfaces onto
which adsorption can occur. This means quasicrystals may one day open the door to cheaper

catalysis of common reactions like the steam reformation of methanol [9].

The study of quasicrystals is unfortunately highly complicated due to their non-periodic na-
ture. This makes resolving and studying their structure highly complex. Luckily, all aperiodic
functions from which quasicrystals can be derived can also be approximated. For quasicrys-
tals, this takes the form of approximants which locally resemble the quasicrystal but have a

repeating unit cell structure. This renders them significantly easier to study by conventional



techniques while also providing invaluable insight into the local structure of the quasicrystal [10].
Specifically, within this project, we focused on the 2/1 Ag-In-Yb approximant with the aim of
describing the structure of its (111) surface. This should assist in the study of its corresponding
quasicrystal, which provides invaluable insight into general icosahedral quasicrystals thanks to
its well-structured nature and relative stability [11]. In addition, studies on 2/1 or finer approx-
imants have never been attempted for any quasicrystal system; consequently, we hope our study
may bridge a vital gap in our structural understanding of higher order approximant surfaces

and their relation to their quasicrystal parent systems.

2 Background Theory

This section aims to familiarise the reader with the many basic crystallographic and surface
science concepts used throughout this thesis. This section may be skipped by readers familiar

with quasicrystals and general crystallography.

2.1 Elementary Crystallography
2.1.1 Crystal Basis

Conventional crystals are periodic atomic structures. This means that they are composed of a
small base units (unit cells) which can be tessellated to construct the entire crystal structure.
We can describe the crystal mathematically using a lattice. This is a mathematical basis of R3
constructed using the crystal structure as a reference. We first define 3 vectors known as the

crystal vectors that span R?:

R = ai+bj+ ck (1)

Where R is the vector distance between our chosen lattices points, i, j, k are the lattice vectors,
and a, b, ¢ are real numbers. We may use these vectors to derive the position of any lattice
point. Then, on top of these lattice points, we can specify an atomic basis which ascribes to
each point in our lattice a specific atomic species. Consequently, using this atomic basis and
our lattice we can predict both the atom species present and location of all atoms within our
crystal, providing us with a mathematical description of the holistic crystal structure as well as

its various symmetries [12].

2.1.2 Miller Indices

It is often useful to be able to identify specific planes of atoms within the crystal. This is
especially pertinent to our project, as our surface forms along a specific plane of atoms: the

(111) plane. We may delineate these planes using Miller indices [13]. We derive these indices



by taking the axis intercepts of our chosen plane. We then take their reciprocal and reduce
these reciprocal values to the lowest common set of integers with the same ratio. An illustrative

example can be seen in the figure below:

ar”

Figure 1: Example of a (111) plane over-layed onto cubic unit cell with basis vectors a;. The
x, y and z intercepts are all at unity relative to the lattice vectors hence taking their reciprocal

and finding the integer ratio we get (111) as our Miller indices. [Kittel [13]]

2.2 Surface Science

Being able to describe the bulk crystal structure is often insufficient for fully describing the
crystal surface. Various potential minimising effects often mean that the surface structure is
distinct from that of the bulk [14]. The overall surface structure is composed of various flat
planes of atoms and drops between them. These flat planes are known as terraces, with drops
being known as step defects. These terraces form along the most energetically favourable plane
of atoms. For instance, a surface cut along the (111) plane direction may demonstrate steps
between planes of higher atomic density or coordination number [15]. As a result, we never see

a perfectly flat surface, but rather, a series of separated, energetically favourable terraces.

2.2.1 Reconstruction and Relaxation

At the surface, the bond coordination number of each atom is less than that within the bulk
structure. This lack of coordination leads to a higher energy at the surface. This is due to a net
force pulling the surface layer towards the inner structure. The structure adapts to minimise
this net potential in a number of ways; the two most common are surface reconstruction and

relaxation [16]:

Relaxation is a process by which the top planes of atoms relax towards the bulk. This re-
duces the overall surface energy at the top layer, leading to a more stable surface structure. The
first plane relaxes towards the second. The third plane then moves further away from the second
due to this relaxation, and so on. Hence, we see an oscillation of plane separations for the first

few layers. Meanwhile, reconstruction is the process whereby the surface structure changes to



minimise the potential. This may consist of certain atomic species being drawn further together
or apart, forming new covalent bonds to increase their coordination number. This, in contrast

to relaxation, leads to a fundamental change in the surface structure and its symmetry [17].

2.2.2 Defects

Surface structures often demonstrate defects or imperfections. These can include the addition
of atoms on top of the terrace, kinks in the terrace line, and atomic vacancies. Additionally, less
common defects can also arise during the preparation of the sample. One defect of particular
note within our project was screw dislocations. These are helical distortions in the crystal surface

usually caused by shearing of crystal planes during the cutting process [18].

2.3 Quasicrystals & their approximants
2.3.1 Quasicrystals

There exist only certain allowed symmetry groups within crystals due to the crystal restriction
theorem. This requires that unit cells tessellate, forming a 3D periodic structure without gaps
[19]. For example, pentagonal prisms, as mentioned within the introduction, are forbidden and

thus, so is 5-fold symmetry [20].

Quasicrystals are formed by these forbidden structures. Consequently, they show no periodicity
within their holistic structure. Crucially, however, quasicrystals do demonstrate ’long-range’
order. This means that their structure can be spanned by rows of atoms, which maintain their
orientation. Therefore, despite no periodic structure being present, quasicrystals demonstrate

bright diffraction patterns [21].

We may describe the quasicrystal mathematically using almost periodic functions. These are
functions having no set period but an arbitrary number of ’almost’ repeats. Importantly, these
almost periodic functions can be constructed by using higher-dimensional periodic functions. For
quasicrystals, this is done using the cut and project method. Effectively, a higher-dimensional
periodic lattice is decomposed into 2 orthogonal subspaces Ej and £, . We choose Ej| such that
it is irrationally oriented relative to the higher-dimensional lattice. For each lattice point, we
decompose its position into components in Ej and E,. If the perpendicular component lies
inside a bounded region W C FE| , we keep the point and use its projection onto E)| as an atomic
position. This construction yields an aperiodic point set. This point set is our quasicrystal

lattice [22].

For example, within Figure 2, we take a 2D point space and draw a dividing line through

it with a certain slope. We then project points from a chosen area W onto our slope, creating



a 1D lattice. Additionally, if we chose that slope to be an irrational one, our two 1D subspaces

become irrationally orientated hence, we recover an aperiodic 1D lattice after projection.

w

Figure 2: 2d illustration of the cut and project method our orthogonal subset is to be the line

y=mx with the projection region W highlighted in orange. [A.Jagannathan, 2020

2.3.2 Approximants

Just as a quasiperiodic function arises as the result of an irrationally oriented F}|, rational orien-
tations give rise to periodic functions. If we return to the 2D lattice example, take, for instance,
the irrational slope 7 (golden ratio), this slope can be approximated using quotients of consecu-
tive terms in the Fibonacci sequence (see Appendix A). For instance, 7 > %, T > % iterating to
equality. Hence, we limit towards an aperiodic 1D crystal lattice as our slope approximation in-
creases in accuracy. Generalising this logic to 3D quasicrystals, we can take a rationally oriented
E)| with basis vector ratios following the Fibonacci approximation of 7. This gives a periodic
lattice. As we change the ratios from 1/1 to 2/1 and so forth, we eventually reconstruct the
quasicrystal. Using these rational approximations, we can construct a quasicrystal approximant
which has a locally similar structure to the quasicrystal but is periodic. These are known as

approximants to the quasicrystal [22].

2.4 2/1 Ag-In-Yb Approximant

The 2/1 approximant is distinguished from the previously studied 1/1 approximant by a single
7 scaling of the unit cell [23]. Crucially for our study, the Ag-In-Yb intermetallic quasicrystal
is well-studied along with its isostructural counterpart i-Cd-Yb [24]. All approximants and
quasicrystals within this intermetallic regime are characterised by their cluster composition.
There exist three separate cluster types, Mackay, Bergman and Tsai. Cd/Ag-In structures are
composed of Tsai clusters. These clusters are formed by 5 separate shells of atoms with varying
ratios of Ag-In within the first, second, fourth and fifth shells. The third shell is composed of

the rare earth atom, which is Yb in our structure [25], [26].



ﬁr+m+@+.+.

Figure 3: Decomposed Tsai cluster showing the progression of shells from smallest to largest.

Third shell is composed of Yb. [S.Coates, 2019]

Focusing on our 2/1 approximant, the unit cell contains 9 clusters, one cluster centred at
each vertex of the unit cell, contributing é of a cluster and 8 internal clusters arranged into a
two-layered diamond pattern. The actual existence of these clusters is more a helpful guide to
characterising the structure than a physical rule, as in-between the clusters, there exist Yb ‘glue’
atoms. These glue atoms stabilise the bulk structure [27]. Dividing the unit cell into planes
along the (111) direction, these clusters manifest as 3 large planes of Yb (A, B, C). These can
then be further decomposed into 10 individual atomic layers of Yb atoms. These atomic planes
are of particular interest due them being coplanar with the location of cluster centres (see figure
5). The location cluster-centres has previously been tightly correlated with the location of plane

terminations within the 1/1 Au-Al-Tb and 1/1 Ag-In-Yb cubic approximants [24][28].

3 Methodology

In this section a brief overview of the methods used will be presented. This will include: the
basic theory and use of experimental apparatus, as well as, a discussion of data collection and

preparation methods used.



3.1 Ultra-High Vacuum (UHV) Chambers
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Figure 4: Diagram of the STM UHV chamber contained within the SSRC lab. [Sam Coates,
2019]

All experiments were performed under UHV conditions to minimise the presence of contami-
nants such as hydrocarbons. Like any reactive metal sample, we expect oxidation to occur under
atmospheric conditions, with translocation of species dependent on oxide stability [29]. The com-
bination of oxidation and translocation invariably renders the surface completely dissimilar to
the structure of the uncontaminated sample and thus must be minimised by preparation of the

sample under UHV conditions.

Due to the extreme sensitivity of our surface to the presence of surface and atmospheric con-
taminants, pressures of 107! mbar must be employed when conducting STM (see section 3.2.1)
analysis. This requires the use of three separate pumps in tandem: a roughing pump (Rotary

Vane within our set-up), a turbo-molecular pump and an ion pump [30].

For Leis (see section 3.3.1) analysis, due to repeated sputtering, removing contaminants be-
fore build-up, much lower pressures of around 10~® mbar are needed. Thus, only a roughing

and turbo-molecular pump were used [31].
3.2 STM Methods and Analysis

3.2.1 STM Theory

Our STM apparatus consisted of a tungsten scanning tip driven by small piezoelectric drives.
Our tip was, in turn, connected to a voltage supply to allow application of a bias voltage. Addi-

tionally, a signal amplifier was connected to the tip to allow recording of the tunnelling current



[32].

The exact theory of STM is complex and beyond the scope of this analysis. However, a small
summary is needed to explain tip resolution and bias effects. Superficially, STM can be reduced
to a finite square well. Effectively, we have the sample state U, the tip state Wg and then
the vacuum (finite square well) between them. One of the core tenets of this finite square well
is that states may tunnel through the potential well. Consequently, we observe a tunnelling
of electrons across our vacuum gap. The principal assumption made by Bardeen was to then
treat these tunnelling states as orthogonal (weakly coupled) and to assume they don’t represent
states of the overall coupled Hamiltonian. This allows us to apply basic perturbation theory
using Fermi’s golden rule to derive the tunnelling probabilities for each state [38]. Additionally,
in real materials, there exist thousands of states in both the tip and sample, so we must also

take this into account using the Fermi-Dirac distribution.

Normally, for every state in the tip, there is a corresponding occupied state of similar energy in
the sample. This means that the net movement of electrons is zero. However, if a bias voltage
(V) is applied between the tip and the sample, the states in the tip shift by eV relative to the
Fermi level. For a positive bias, this means that occupied states now above the Fermi level in
the tip can tunnel into the unoccupied states in the sample. This creates a net current from the
tip to the sample, which takes the form:

4re
1= =V By) (E3)|MJ? 2)

Where e is the electron charge, V is the bias voltage, ns is our sample density of states (DOS),
n¢ is the tip DOS, E4./EY, is the Fermi energy of sample/tip, and M is the tunnelling matrix
element. Crucially, we see that the tunnelling current is related to the LDOS (ns) in the sample.
Hence, by measuring the variation in tunnelling current, we may build an image of the LDOS
at the sample surface. Furthermore, the tunnelling current is highly distance sensitive, with the
tunnelling coefficient decaying exponentially with distance. Hence, if we hold our tip in constant
current mode, we can measure variations in surface topography with sudden shifts in surface
height leading to a measured change in current. Consequently, STM images show us the surface

topography and LDOS at the sample surface [32][33][34].

We do require knowledge of the tip density of states (nr) to derive that of the sample, with
the overall state being the convolution of the sample and tip states [33]. The most commonly
used model for direct calculation is that of Chen, which models contributions from various tip
orbitals as derivatives of the tip wave function [35]. For our purposes, the conclusion of this
model is simply that the narrower the tip, the greater the resolution due to a smaller number of
contributing states. Moreover, the use of tungsten as a tip material arises due to its strong d»

state dominating the tunnelling current. This allows easy analysis under the assumption that



this is the only contributing state. Thus, our resolution is primarily dominated by tip geometry

and the orbital makeup of the atom present at the tip apex [36].

3.2.2 Sample Preparation

In order for STM analysis to be conducted, the sample must be cleaned of all contaminants.
These contaminants may shadow the true LDOS contributions. For our crystal, this was done
using a 3-step process. First, the sample was polished manually using diamond paste and then
cleaned using methanol to remove soluble impurities as well as leftover paste residue. Next,
the sample was sputtered within a vacuum chamber by bombarding the surface with Ar™ ions.
These ions displace the surface species of the sample, removing the thin oxide layer and leaving
behind a rough surface. Finally, the sample was annealed by heating it to 400°C'. This allowed
the surface to stabilise into the most energetically favourable configuration by granting surface

species sufficient thermal energy to migrate and relax [37][38].

3.2.3 Analysis Procedure

Once the sample had been prepared and mounted, we took approximately 130 images of the sam-
ple surface. Taking 9 large-scale images, with the rest being small-scale images of 150nmx150nm

surface sections.

These images were then loaded into our analysis software (WSxM) [39]. For the large-scale
images, step-height analysis was conducted. To do this, we first magnified a thin strip of the
image showing visual terraces. Next, we used the height histogram feature to measure the dis-
tribution of heights across the surface. For a single step, this produced two Poisson curves with
means separated by our step-height. This process was then repeated for various sections with
different orientations and locations to account for random error. A more explicit overview of

this procedure is presented in Appendix A.

From the small-scale images, we measured motif sizes and orientations. To do this, we em-
ployed the line profile feature to measure the distance between multiple rows of atoms within
a motif array. By dividing this distance by the number of atoms present, the mean distance
between atoms for that motif was then derived. We measured orientations and internal angles
using vector calculations. Effectively, we took the cross product, which, along with our known
atomic separations, allowed us to derive the sine of the internal angle. Orientations were also
done more visually by importing the images into the program Inkscape. Within Inkscape, we
performed various rotations on specific image sections to gauge the rough alignment between
similar and dissimilar motifs across the images. All of the above methods were repeated at

multiple locations across the images to increase the reliability and minimise uncertainty.



3.3 LEIS Methods and Analysis
3.3.1 LEIS Theory

LEIS works by first ionising Ne atoms by bombarding them with high velocity electrons. The ions
are then accelerated to a kinetic energy of 5keV (for our apparatus) using a series of negatively
charged plates and concentrated using a collimating lens. These ions are then fired towards the
sample and scatter off the species present on the surface. A thin detector band then measures
the kinetic energy of ions scattered at an angle of between 45 — 46°. As ions impact the surface
and scatter elastically, they transfer a certain proportion of their kinetic energy. This energy

loss is proportional to both the ion mass and the particle mass from which it scatters:

7

cos(0) + \/mg —m?sin?(0)

Ep = Ey (3)

mi + mg

Where Ey is the final ion energy, m, is the atom mass, m; is the ion mass, and Ej is the initial ion
energy [40]. Hence, by measuring the scattered ion energy for a specific scattering angle, we can
determine the species from which it scattered. Additionally, if the interaction cross sections are
known, the actual surface composition can be reconstructed from the scattering spectra [41]. To
do this, we must also consider the neutralisation coefficient. This quantifies the number of ions
neutralised by collision either with small amounts of atmospheric contaminants or by collision
with a specific species at the sample surface [42]. It is this neutralisation coefficient which
renders LEIS extremely effective at surface analysis, with the high neutralisation probability of
noble ions limiting contribution from layers below approximately 10nm [43]. Consequently, if
we know the scattering and neutralisation cross sections, we can, with high accuracy, determine

the composition of the first few atomic layers [42].

3.3.2 Experimental Procedure

For our LEIS analysis, we first affixed our sample to a sample plate. We then connected a ther-
mocouple to monitor the surface temperature during annealing. Next, we inserted the sample
into the UHV chamber. Within the chamber, we conducted a series of 3 sputtering cycles. We
did this by dosing the surface with Ar™ ions in known increments, then taking a LEIS spectrum
after each dose. The first sputtering cycle was performed on the contaminated sample and was
conducted to remove any trace oxides or hydrocarbons. After this cycle, the sample was an-
nealed at 400°C for 2 hours to allow the sputtered surface to reform. After an hour of cooling,

the sample was then sputtered again, with spectra being recorded.

Afterwards, a final annealing and sputtering cycle was completed on the sample to account for
possible contaminants or random surface anomalies in the initial cycle. Finally, we conducted
a He™ scattering analysis of the sample in which we took a spectrum using He™' ions rather

than NeT. The smaller size of Het allows interaction with smaller contaminant atoms such

10



as oxygen or carbon whose cross sections are too small to interact with Ne™ significantly [42].
From this isolated spectra no C or O peaks were identified signalling that likely no contaminant

shadowing occurred for either clean sputtering cycles.

3.3.3 Spectra Analysis Method

For each LEIS spectrum, 3 Gaussians were fitted using IONFIT, giving the distribution of ion
counts for each species. The Gaussian baselines were then manually adjusted so that they all
matched to account for energy dependence in the baseline counts. The curves were then inte-

grated to give the total counts from each species.

The raw counts were then used to calculate the relative composition by first using the species

cross-section to convert the recorded counts to true scattering counts using the following relation:

e @

Where C; is the true count, C,p, is the observed counts, S; is the yield factor, R is a constant

relating to the experimental parameters, and 3—6 is the cross section [44].

It was then assumed that the final sputtering composition matched that of the bulk [56]. The
known bulk composition ratio 42Ag:42In:16Yb was therefore used to derive the true composition
for each spectrum by count ratio comparison. The composition change through both sputtering
cycles was then plotted and can be found within the results section. Further discussion of the

Gaussian parameters and fitting methods used for each spectrum can be found in Appendix C.

3.4 Vesta and STM Simulation Methods
3.4.1 Vesta Modelling

Vesta software [45] was used to analyse the theoretical bulk and make comparisons to the motifs
seen in STM images. Vesta allowed easy manipulation and isolation of various elements of the
structure. Primarily, Vesta was used to identify cluster centre planes. These planes were then

isolated and projected such that we were able to see their geometry along the (111) direction.
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Figure 5: Vesta structural model showing Yb (turquoise) and cluster centres (red). In the figure,

the page portrait direction is the (111) direction. Clear plane progressions can be seen between

Yb subplanes.
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The measure tool in Vesta was then used to identify the exact atom coordinates, which in
turn allowed measurement of coplanar distances using basis conversion and basic vector cal-
culations. We performed motif measurements for all 10 identified Yb-rich subplanes. We also
imported images of these Vesta planes into Inkscape. This allowed transposition of rough shapes

onto the images to map the motifs present.

These reduced maps were then, in turn, transposed onto the STM images and analysed along
with our known Vesta and STM motif sizes to check for possible matches. All clear STM
images were sampled in order to minimise fit uncertainty, with this procedure allowing rough

identification of all present motifs.

3.4.2 Computational Comparisons

Our final method for plane identification involved the use of a computational STM model. This
model was constructed using the Tersoff-Hamann model of tip contribution [46]. This allowed us
to model contributions to the LDOS from each species as 2-dimensional Gaussians. The physics

and implementation of this model are discussed within Appendix D.

The imported atomic coordinates of the bulk were used to model our plane contributions. Our
model had 4 primary inputs: a plane thickness (dz), plane centre location (z), plane number
(n), and finally a direction (1) encoding whether we were looking up through the plane or
down. Using this and our known Vesta coordinates in the (111) basis, we were able to generate
simulated STM images of specific planes, varying the plane thickness, the number of plane con-
tributions included and the surface orientation. We then matched these STM model images to
our real images by visual inspection, followed by comparison of motif sizes from Vesta calcula-

tions.

Throughout the modelling process, we included both Yb and non-Yb-dominated planes. We
did this to verify that our motifs couldn’t have arisen from non-Yb-rich planes. Additionally,
for all planes, the minimum dz value used was set to be dz=0.5 A. This choice was made to
match the minimum density of planes analysed with that of the pure elemental crystal. For
instance, the FCC structure of pure Ag has a spatial Ag density of 0.06 atoms per A3 [47]. This
minimum thickness requirement was implemented to ensure we only surveyed structurally stable
planes [48]. All thicker dz gave higher densities or matched the minimum viable density. The
matching process was completed for all 10 subplanes over a dz range of 0.5 A-3 A ie 1-6 plane
contributions included. The plane start point (z) was also varied to check for differences which

may arise from relaxation or cleavage.
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4 Results and Analysis

Here we present the findings of all experiments alongside our analysis and interpretation of these
results. In this section specifically, we will construct a surface termination model and present it

with support from our various experimental data sources.

4.1 STM Analysis
4.1.1 Observed Stepheights

Over the 9 large-scale images, 121 step-height measurements were made. These were then plotted
in histogram format, giving rough Poisson profiles. Then, using the histogram bin centres as
x coordinates and the frequency density as y coordinates, x? analysis was used to fit Gaussian
profiles to the step-height distribution. Analysis of the reduced x? for several fits produced a
most likely fit that demonstrated 4 distinct step height Gaussians with means of: 3.740.3 A,
4.440.2 A, 5.6+0.3 A, and 1.1+0.4 A.

Histogram of Step Heights
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Figure 6: Left hand image: Histogram showing measured step heats with Gaussian fit overlayed.
Legend format: (Mean, Standard deviation). We can see 4 clear Poisson curves with high sample-
size related noise, Right Hand image: Large scale STM image from our dataset showing clear

terrace transitions one is labelled using a line profile.

The relatively poor uncertainty in these step heights can be attributed to the limited sample
size available. This was also reflected in the relatively poor reduced x? of 5.4 for our best-fit
Gaussian model. Addressing this with further STM experiments may be necessary to lower these
height uncertainties. However, the range of error and reduced y? is likely more consistent with
random sample noise and resolution limitations rather than fundamental model fitting errors.

Consequently, it is probable that the 4-step step-height model falls within acceptable uncertainty
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limits.

4.1.2 Theoretical Bulk Stepheights

Using our Vesta bulk model, we were able to identify a possible explanation for our step height
measurements. As we have already alluded to, the structure is segregated into 3 successive
Yb-rich planes containing cluster centres. We may further subdivide these principal planes
into individual Yb planes or subplanes, with C containing 4 distinct Yb layers, and A and B
containing three. These sublayers are roughly separated by 1 A steps, with an example visualised

in the figure below:
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Figure 7: Vesta image showing section of bulk structure oriented along (111) direction to show

plane progression. Top image is a magnified C plane highlighting C subplane progressions.

We expect that the progression of these planes should follow that seen in the Vesta visu-
alisation, proceeding from A to B to C. If it were the case that we saw only top-of-plane to
top-of-plane transitions, we would observe a uniform step-height of 5.67 A. However, from our
collected step-height data, this model appears inaccurate. Instead, we allow our surface to ter-
minate at any subplane level, giving a range of possible step-heights of: 1 A, 3.5 A, 4,5 A, and
5.7 A. These correspond to various transitions. For instance, A2 to Bl or B2 to C1. These
subplane transitions appear to fall within the range of uncertainty of our measured step-heights.

Hence, we suggest that our surface terminates along these subplanes.

4.1.3 STM motifs

Using the small-scale STM images, local motifs were able to be identified. The identified motifs
were measured for size and internal angles using the method described in Appendix B. From these
measurements, 4 distinct surface motifs were identified, including: regular equilateral triangles
(A), irregular-tight triangles (B), uniformly coloured equilateral triangles (C), and diffuse spirals
(D).
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A) Regular B) Tight C) Uniform D) Diffuse
Equilateral Irregular Equ}lateral Spiral Triangles
Triangle Triangle Triangle

Figure 8: I) Large scale image showing STM surface after cleaning along with clear motifs. II)
Magnified section of I) showing motifs with greater resolution. Several common motifs can be
seen with the image mostly being spanned by regular triangular arrays of atoms. III) Fourier
transform of the STM image showing hexagonal motif symmetry. IV) High resolution image
of regular triangle motif (A) with atomic distance and internal angle labelled. A-D) Identified

surface motifs with names labelled.

Motif Side Length (nm) | Internal Angle (°)
Regular Triangle (A) 3.58 £ 0.03 57 £ 1
Tight Triangle (B) 1.85 4+ 0.03 49 +1
Uniform Triangle (C) 3.73 £ 0.06 59 £ 1
Spiral (D) 2.21 £ 0.04 N/A

Table 1: mean motif sizes and angles

Importantly, unlike previous approximant studies [49], no periodic relationship could be
identified between motifs. For instance, large triangles mostly formed in arrays of inconsistent
size and location across the STM image, with similar distributions being observed for all motifs.
Finally, in accordance with the 1/1 approximant model, we expected to see clear motif orien-
tation transitions between planes, which were not observed [50]. The principal example being
that the theoretical A and B planes are mirror images of each other along the x=y plane. Thus,
motifs in A and B planes should be rotated 180° relative to each other. This transition was also

not observed.

4.1.4 Theoretical Surface motifs

Using the subplane model, individual subplanes were isolated in Vesta. This allowed us to
visualise the species present at the plane surface as well as the influence of subsequent/substrate

planes. For each of these planes, the motifs were measured for possible matches to our 4 motif
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patterns. From these Vesta models, we identified the C1, C2 and C3 planes as being possible
candidates to explain the motifs observed. For example, C1, being visually less Yb dense,
demonstrated large triangular Yb structures of side length 4.1nm, similar to that of the uniform
triangular motifs (Figure 9). All additional motifs could be explained using C2 or C3 planes, as

partially demonstrated in the figure below.

Figure 9: A) Unaltered Vesta image of plane C1 with (111) direction pointing into page. B)
Overlay of rough motif shapes and sizes onto same C1 plane. C) Example of similar motif to
observed Vesta model matching shape, size and orientation. A rhombus is overlayed to allow

better image comparison.

From this, we concluded that the surface demonstrated large amounts of subplane transitions.
Different subplanes have distinct motifs, thereby explaining the inconsistent motif distribution.
We believe that these subplanes planes are likely similar in surface free energy and are only
separated by small step heights. This means they may be able to easily interchange across the
surface, creating the incoherent motif arrangements observed. These transitions are addition-
ally supported by height analysis studies of the images, showing different motifs appearing at
different relative height levels, indicating they belong to different subplanes. The data and plots
for this height analysis can be seen in Appendix A.

Given observed A and B step heights, similar visualisations were made of the A and B planes,
which are shown in Appendix D. These demonstrated remarkably similar motifs to C subplanes.
However, the problem of missing motif mirroring still remained, as all A and B Vesta motifs

observed were inverted mirror images.

4.1.5 Computational STM motifs

Given that STM only shows contribution to the LDOS for a specific bias-dependent energy
range, our Vesta models could not be used to fully visualise motifs. For example, In or Ag
dense motifs like the ones below in figure (10) would appear significantly weaker under positive
bias. This occurs due to the lack of filled states near the Fermi level compared to Yb, limiting

their contribution to the tunnelling current [51]. Therefore, to compensate for this, each of
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our Vesta planes were fed into our computational STM model to visualise these effects as well
as the effects of convolution with lower layers. Note: In visualising the effects of various depth
effects, the range of z coordinates was varied to include and exclude certain atomic contributions
and compare subplane transitions. This variation process produced simulations similar to the

following:

NI

Figure 10: A) Vesta image of C2 plane showing regular arrays of Yb (turquoise) and In (Pink)
triangles. B) Computational modelling of same Vesta planes showing uniform brightness equi-
lateral triangles. C) Comparison STM image with matching array of regular triangles of similar

size.

From these simulations, we were able to confirm the similarity of C plane motifs to those
observed. Additionally, we were able to observe that A and B STM simulations produced su-

perficially similar motifs with no motif inversions despite their inverted structures.

We believe this arises due to STM convolution effects. STM only gives us an image of the
LDOS at the surface, although the contribution does decay with distance from the tip, neigh-
bouring layers of atoms just below the top layer do contribute to the LDOS and therefore the
motifs seen under STM analysis. We believe that because A and B are inverted, we see dif-
ferent lower layers contributing to the LDOS and therefore different motifs. For example, Al
is the equivalent of B3. Therefore, as we look down at Al, we see contributions from A2 and
A3. Meanwhile, as we look down through B1, we see contributions from B2 and B3, i.e., A2
and Al. So fundamentally, even though A and B motifs should be mirror images, the differing
lower layers completely distort this relationship. So, when we look at A and B subplanes, we
are observing a completely different LDOS. The overall distortion effects from looking through
these planes produce motifs that appear superficially similar but appear in reverse order to their
A/B counterpart. For instance, in A, the regular triangles were the middle motif corresponding
to A2; however, in B, it corresponds to the top Bl layer. Height analysis of our confirmed A/B
transition with atomic resolution was able to confirm this shift in motif transition ordering (see
Appendix A), which, along with our matching STM simulations, provides credible evidence that
this convolution effect may be present. Direct DFT studies of the surface should be able to

confirm this hypothesis within further studies.
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Figure 11: Overall this figure compares A and B motifs to show similarity under STM simulation.
A) A1 subplane simulation showing regular triangle Motifs. B) B2 plane simulation showing
similarly orientated triangle motifs. C) Comparison STM example showing internal triangles as
too low resolution to distinguish A and B planes. D-F) Same structure as A-C) for different
motif. ie D shows A2 simulation and E shows B3 simulation. F) shows matching orientation for

macro scale motifs

It is important to note that the simulation model used is limited in reliability, given its
lack of modelling of tip geometry, tip shell contribution or hybridisation of shells on the sample
surface. The effects of this uncertainty were combatted by only using Vesta bulk measurements
to estimate theoretical motif sizes. This prevented confirmation bias or false motif visualisations
from affecting our model fits. The convolution explanation of A and B orientation is, however,
dependent on our simulation model. Hence, although it is partially supported by other evidence,

it should be considered with care until DFT studies can confirm its validity.

4.2 LEIS Analysis

Using our spectra data, a plot of relative composition vs sputtering dose was constructed for
the two sputtering rounds. The composition charts below both appear to be In and Yb enriched
with the relative peak (post annealing) compositions given in Table 2. It was additionally noted

that the surface composition appeared to be Ag-depleted.
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Figure 12: Left-hand plot shows composition vs dose for sputter cycle 2. We can see an initial

In richness and Ag depletion which rapidly stabilises as we reach the bulk. Right-hand plot

shows sputter cycle 3 and demonstrates a similar trend. The peak compositions correspond

to the post-annealing (ie surface) composition with the first few sputtering doses removing

accumulated oxides from the 2 hour post annealing cooling period.

Species Sputter 2: Atomic Composition | Sputter 3: Atomic Composition | Bulk Composition

Indium 59.28 + 0.02 96.21 £+ 0.03 42
Ytterbium 15.41 4+ 0.04 15.99 4+ 0.02 16

Silver 38.07 £ 0.03 37.74 + 0.03 42

Table 2: Table showing composition peaks for each sputter cycle along side bulk composition.

4.2.1 Composition Matching

We were able to use the peak compositions to search for matching theoretical planes. This search

was conducted by splitting the sample into multiple 0.5 A slabs in Python and then taking the

weighted ratio of Yb, In, and Ag atoms detected within that slice. Using this slab method, six
plane candidates were identified corresponding to the C2, C3, A2, A3, B1l, and B2 subplanes.

All of these plane terminations were close to or contained an In-rich and Ag-depleted plane.

Furthermore, all had similar compositions to the peak compositions given in Table 2.

Species Predicted Composition | C1/C4 Composition | A1/B3 Composition | B2/A2 Composition

Indium 59.28 4+ 0.02 55.56 57.58 55.10
Ytterbium 15.41 + 0.04 16.05 15.15 16.33

Silver 38.07 + 0.03 28.40 27.27 28.57

Table 3: Table showing best match to indium rich surface planes. Due to space the remaining

matches are listed within Appendix C.

This tentatively matched our STM subplane model, with the predicted composition of the
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subplanes being within the range of uncertainty of our LEIS composition data.

Additionally, the slight discrepancies between our predicted compositions and our measured
compositions may also be explained by fundamental uncertainties within our LEIS methodol-
ogy. Principally, the assumption that the LEIS cross sections for Ag, In, and Yb detection
were the same as in the previously tested Quasicrystal samples, and that the fully sputtered
composition matched that of the bulk. Both of these assumptions introduce small uncertainties.
For example, the theoretical bulk may not match the real structure due to possible density
discrepancies or differences in the holistic chemical environment on the surface. Both of which
would considerably affect the cross-section for each species, as well as, the final post-sputtering
composition. These fundamental uncertainties are unfortunately inherent to any LEIS analysis
and can only be constrained by its use in conjunction with other methods such as STM. Given
the profile match between our STM model and the LEIS data, we are confident that the effects
of these uncertainties were minor. However, further analysis of cross sections and the natural

bulk would still be beneficial to constrain this uncertainty.

We also have to consider one additional explanation for the observed In richness beyond our
model. That being that In atoms, as the most chemically stable of the species present in the
approximant, may be able to translocate during the annealing process. This may form a pure
elemental indium layer near the surface of the sample. The layer would present as high In
abundance, and Ag depletion with the layer shadowing Ag signals. This phenomenon has been
confirmed before in intermetallics containing In metal and thus, cannot be discounted as an ex-
planation of the high In surface abundance [52]. XPS analysis of the surface may be needed to
fully discount this hypothesis and constrain our plane model by detailing the surface composition

within the first few nm of the sample.

5 Discussion of Surface Stabilities

5.1 Model Overview

From our experimental analysis above, we now know that the structure terminates along 3
principal major planes. These termination planes are rich in Yb atoms. We also propose that
the STM images then demonstrate further subdivision of these major planes into Yb subplanes
with small terrace steps observed between subplanes. Furthermore, from our LEIS analysis and
STM modelling, we can surmise that the major subplanes present are C1, C2, C3, and C4;
meanwhile, only A2, A3, B1, and B2 are present, with the C2-A1-B3 subplane progression being

the most abundant based on our step-height commonalities.
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5.2 Chemical Stability Analysis

Having concluded that the experimental evidence may suggest the existence of subplane ter-
minations as well as large-scale step heights between adjacent cluster centre planes. We must
now ask why these plane terminations are more favourable than others. Within this section, we
will present an analysis of the chemical favourability of these planes, demonstrating energetic

profiles in concordance with our experimental model hypothesis.

5.2.1 Areal Density Studies

Within surface formation theory, when terraces form, bonds between the plane and the cleaved
plane above are broken, leaving dangling bonds [53]. The greater the density of a certain bonded
species within a single plane, the greater the ratio of coplanar bonds to dangling bonds. Con-
sequently, high-density planes are often more chemically stable than lower-density planes due
to the shorter bond lengths and fewer dangling bonds. Within the Tsai cluster model of our
approximant, we know Yb atoms are only bonded to other Yb atoms. Considering the large size
of Yb atoms, long or cross-plane bonds are very likely to be weak. Hence, planes with low Yb
density will have more long Yb-Yb bonds and more Yb dangling bonds. This renders the plane
highly unstable relative to higher-density Yb planes [54].

Using a slab model, we were able to iterate through the bulk and derive areal densities for
Yb atoms. The area cross-section of the plane was derived using a simple cross-product anal-
ysis with the sample being split into uniformly sized parallelogram planes. This produced the

following plot of Yb density vs position along the (111) vector direction:
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Figure 13: Three fold comparison figure showing the arial density of species throughout the
strucuture. The Z coordinate start values are arbitrary with data being taken from a 80 A
section (ie showing all 4 subplanes). The first graph is a comparison of Ag and Yb, the second
(middle) is of In and Yb and the right hand plot is Yb. We have included the third plot to allow
the reader to identify the subplanes clearly, the group of 4 peaks is plane C from which others
can be derived. Note the x scale on the Yb only plot is adjusted for clarity and is not the same

as used in the other plots.

As can be seen in the above figure, C2 and C3 subplanes appear to be the most dense,
supporting the experimental model in which they both appear as surface termination planes.
B3 and Al are also similarly Yb-rich, however, to a lesser extent than C2 and C3. Moreover,
B2 and A2, both observed plane terminations, are of relatively low Yb density. The question of
why the low-density C1, C4, A2 and B2 planes are observed still remains unanswered using Yb
density alone. Instead, in line with the LEIS evidence of relative In abundance and Ag paucity,

the same density studies were repeated for Ag and In.

From the density profiles, we can clearly see that C1, C4, A2 and B2 form alongside very
high density In planes. We believe that, similar to the role of Al in Au-Al-Tb quasicrystal, the
lower surface free energy indium is able to chemically support the relaxing Yb layer above [55].
This electronic support stabilises the plane energetically. This increases the likelihood that the
surface terminates at these planes during the annealing process. Consequently, this may explain
the observed presence of these planes within the STM data. The confirmation of this stabilisa-
tion effect should be possible using DFT to derive the local density of states contributions from

the stabilising In layer.
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5.2.2 Cluster Centre Analysis

Previous studies on Au-Al-Tb [55] and 1/1 Ag-In-Yb approximant [56] have shown that these
high Yb density planes form invariably at the location of Tsai cluster centre planes. Previous
work has also demonstrated a clear link between rare earth density and plane stability [57]. We
have previously surveyed the cluster centre plane locations, identifying that C2, C3, A2, and A3
are all cluster centre planes in line with this theory. However, we have not analysed the number

of cluster centres split by each plane as a possible explanation for plane stability.

Tsai clusters represent the most energetically favourable arrangement of atoms within the bulk
structure. Consequently, planes which intercept and cleave a larger number of these clusters
destabilise the surrounding structure, making their formation energetically unfavourable [57].
This was identified within the Au-Al-Tb structure by the apparent absence of intermediary
planes in the unit cell, which cleaved a larger number of cluster centres [55]. With this approxi-
mant being similar to the 1/1 In-Ag-Yb approximant, we suspect a similar chemical trend may

appear in our structure. Hence, the In and Yb-rich planes may correspond to those which cleave

Avplane
e ! 2d & 1t & & °
Low Yb B plane
Density Plane 2d
§ & 8 8 8 C plane

Figure 14: Labelled diagram showing cluster centres (red circles). The planes are labelled for
clarity with 2d being the total cluster height hence we see A and B are separated by one cluster
width. The low density plane between A and B is also shown to allow cluster cleavage counts

to be made.

In determining the veracity of this model, we projected our structure along the (111) axis
and counted the number of clusters cleaved for each subplane type. From the diagram (Figure
14), we can see that both C2 and C3 only cleave 2 clusters per 3 preserved. This occurs due to
C2 being collinear with the bottom of the clusters contained in the B2 subplane and C3 being
collinear with the top of the A2 clusters. This also means that the A2 and B2 cluster planes

also cleave 3 clusters per 2 preserved.

Qualitatively, this may indicate that there is no cluster-driven preference behind the appearance
of any of the principal planes. This means A is as likely to form as B or C. It does equally indi-
cate that non-cluster-centre subplane layers, such as C1, cleave large numbers of cluster centres,
approximately 5 per unit cell. (The same number of 5 cleaved per unit cell was calculated for
B1, B3, A1, and A3 as well.) Consequently, it is possible that these planes are less energetically
stable and are present due to the stabilising effects of the nearby In-rich planes. We can also

note that the Yb-poor cluster-centre plane between A and B also likely doesn’t appear in the
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plane progression due to its low density relative to its high number of clusters cleaved (4 per 1

preserved).

With cluster centre planes being highly stable in other similar quasicrystals, we would expect the
structure to show preferential cleaving along the principal cluster centre containing planes. For
example, C2 and C3 should form longer terraces than C1 or C4. Further STM analysis showing
plane divides would be necessary to confirm such relative stability conclusions, with less sta-
ble planes often being shorter and appearing less often. Unfortunately, our data was too low
resolution within large-scale images to differentiate plane types and make area measurements.
Furthermore, the sample size of the images was too small compared to the high similarity of

motifs to make accurate commonality measurements.

5.2.3 Glue Atoms

One additional chemical influence on the stability of planes is the presence of non-cluster-based
Yb glue atoms. These atoms bond Tsai clusters together, stabilising the bulk structure. These
glue atoms, given their higher bond lengths and lack of stabilisation from multiple cluster bonds,

have been linked to lower surface stability when found in high abundance within planes [57].
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Figure 15: Labelled diagram showing glue atoms (large turquoise circles), cluster centres (red
circles), and Yb cluster atoms (small turquoise dots). A ¢ plane is labelled showing it to be the
only plane with glue atoms with the highest density located within the middle 2 subplanes (ie
C2 and C3).

In our bulk model, the only plane to contain such glue atoms was plane C, containing 10 Yb
glue atoms per unit cell. Furthermore, we identified C2 and C3 as having the highest number of
Yb glue atoms relative to Yb cluster atoms. This may provide another possible explanation for
why we observe C1 and C4 despite their higher number of cleaved clusters and lower Yb density.
Additionally, with both having higher density In planes nearby and lower glue atom ratios, this
may render them similarly stable to C2 and C3 planes, possibly refuting the predicted difference

in their abundances within the previous section.
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5.2.4 Screw Defects

On a final note, one of the principal pieces of evidence we have for the relative energetic simi-
larities between all planes is the high frequency of screw defects observed. In the 1/1 Ag-In-Yb
approximant, the presence of screw defects was linked to energetic similarity between planes.
This allowed easy migration of species between planes during the annealing process. This led to

the formation of these screw defects as a byproduct of this large-scale migration [51].

Of the 4 small scale images showing two distinct planes, 3 of them showed screw defects. We
believe all of these appeared to be transitions between A and B planes. Combined with the fact
that both are mirrors of each other, these defects render the possibility of them being approxi-
mately energetically degenerate quite plausible. Hence, it is possible that A and B planes should

appear with the same abundance, with neither being more energetically favourable.

6 Conclusions and Further Work

We have successfully analysed the (111) surface of the 2/1 approximant using both STM and
LEIS analysis. From these methods, we have identified that the approximant likely terminates
along 3 principal planes A, B and C, which are both Yb-rich and collinear with the location
of cluster centre planes. This is similar to previously observed quasicrystal plane termination
trends. Using STM analysis, the surface was also identified as possibly forming subplane divi-
sions between the various Yb-rich layers within these larger planes. We believe these subplanes
are able to form due to a mixture of chemical effects. For example, limiting the cleavage of
stable Tsai clusters. We also believe that the planes show no preferential formation due to a fine
balance between these varying chemical effects. This is demonstrated through frequent transi-
tions between subplanes, producing a complex stochastic surface profile. Further work on this
unique termination structure may provide novel catalysis applications and may encourage fur-

ther investigation into the difference between coarse approximants and their parent quasicrystals.

That being said, due to our small sample size, further work will be needed to fully confirm
the validity of these formation trends. We highly recommend that the following extra work be
completed to address the issues highlighted:

e XPS work to confirm the In stability hypothesis by checking for a migrated In elemental

layer.

e Further STM work imaging terrace transitions to provide commonality data and give a

reference for plane stability.

e Improvements to computational modelling work or use of DFT to confirm the A-B plane

convolution hypothesis.
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7 Appendices

In this section we will provide any extra or required material that we believe may aid the reader
in understanding and interpreting our findings. Additionally, much of the raw data can be found

in this section from which independent reproducibility studies can be conducted.
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7.1 Fibonacci Sequence

Due to its utility within Tsai cluster based system we will briefly describe the Fibonacci sequence.
The Fibonacci sequence is a recursive series starting at 1 with derives consecutive terms by
adding the previous two terms. For instance, starting at 1 the first few terms of the sequence is
given by:

F=1,1,2,3,5,8,.. (5)

Extending this, we may derive any term with the Fibonacci sequence using Binet’s Formula:
¢n — (1 — ¢)n (6)
V5

where ¢ or 7 as it is referred to in the text is the golden ratio. Equally if we know two

F =

consecutive terms in the Fibonacci sequence we can use these to provide an approximation for

¢ by taking their quotient with:

n—oo Fj,_q
[71].
7.2 Structure Visualisation

To some degree the model presented is quite hard to visualise from the text alone. Hence, as an

aid to the reader several labelled figures of the structure are given here:

Figure 16: Yb clusters composing single unit cell. Image is taken looking along the x axis hence

we can see 4 corner clusters and the 8 internal clusters within a diamond pattern.
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Figure 17: Yb clusters composing single unit cell. Image is taken looking along the y=x direction

hence we can see all 8 corner clusters and the 8 internal clusters within a diamond pattern.

Figure 18: YD clusters composing single unit cell. Image is taken looking along the (111)
direction hence we can see all 8 corner clusters and the 8 internal clusters. We can see the
hexagonal symmetry present within the structure relating to the decomposition of the 6D parent

space.

7.3 Appendix A - STM Data Processing and Measurement Methods
7.3.1 STM Image Processing

Before motif or step defect measurements could be taken from the 130 STM images they required
cleaning. This was done to remove isolated defects such as tip line scores, missed scanning sec-
tions or adatoms. Within WSxM the fast Fourier transform tool was used to perform frequency
decomposition and remove these isolated defects. This tool shows the frequency or Fourier space
decomposition of the image signal allowing isolation of bright signals corresponding to repeated

or high frequency features.
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Figure 19: A) Raw STM image without FFT correction, score marks can be seen from tip drift.
B) Fourier space rendition of STM image in A. We can see bright spots corresponding to high
frequency patterns. Some noise is seen in the diffuse specles surrounding the hexagonal block.

C) Fourier cleaned version of A all scoring has been removed leaving clear motifs

Once these features are isolated, the reconstructed image only shows the repeated motifs.
These motifs are still distorted due to slope and drift effects arising from imperfections in the
control of the piezoelectric tip drivers [58]. These distortions are identified within the Fourier
transform of the image manifesting as drift in the hexagonal (6-fold) symmetry present within

the approximant.

We corrected this manually by first identifying that the large regular triangle motifs should
theoretically form regular hexagons based on the Vesta structure. The images were then im-
ported into Inkscape and manually manipulated until the symmetry of these hexagons was
restored. The Fourier transform was then retaken to confirm that the distortion had be rectified

allowing use of the images to make motif measurements.

Figure 20: Drift corrected STM image (from figure 19) showing corrected hexagonal symmetry.
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Further aesthetic corrections were made when identifying arrays of motifs and making mea-
surements. These include making plane corrections using WSxM to level the surface of the
image allowing clear identification of motif boundaries and sizes. Additionally, the colours and
contrast were adjusted to clarify the boundary of motifs when making measurements and when
preparing figures. This was done to better display motifs of limited contrast to the background
LDOS signal. Inclusion of all adjusted images would be impractical, however, a figure example is
given above of the outlined cleaning process. Requests for access to the raw and cleaned images

can be made to the SSRC Liverpool.

Figure 21: A) Original STM image with no colour corrections or changes from base WSxM

presets. B) Same STM image with contrast increased to clarify array of triangle motifs.

7.3.2 Motif Measurements

The measurement of motifs was done in WSxM. First, the cleaned images were visually inspected
to identify clear motif regions with sufficient size to allow measurement. Once regions of sufficient
size were identified, the line profile tool was used to measure the size of the motifs. This was done
by drawing a line along the repeating motifs starting before the motif and ending afterwards to
prevent elision of motif data. Due to the stochastic nature of the images, the normal limit of 5

collinear motifs was adjusted to 3 to increase the number of available measurement locations.
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Figure 22: A) Is a magnified STM image showing triangular large motifs covering the top
subplane. B) The same STM image with a line profile drawn coinciding with 6 atoms ie 3
triangle motifs. C) The height profile corresponding to the line drawn across image B. We can
see peaks at high LDOS/bright regions and troughs corresponding to the gaps between these

regions.

The line profile tool produces a 1d continuous height profile along the selected line. The
peaks correspond to the locations of surface atom arrangements (bright regions). By using the
inbuilt profile measurement tool, the distance between all the motifs was measured by taking
the difference between the location of the first peak and the last. The location of the peak
was identified visually hence, the uncertainty in the distance measurements was taken as the
standard deviation of the Gaussian peaks. Consequently, the overall uncertainty of the entire
profile was taken as the sum of the standard deviation of the first and last peaks. The motif size
was then derived by dividing the total distance by the number of peaks minus one to account
for the initial peak. The total uncertainty was similarly divided by this number in line with

standard error propagation.

For the irregular triangles, in which no clear none-extended peaks could be identified, the line
profile was drawn along the rough corners of the motifs. The position of the triangle edges was
determined visually using the position tool to identify the section of the image which was being
measured. Due to the visual nature of the size determination the uncertainty in the diffuse

triangles was taken as the cross hair width plus the peak deviation.

A list of all the motif measurements made is provided in the table below. The mean motif
width was calculated from each of the measurements with the total uncertainty being derived

by the standard quadratic addition formula:

o2
a. = |Z| ZZ—’:% (8)

Where «,, is the uncertainty in the nth motif measurement, 7, is the nth motif size, |Z| is the

motif mean size, and «, is our mean uncertainty [59].
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Regular Triangles (nm)

Irregular spiral (nm)

Tight Triangle (nm)

Uniform Triangle (nm)

3.55 £ 0.05
3.59 £ 0.06
3.51 £ 0.05
3.68 £ 0.07
3.65 £ 0.04
3.50 £ 0.03
3.49 £ 0.05
3.68 £ 0.05
3.75 £ 0.05
3.89 £ 0.07
3.55 £ 0.05
3.45 £ 0.06
3.61 £ 0.05
3.81 £ 0.05
3.53 £ 0.04
3.51 £ 0.04
3.42 £ 0.06
3.56 £ 0.09

1.98 + 0.03
1.92 + 0.03
1.95 £ 0.04
2.04 £ 0.03
2.05 £ 0.04
1.92 + 0.05
1.68 + 0.05
1.79 £ 0.03
2.03 £ 0.03
1.77 £ 0.03
1.84 £ 0.04
1.66 = 0.03
1.64 £ 0.10
1.93 £ 0.08
1.68 £ 0.04
1.97 £ 0.05
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3.4 £0.10
3.5 £ 0.10
3.2 £0.20
3.4 £ 0.10
3.6 = 0.10
3.7 £ 0.10
3.5 £ 0.20
3.5 £ 0.10
3.1 £0.20
3.3 £ 0.10
3.6 £ 0.30
3.7 £ 0.10
3.8 £ 0.10
3.4 £0.10
3.500 + 0.10
3.4 £ 0.10
3.01 £ 0.20
3.6 £ 0.10
3.71 £ 0.10
3.65 £ 0.20
3.25 £ 0.10

2.2 £0.30
2.4 £ 0.20
2.2 £0.20
2.1 £0.10
2.4 £ 0.30
2.2 £0.20
2.3 £0.10
2.1 £0.20
2.1 £0.20

Table 4: Table of compiled motif measurements and uncertainties with all units in nm



7.3.3 Step-Height Measurement

The 10 large scale images taken all contained multiple step defects allowing measurement of
a wide range of plane terminations. To prevent disproportionate representation of specific,
clear step defects within the histogram each plane termination was measured 3 times from 3
different locations along the terrace. The mean step-height was then calculated from these 9
measurements and added to the table used within our histogram (Table 4). The uncertainty in

this was taken simply as the standard error calculated via the following:
o= — (9)

Where « is the standard error, o is the standard deviation, and N is the sample size [60].

The measurement procedure itself was quite simple. We first took a thin magnified image
of the terrace transition and used the height histogram feature in WSxM to create a visual of
all the heights present in the image. For a single terrace transition, with standard noise from
terrace defects, this appeared as two Poisson curves. Taking the difference between the mean of
these two poisson curves, using the WSxM measurement curser, then gave the step-height. As
described, the location and orientation was then changed and the measurement re-performed

until we had 9 measurements for the terrace transition.

Figure 23: A) Example STM image with black square drawn to highlight measurement section
when using height histogram. B) Image of region highlighted in A showing step transition.
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Figure 24: Height histogram corresponding to magnified image B in figure 23. We see two rough
Poisson curves with defect related noise creating spread around means. The distance between

the two peaks (means) is our step height which is around 5.4 A.

121 of these procedures were completed over all the terraces until we had a relatively com-
plete image of the commonality and size of the terrace transitions. These were then plotted
as a histogram, the analysis of which is discussed in the next appendix. A table of all 121

measurements and their uncertainties is included below.
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Step-heights | Step-heights | Step-heights | Step-heights | Step-heights | Step-heights
4.57 £+ 0.05 4.4 £0.1 4.42 + 0.07 4.8 £ 0.2 4.38 + 0.08 | 4.36 £+ 0.08
4.5 £ 0.1 4.5 £ 0.1 4.6 £ 0.1 4.61 + 0.07 4.1 £0.1 4.22 + 0.09
4.49 + 0.07 4.4 +0.1 4.32 + 0.05 4.6 £ 0.2 4.49 + 0.07 4.5 £0.2
4.66 + 0.06 4.6 £0.2 4.96 + 0.08 | 4.30 £ 0.04 4.7 £ 0.1 4.39 + 0.08
4.05 + 0.07 | 442 £0.05 | 4.31 £ 0.06 | 4.16 & 0.09 | 3.67 £+ 0.04 3.8+ 0.1
3.83 £0.09 | 3.51 £0.03 | 3.96 £ 0.05 | 4.04 £0.07 | 3.19 £0.06 | 3.50 £ 0.2
3.96 £ 0.08 | 3.85 £ 0.06 3.7+ 0.1 3.97 £0.05 | 3.68 £0.07 | 3.43 £ 0.07
3.4+0.1 3.5+0.1 3.3 +£0.2 5.03 £ 0.08 | 4.97 £ 0.09 5.3 £ 0.3
5.54 £ 0.03 | 5.65 £ 0.05 52 4+ 0.1 5.54 + 0.05 | 5.85 £ 0.08 | 5.45 £ 0.06
5.3+ 0.2 5.57 £ 0.08 | 5.90 £ 0.08 | 4.35 £0.05 | 5.49 £ 0.04 | 4.52 £+ 0.07
3.57 £0.08 | 4.39 £ 0.09 4.8 + 0.2 5.33 £ 0.09 5.0 £ 0.3 4.55 £ 0.08
4.63 £ 0.05 | 4.44 £0.07 | 3.58 £0.04 | 3.98 £0.09 | 4.68 &£ 0.06 | 5.39 = 0.07
4.1 +£0.1 3.8 +0.1 4.13 + 0.08 4.7+ 0.2 3.52 4+ 0.05 | 4.4+ 0.08
3.8+0.3 4.4+ 0.2 4.59 +0.09 | 3.80+£0.1 | 5.05 +0.07 4.2 +£0.1
5.30 £ 0.06 | 4.56 £ 0.08 | 5.86 £ 0.05 | 4.92 £+ 0.09 4.3 +£0.2 4.12 + 0.04
5.85 £ 0.03 5.6 £ 0.1 5.57 £ 0.09 4.3 £0.2 3.64 £ 0.05 | 3.27 £ 0.07
4.34 £0.08 | 3.76 £ 0.05 | 3.53 £ 0.07 | 3.62 £ 0.04 3.4+0.2 0.80 £+ 0.02
0.78 + 0.01 3.9+0.1 4.48 + 0.08 3.5+0.1 4.45 + 0.08 | 3.73 £ 0.04
1.23 £ 0.01 | 0.81 +£0.03 | 1.43 £0.01 | 1.23 +0.03 | 1.61 £ 0.02 | 0.91 + 0.02
1.07 £0.01 | 1.18 £ 0.05 | 1.15 £ 0.04 | 0.95 + 0.03 | 1.08 £ 0.03 | 1.56 % 0.02
1.10 £ 0.04

Table 5: Table of compiled step-height measurements with all values given in A

7.3.4 Variation in A/B motif ordering

As mentioned in the main body of the report, A and B planes are mirror images of each-other
with inverse ordering. We expect therefore to see a different ordering of motifs when comparing

A and B planes reflecting the different subplane order.

From simulations we expect A subplanes to present as Al to A2 which manifests by the lo-
cal ordering: Tight irregular triangles - Regular large triangles - uniform triangles. Meanwhile
for B, given that we’re seeing B3 to B2, we expect the following ordering: Regular large triangles

- Tight irregular triangles - uniform triangles. (The first motif listed is the top presenting motif.)
This ordering was confirmed using image height analysis of the motifs. We drew line profiles

crossing multiple subplanes to gauge their height order. This was done over the 3 small scale

images with A to B step transitions shown. This produced clear, continuous profiles showing
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our predicted ordering as well as confirming the larger step divide between the uniform triangles
and middle motif in plane B (1A compared to 0.84).

(=]
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TTTTTTTT T T TN

Figure 25: A) Shows magnified image of STM profile. A line profile is drawn from the tight
binding subplane to the uniform triangle subplane. B) This shows the 1d line profile from
image A) going from right to left. We can see that the tight bound triangles are located at
a level approximately 1 A higher than the uniform triangles confirming the suspected order of

progression.
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Figure 26: A) Shows magnified image of STM profile. A line profile is drawn from the uniform
triangle subplane to the regular large triangle subplane. B) This shows the 1d line profile
from image A) going from right to left. We can see that the uniform triangles are located at
a level approximately 1.5 A lower than the regular triangles confirming the suspected order
of progression. Additionally from this we can suggest that the order is regular triangles, tight
triangles then uniform triangles indicating that this is a B subplane or alternatively a C subplane.
Due to the difficulty in differentiating C planes from A and B no definitive plane identification

can be made from the figures.

It is to be noted that, although several profiles were sampled, only 3 images were suitable
for testing. Hence, no exact transition sizes can be given due to our limited STM resolution at

less than 1 A scales and the high influence of defects at such small sample sizes.

7.4 Appendix B - Step Height Analysis and Gaussian Fitting
7.4.1 Bin Fitting

Having recorded 121 step-heights, we needed a robust method in which to analyse their distribu-
tion and identify the number of step-heights present. The standard method in which this is done
is by use of Histogram analysis in which step-heights are identifiable as Poisson distributions

around a mean (our step-height).

In creating this Histogram the Freedman-Diaconis formula was used when determining the bin

width (bin number) used:
o 2UQR)
VN

Where W is the bin-width, IQR is the interquartile range, and N is the number of measurements

(10)

(121) [61]. This allowed us the prevent over-smoothing of less frequent step-heights preventing
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their misidentification in later continuum analyses. Using this formula, we derived an ideal
bin width of 0.18 nm This figure was adjusted to 0.1 nm (40 bins) which provided a clearer
distribution while, still balancing the influence of random noise and over-smoothing. Finally,
the plotted Histogram was normalised to show frequency density using the standard in-built

mathplotlib.pyplot normalisation command.

7.4.2 Chi-squared Analysis

To allow proper fitting of Gaussians to our step-height distribution the data was converted to
a continuum. This was done by taking the x coordinate as the bin centre location and the
frequency density as the y coordinate. This then allowed us to use standard model optimisation
code within Scipy to fit model parameters. A copy of the code used to fit the gaussian model

can be found labelled within the code repository (Appendix D).

Our model used standard variation of parameters to derive optimised coefficients using the
reduced chi-squared as a model fit test. The reduced chi-squared was calculated using the

standard formula:
3 el
2 Er
_ 11
X » (11)
Where x? is our reduced chi-squared, F; is our ith model predicted value, O; is ith our data

value, and v is our degrees of freedom [62].

All the models tested where of Gaussian form with the only adjusted parameter being the

number of Gaussians fitted. The multiple Gaussian model took the standard form:
y= 3 Asemeilest? (12)

Where a;, A;, and b; are simply optimised parameters. With i varied for each model to determine

the best number of Gaussians.

We tested a series of possible models ranging from 1 Gaussian to a maximum of 7. The clear
best fit identified was 4 Gaussians indicating the presence of 4 step-heights with all other models
either being over fit (small chi-squared) or poor fitting (large chi-squared). For the purposes of
completeness, we’ve included plots of some of the model fits tested along side the derived reduced
chi-squared. (Note: the higher fits despite having low chi-squared were very visibly over-fitted
see figure (26). The high errors when using our bin centre decomposition did contribute heavily
to some of this over-fitting and strange chi-squared values at higher Gaussian fits. Hence, above
4 fitted curves the middle section with very small errors (i.e. no frequency data) did have overly

high weighting leading to distorted fits.)
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Gaussian number | Reduced Chi-Squared
1 4 x 105
44.7
7.36
5.43
1x 104
4.43
7.95

N O Ot s W N

Table 6: Table comparing number of Gaussians fitted to best derived reduced chi-squared

two Gaussian Fit

204 - —— Best fit
¥ Bincentres

15

10

bin heights/frequency (Non-normalised)

1 2 3 4 5 6
bin centres (x-coordinate) (nm)

Figure 27: Plot showing bin centres as red crosses (data points) and bin count uncertainty. A

two Gaussian model is fitted to the data points shown in green.
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three Gaussian Fit

204 - —— Best fit
¥ Bincentres

15 4

10 4

bin heights/frequency (Non-normalised)

T T

1 2 3 4 5 6
bin centres (x-coordinate) (nm)

Figure 28: Plot showing bin centres as red crosses (data points) and bin count uncertainty. A

Three Gaussian model is fitted to the data points shown in green.

six Gaussian Fit

X — Best fit
14 X Bin centres

12 4

10 1 X

bin heights/frequency (Non-normalised)

bin centres (x-coordinate) (nm)

Figure 29: Plot showing bin centres as red crosses (data points) and bin count uncertainty. A
Six Gaussian model is fitted to the data points shown in green. We can see significant distortion
of model towards the low uncertainty middle section with the model heavily coinciding with

these zero points. This high fit weighting distorts the model making best fits highly inaccurate.

7.4.3 Histogram Uncertainty

Due to clarity reasons the uncertainty in the bin counts wasn’t shown graphically within the

main body of the report. The bin uncertainties were calculated and used when calculating the

model fit.
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This was done manually by counting the number of data-points which had an uncertainty and
value such that with their uncertainty added or removed would end up in the bin below or above.
Hence, doing this for all the bins we arrived at a maximum and minimum bin occupancy. This
was taken as the count uncertainty range. A continuum plot showing the bin centres and the

uncertainty ranges on the bins is included below.
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Figure 30: Histogram of Step-heights with bin uncertainty added. The largest bin undeflow or

overflow is taken as the uncertainty hence the equally sized plus and minus error bars.

7.5 Appendix C - LEIS Spectra Analysis
7.5.1 LEIS Spectra fitting

Spectra fitting was completed mostly automatically using the inbuilt Ionfit software on the
laboratory computer. The software was used to fit 3 Gaussians to the Spectra using model
optimisation through least squares analysis. Three peaks were fitted with the understanding
that only In, Yb, and Ag would be present on the surface with the influence of impurities post
the first sputter cycle being limited. The reason machine optimisation was used, rather than
manual fitting, was to account for the quite complex spread of ion energies. We expected both a
rough spread in beam energy around 5 KeV due to machine limitations. Additionally, variation
in the vibrational modes of the species may contribute to spread. Overall these lead to Doppler

broadening of the peak of the order:
0z ~ \/EO X Ev (13)
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Where 0z is the spectra broadening, Ey is the machine energy broadening, and E, is the vi-
brational energy of the target atom [63]. Hence, Ionfit being able to account for temperature
variation and species type when fitting was chosen to be the best fitting tool. Ionfit also pro-
vides a means to account for various other sources of error such as double scattering of ions
and re-ionisation. This is done through tail analysis of the spectra which represents background
counts from ions going through multiple scattering and reionisation deeper into the sample. The
complexity of doing this manually would be quite high which is why prebuilt tools were chosen

for the spectra analysis.

In addition to this error procedure, spectra were initially visually inspected before fitting to
check for bulk impurities which would present as another observed peak and thus invalidate our
3 fit optimisation. This allowed us to precisely fit Gaussians for each species present with the

knowledge that no broadening effects from unknown species were elised.

As mentioned previously in the main body of the report, manual calibration was needed to
remove baseline offset when fitting. This offset arises due to a mixture of effects including ‘tail’
effects from penetration of ions deeper into the surface (ghost counts) as well as poor initial
energy calibration [64]. This adjustment was made by simply adjusting the fitted Gaussian
baselines using Ionfit. This prevents us over-counting ion reflection contributions from deep
within the bulk giving an inaccurately weighted surface composition. For clarity, some examples
of the unfitted, fitted, and baseline adjusted Spectra are given below. There are more than 300
spectra hence we are unable to show them all, any request for data can be made to the SSRC

Liverpool.
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Spectra with no Gaussians fitted

350 A

300 A

250 A1
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Figure 31: Unfitted Spectra taken from Sputter round 3. We can see 3 peaks with Ag being the
first peak on the left, In the middle peak and Yb the lower right hand peak. The Ag and In

peaks are slightly overlapped due to their similar energy loss upon reflection.
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Spectra with non baseline adjusted Gaussians fitted
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Figure 32: Same spectra from Sputter round 3 with 3 Gaussians manually fitted. We can see
that the baseline is much higher on the right hand side with heavily reflected ions having less
energy. Hence, we can see that without baseline adjustment our Ag and In counts would be

artificially high.

Spectra with baseline adjusted Gaussians fitted

350 A
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Energy (eV)

Figure 33: Final baseline adjusted spectra removing ghost counts from unequal baseline.
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7.5.2 Composition Extraction

Composition extraction presents a unique challenge given that we can’t assume we have one to
one scattering. Some species will have smaller cross-sections and hence, scatter less frequently.
We also need to know neutralisation and reionisation coefficients to work out the true counts,
and ions may themselves undergo multiple scattering events before being counted. This all
means that we need to convert our raw spectra counts to true counts before we can extract the

composition.

Most of work is done by Ionfit itself as, it is able to use the tail signal to extract the total
contribution from multiple scattering events. Hence, our extracted counts from integrating the
fitted spectra were already multiple scattering event adjusted. Thus, to extract the true counts

we just needed to use the following equation for the yield of backscattered ions:

do

S = R(n) = R(P, + 72)

(14)

Where S; is the yield, R is a known coefficient encompassing several beam parameters, P; is
the ion fraction, and j—g is the scattering cross section [65]. The cross sections used were those
previously calculated for the quasicrystal upon which, LEIS analysis had previously been per-
formed. Although the bulk structure differs, the relative composition ratios are still the same.
We therefore, expect similar cross sections (ion stopping power). This is a major assumption
and further research may benefit from verifying this assumption. The direct calculation of cross
sections from the elemental references would likely represent a project in of itself. Thus, was

not practical for this limited thesis.

Once, the counts had been converted to true counts using the yield equation, we then derived the
composition. This was done by taking the final counts as that of the bulk. Hence, we divided all
previous counts by the counts of the final dose to give the count ratios. We then multiplied these

ratios by the expected bulk ratio 42Ag:42In:16YDb to give the relative composition at the surface.

The measurement uncertainty in these counts were taken using the resolution of the raw LEIS
counts. For most of these this was £10 counts. This was then propagated through the yield
equation by simple multiplication. The ratio uncertainty was then taken using the standard

formula for dividing two variables:

2 2
=|z|\/24 + 2B (15)

@ A2 T p2

Wl

Where, in this case, A and B are simply the count numbers, and Z is the ratio value [66]. This
was then multiplied by the same bulk ratio to give the composition uncertainty. This was by the
far the least rigorous of our uncertainty propositions given we couldn’t derive the uncertainty

in the real cross sections due to us using the quasicrystal cross-sections. It should be noted the
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uncertainty is likely to be higher than our calculated values therefore all LEIS data should be

considered carefully before future experimentation can constrain our assumptions or clarify our

true uncertainty.

A table of the compositions for each of the 2 sputtering cycles is included below:

Table 7: Table listing LEIS composition change with dose applied for sputtering round 2.

Dose (10 ions cm™2)

Ag composition In composition Yb composition

0.00
0.38
0.77
1.92
3.07
4.22
5.37
7.67
9.97
12.27
14.57
16.87
19.17
21.47
23.77
27.22
30.68
34.13
37.58
41.03
44.48
47.93
51.38
54.83
58.28
61.73
65.18
68.64
72.09
75.54

28.2 £ 0.2
299 £0.3
377+ 04
43.7 £ 04
449 £ 04
46.4 + 04
498 + 04
50.1 £0.4
51.2 £04
498 £ 04
51.0 £ 0.4
50.6 = 0.4
50.3 £0.4
51.6 £ 0.4
51.1 £ 0.4
504 £ 0.4
50.4 £ 0.4
50.0 £ 0.4
499 £ 04
496 +£ 04
488 £ 04
49.0 £ 04
48.5 £ 04
48.6 £ 04
48.0 £ 04
478 £ 04
476 £ 04
471+ 04
46.9 £ 04
46.7 = 04

54.2 £ 0.7
55.5 = 0.6
56.2 £ 0.6
55.2 £ 0.5
53.7 £ 0.4
51.9 £ 0.4
494 + 04
483 £ 04
472 + 04
46.9 £ 04
46.0 £ 04
45.6 £ 04
44.8 £ 0.3
44.3 £ 0.3
43.7 £ 0.3
43.7 £ 0.3
434+ 0.3
43.6 £ 0.3
43.7 £ 0.3
434+ 0.3
43.8 +£ 0.3
43.5 £ 0.3
43.3 £ 0.3
43.3 £ 0.3
43.2 £ 0.3
43.0 £ 0.3
43.2 £ 0.3
43.2 £ 0.3
429 £ 0.3
43.0 £ 0.3

16.95 £+ 0.03
17.23 £ 0.03
16.0 £ 0.03
14.0 + 0.03
13.9 = 0.03
13.8 £ 0.03
12.7 £ 0.03
12.5 + 0.03
12.8 + 0.03
12.6 £ 0.03
12.6 = 0.03
12.7 £ 0.03
12.6 + 0.03
12.9 £ 0.03
12.9 £ 0.03
12.9 + 0.03
13.2 +£ 0.03
13.3 £ 0.03
13.2 £ 0.03
13.4 £ 0.03
13.5 £ 0.03
13.6 £ 0.03
13.8 £ 0.03
13.5 £ 0.03
13.9 £ 0.03
14.4 £ 0.03
14.0 +£ 0.03
14.2 £ 0.03
14.2 £ 0.03
14.5 £ 0.03
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Dose (10 ions cm™2)

Ag composition In composition Yb composition

78.99
82.44
85.89
89.34
92.79
96.24
99.69
103.14
106.6
110.05
113.5
116.95
120.4
123.85
127.3
130.75
134.2
137.65
141.11
144.56
148.01
151.46
154.91
158.36
161.81
165.26
168.71
172.16
175.61
179.07
182.52
185.97
189.42
192.87
196.32
199.77
203.22

46.4 + 0.4
46.1 £ 0.4
46.3 £ 04
456 +£ 04
453 + 04
459 £ 04
449 £ 04
445+ 04
449 + 04
444+ 04
44.6 £ 0.4
43.8 £ 04
442 + 04
43.8 £ 04
441+ 04
43.9 £ 04
43.6 £ 04
427+ 04
429 + 04
42.8 £ 04
432 £ 04
431+ 04
427+ 04
420+ 04
433 £ 04
427+ 04
422+ 04
424+ 04
419+ 04
422 £ 04
423 £ 04
41.6 £ 0.3
420+ 04
419 £ 04
42.0 £ 04
424+ 04
429 + 04

425 + 0.3
42.9 £ 0.3
42.7 £ 0.3
42.6 £ 0.3
425 + 0.3
42.0 £ 0.3
42.7 £ 0.3
426 £ 0.3
423 £ 0.3
424+ 0.3
424 £ 0.3
424+ 0.3
42.3 £ 0.3
428 + 04
419 + 0.3
41.8 £ 0.3
41.7 £ 0.3
424+ 04
42.0 £ 04
419 £ 0.3
41.9 £ 0.3
415+ 0.3
41.6 £ 0.3
423+ 04
414 £ 0.3
41.7 £ 0.3
41.7 £ 0.3
41.7 + 04
419+ 04
41.7+£ 04
416 £ 04
421+ 04
415+ 04
41.6 £ 04
419 £ 04
414+ 0.3
414+ 0.3

14.4 £ 0.03
14.7 + 0.03
14.5 £ 0.03
14.7 £ 0.03
14.6 £ 0.03
14.8 + 0.03
15.0 £ 0.03
14.8 £ 0.03
14.9 £ 0.03
15.0 £ 0.03
15.3 £ 0.03
15.2 £ 0.03
15.1 £ 0.03
15.3 £ 0.03
15.2 £ 0.03
15.3 £ 0.03
15.4 £ 0.03
15.5 £ 0.03
15.2 +£ 0.03
15.3 £ 0.03
15.5 £ 0.03
15.7 £ 0.03
15.6 £ 0.03
15.5 £ 0.03
15.5 £ 0.03
15.7 & 0.03
15.9 £ 0.03
15.8 £ 0.03
15.8 £ 0.03
15.8 £ 0.03
15.7 £ 0.03
15.6 = 0.03
15.9 £ 0.03
15.8 £ 0.03
16.1 £ 0.03
16.0 = 0.03
16.1 = 0.03
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Dose (10 ions cm™2)

Ag composition In composition Yb composition

206.67
210.12
213.57
217.03
220.48
223.93
227.38
230.83
234.28
237.73
241.18
244.63
248.08
251.54
254.99
258.44

419+ 04
421 £ 04
432+ 04
427+ 04
41.6 = 0.3
427+ 04
425 £ 04
421+ 04
419 + 04
422 + 04
42.8 £ 04
427+ 04
43.1 +£ 04
42.0 £ 0.2
42.0 £ 0.2
42.0 £ 0.2

41.7 + 0.3
423 £ 04
416 £ 04
41.1 £ 0.3
423 + 04
414 £ 04
41.5 £ 0.3
420+ 04
423 + 04
41.8 £ 04
421 +£04
41.7 £ 0.3
41.7 £ 0.3
42.0 £ 0.2
42.0 + 0.2
42.0 £ 0.2

15.9 £ 0.03
16.0 + 0.03
16.0 £ 0.03
16.0 £ 0.03
15.8 = 0.03
16.0 =+ 0.03
16.1 + 0.03
16.0 £ 0.03
15.8 = 0.03
16.3 = 0.03
15.8 &£ 0.03
16.0 £ 0.03
16.0 £ 0.03
16.0 = 0.02
16.0 = 0.02
16.0 £ 0.02

Table 8: Table listing LEIS composition change with dose applied for sputtering round 3.

Dose (10'® ions cm~2)

Ag composition In composition Yb composition

0.38
0.77
1.92
3.07
4.22
5.37
6.52
7.67
8.82
9.97
11.12
12.27
13.42
14.57
15.72
16.87
18.02

27.72 £ 0.03
30.8 = 0.3
38.1 £0.3
425 £ 0.3
44.5 £ 0.3
44.3 £ 0.3
45.6 = 0.3
46.5 £ 0.3
471+ 0.3
473 £ 0.3
474 + 0.3
48.3 £ 0.3
48.7 £ 0.3
49.1 £ 0.3
48.8 £ 0.3
499 + 0.3
50.2 £ 0.3

56.65 + 0.2
58.5 £ 0.2
59.2 £0.2
58.0 £ 0.2
55.9 + 0.2
54.6 + 0.2
53.5 £ 0.2
52.2 £0.2
51.2 £ 0.2
50.2 £ 0.2
49.6 + 0.2
49.2 + 0.2
48.4 £ 0.2
47.7 £ 0.2
47.8 £ 0.2
47.1 £ 0.2
46.9 £ 0.2

16.466 £ 0.006
16.534 £ 0.005
15.407 £ 0.005
14.289 +£ 0.004
14.168 +£ 0.004
14.036 £ 0.005
13.773 £ 0.005
13.940 £ 0.005
13.612 £ 0.005
13.489 £ 0.005
13.632 £ 0.005
13.511 £+ 0.005
13.520 £ 0.005
13.467 £ 0.005
13.441 +£ 0.005
13.079 £ 0.005
13.136 £ 0.005
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Dose (10 ions cm™2)

Ag composition In composition Yb composition

19.17
20.32
21.47
22.62
23.77
26.07
28.37
30.68
32.98
35.28
37.58
39.88
42.18
44.48
46.78
49.08
51.38
53.68
55.98
58.28
60.58
62.88
65.18
67.49
69.79
72.09
74.39
76.69
78.99
81.29
83.59
85.89
88.19
90.49
92.79
95.09
97.39

50.2 £ 0.3
50.5 £ 0.3
50.5 £ 0.3
51.0 £ 0.3
51.0 £ 0.3
53.4 £ 0.3
52.7 £ 0.2
52.6 £ 0.3
52.2 £ 0.3
52.4 £ 0.3
51.8 £0.3
52.1 £ 0.3
51.5 £ 0.3
51.4 £ 0.3
50.7 &£ 0.2
51.0 £ 0.3
50.4 £ 0.3
50.8 £ 0.3
50.5 £ 0.3
50.1 £ 0.3
50.3 £ 0.3
50.0 £ 0.3
495 + 0.3
49.6 + 0.3
49.1 + 0.3
48.8 £ 0.3
48.5 £ 0.3
48.8 + 0.3
48.2 + 0.3
48.7 £ 0.3
48.0 £ 0.3
478 £ 0.3
475 + 0.3
478 = 0.3
46.8 £ 0.2
475+ 0.3
472 + 0.3

46.3 + 0.2
45.9 £ 0.2
45.5 £ 0.2
454 + 0.2
44.8 + 0.2
44.8 £ 0.2
44.1 £ 0.2
44.2 + 0.2
44.0 + 0.2
43.9 + 0.2
44.5 £ 0.2
44.4 + 0.2
44.7 + 0.2
44.3 £ 0.2
44.7 + 0.2
44.3 £ 0.2
44.2 £ 0.2
44.1 £ 0.2
44.0 + 0.2
43.9 £ 0.2
43.7 £ 0.2
44.0 £ 0.2
44.0 + 0.2
43.7 £ 0.2
43.6 £ 0.2
43.9 £ 0.2
43.7 £ 0.2
43.8 £ 0.2
43.8 = 0.2
43.2 £ 0.2
43.4 £ 0.2
43.7 £ 0.2
43.5 £ 0.2
43.3 £ 0.2
43.8 £ 0.2
43.4 £ 0.2
43.4 £ 0.2

13.048 £ 0.005
13.090 £ 0.005
12.927 £ 0.005
12.819 +£ 0.005
12.896 £ 0.005
12.648 £+ 0.005
12.696 £ 0.005
12.833 £ 0.005
12.927 £ 0.005
12.762 £ 0.005
12.83 £+ 0.005
12.956 £ 0.005
12.962 +£ 0.005
13.017 £ 0.005
13.050 £ 0.005
13.215 + 0.005
13.311 £ 0.005
13.129 +£ 0.005
13.527 £ 0.006
13.478 £ 0.006
13.555 £ 0.006
13.470 £ 0.006
13.709 £ 0.006
13.751 £ 0.006
13.880 £ 0.006
13.841 +£ 0.006
13.909 £ 0.006
14.118 +£ 0.006
14.109 +£ 0.006
14.137 + 0.006
14.267 £ 0.006
14.304 +£ 0.006
14.126 +£ 0.006
13.984 £ 0.006
14.306 £ 0.006
14.405 +£ 0.006
14.403 +£ 0.006
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Dose (10 ions cm™2)

Ag composition In composition Yb composition

99.69
101.99
104.3
106.6
108.9
111.2
113.5
115.8
118.1
120.4
122.7
125
127.3
129.6
131.9
134.2
136.5
138.8
141.11
143.41
145.71
148.01
150.31
152.61
154.91
157.21
159.51
161.81
164.11
166.41
168.71
171.01
173.31
175.61
177.92
180.22
182.52

46.5 £ 0.3
46.6 = 0.3
46.6 + 0.3
46.3 + 0.3
46.2 + 0.3
45.8 £ 0.3
46.0 £ 0.3
45.7 £ 0.3
45.6 + 0.3
45.6 = 0.3
45.1 £ 0.3
454 £ 0.3
45.0 £ 0.3
45.0 £ 0.3
453 £ 0.3
44.8 £ 0.3
444 +£ 0.3
446 + 0.3
44.1 £ 0.3
44.0 = 0.3
443 £ 0.3
44.2 + 0.3
44.3 £ 0.3
43.4 + 0.2
43.8 £ 0.3
44.1 £ 0.3
43.3 £ 0.2
43.5 £ 0.3
43.1 £0.3
43.1 £ 0.3
43.6 £ 0.3
43.7 £ 0.3
43.2 £ 0.3
43.7 = 0.3
43.2 £ 0.3
43.5 £ 0.3
43.2 £ 0.3

43.7 £ 0.2
43.4 £ 0.2
43.1 £ 0.2
43.2 £ 0.2
43.4 + 0.2
43.3 £ 0.2
43.1 £ 0.2
43.0 £ 0.2
43.1 £ 0.2
42.6 + 0.2
43.2 £ 0.2
42.8 £ 0.2
43.1 £ 0.2
429 + 0.2
42.8 + 0.2
42.7 £ 0.2
43.2 £ 0.2
42.8 £ 0.2
43.1 £ 0.2
42.9 £ 0.2
42.6 £ 0.2
42.6 £ 0.2
42.6 + 0.2
429 + 0.2
42.6 £ 0.2
42.3 £ 0.2
429 + 0.2
429 + 0.2
429 + 0.2
42.8 £ 0.2
425 £ 0.2
42.6 £ 0.2
42.2 + 0.2
42.5 £ 0.2
42.2 £ 0.2
42.2 £ 0.2
424 + 0.2

14.493 +£ 0.006
14.596 £ 0.006
14.748 £ 0.006
14.653 £ 0.006
14.656 £ 0.006
14.794 £ 0.006
14.513 +£ 0.006
14.803 £ 0.006
14.790 £ 0.006
14.992 +£ 0.006
14.845 + 0.006
14.827 £ 0.006
15.115 +£ 0.006
15.115 + 0.006
14.935 £ 0.006
15.073 £ 0.006
15.442 + 0.007
14.904 +£ 0.006
15.137 £ 0.006
15.310 £ 0.006
15.396 £ 0.006
15.301 £ 0.006
15.361 £ 0.007
15.519 £ 0.007
15.282 + 0.007
15.356 £ 0.007
15.189 £ 0.007
15.457 £ 0.007
15.602 £ 0.007
15.271 + 0.006
15.477 £ 0.007
15.499 £ 0.007
15.385 £ 0.007
15.565 £ 0.007
15.449 +£ 0.007
15.444 + 0.007
15.651 £ 0.007
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Dose (10 ions cm™2)

Ag composition In composition Yb composition

184.82
187.12
189.42
191.72
194.02
196.32
198.62
200.92
203.22
205.52
207.82
210.12
212.42
214.73
217.03
219.33
221.63
223.93
226.23
228.53
230.83
233.13
235.43
237.73
240.03
242.33
244.63
246.93
249.23
251.54
253.84
256.14
258.44
260.74
263.04
265.34
267.64

43.3 £0.3
42.7 £ 0.2
43.6 £ 0.3
43.8 £ 0.3
42.7 + 0.2
43.6 £ 0.3
42.3 £ 0.2
424+ 0.3
424+ 0.3
424+ 0.3
424 £ 0.3
421 £ 0.3
424+ 0.3
424+ 0.3
424+ 0.3
423 £ 0.3
42.7 £ 0.3
425+ 0.3
42.7 £ 0.3
42.7 + 0.3
41.3 £ 0.2
424+ 0.3
42.1 £ 0.3
42.7 + 0.3
43.2 £ 0.3
419 £ 0.2
426 £ 0.3
42.3 £ 0.3
424 + 0.3
424 £ 0.3
41.6 £ 0.2
42.6 £ 0.3
43.2 £ 0.3
41.9 £ 0.2
425 £ 0.3
41.7 £ 0.2
42.0 £ 0.3

42.3 £ 0.2
424 £ 0.2
424 +£ 0.2
42.3 £ 0.2
42.3 £ 0.2
42.2 £ 0.2
42.3 £ 0.2
422 £ 0.2
42.2 £ 0.2
42.2 + 0.2
42.1 £ 0.2
42.2 £ 0.2
42.3 £ 0.2
42.0 £ 0.2
42.1 £ 0.2
41.9 £ 0.2
42.0 £ 0.2
42.3 £ 0.2
42.1 £ 0.2
42.5 £ 0.2
42.5 £ 0.2
42.0 £ 0.2
42.0 £ 0.2
42.2 + 0.2
42.5 £ 0.2
41.6 £ 0.2
419 + 0.2
41.5 £ 0.2
42.3 £ 0.2
41.9 £ 0.2
42.6 £ 0.2
42.1 £ 0.2
41.6 + 0.2
42.2 £ 0.2
41.6 £ 0.2
41.8 £ 0.2
419 + 0.2

15.877 £ 0.007
15.583 £ 0.007
15.464 £ 0.007
15.561 £ 0.007
15.681 £ 0.007
15.717 £ 0.007
15.651 £ 0.007
15.912 £ 0.007
15.681 £ 0.007
15.750 £ 0.007
15.642 £ 0.007
15.785 £ 0.007
15.822 £ 0.007
15.686 £ 0.007
15.884 £ 0.007
15.868 £ 0.007
15.561 £ 0.007
15.778 £ 0.007
16.00 £ 0.007
15.813 £ 0.007
15.870 £ 0.007
15.732 £ 0.007
15.864 £ 0.007
15.820 £ 0.007
15.982 £ 0.007
15.873 £ 0.007
15.985 £ 0.007
15.866 £ 0.007
15.908 £ 0.007
15.969 + 0.007
15.853 £ 0.007
16.083 £ 0.007
15.796 £ 0.007
15.794 £ 0.007
15.802 £ 0.007
15.824 £ 0.007
16.145 £ 0.007
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Dose (10 ions cm™2)

Ag composition In composition Yb composition

269.94
272.24
274.54
276.84
279.14
281.44
283.74
286.04
288.35
290.65
292.95
295.25
297.55
299.85
302.15
304.45
306.75
309.05
311.35
313.65
315.95
318.25
320.55
322.85
325.16
327.46
329.76
332.06
334.36
336.66
338.96
341.26
343.56
345.86
348.16
350.46
352.76

42.2 £0.3
424 £ 0.3
41.7 £ 0.2
419 £ 0.3
42.6 = 0.3
415 £ 0.2
42.2 £ 0.3
422 £ 0.3
424+ 0.3
41.3 £ 0.2
42.7 £ 0.3
425 £ 0.3
422 £ 0.3
419 £ 0.3
41.2 £ 0.2
40.7 £ 0.2
40.8 £ 0.3
41.7 £ 0.3
424+ 0.3
41.6 £ 0.2
40.8 £ 0.2
414+ 0.3
426 + 0.3
42.3 £ 0.3
41.6 £ 0.2
409 £ 0.2
41.1 £ 0.3
42.7 £ 0.3
41.3 £ 0.2
40.4 £ 0.2
421 £ 0.3
41.7 £ 0.3
42.6 = 0.3
41.5 £ 0.2
42.1 £ 0.3
41.8 £ 0.3
42.1 £ 0.3

42.2 + 0.2
42.1 £ 0.2
41.8 £ 0.2
42.3 £ 0.2
419 + 0.2
42.1 £ 0.2
42.2 £ 0.2
42.1 £ 0.2
419 + 0.2
419 + 0.2
41.9 £ 0.2
419 £ 0.2
41.8 £ 0.2
419 + 0.2
42.3 £ 0.2
42.0 £ 0.2
419 £ 0.2
425 + 0.2
41.8 £ 0.2
414 £ 0.2
41.8 £ 0.2
41.7 £ 0.2
419 + 0.2
41.8 + 0.2
41.6 £ 0.2
41.7 £ 0.2
42.1 £ 0.2
41.8 £ 0.2
419 + 0.2
41.8 £ 0.2
41.6 £ 0.2
42.2 £ 0.2
41.6 + 0.2
41.7 £ 0.2
41.3 £ 0.2
42.0 £ 0.2
414 + 0.2

15.923 £ 0.007
16.165 £ 0.007
15.949 £ 0.007
15.978 £ 0.007
15.899 £ 0.007
16.024 £ 0.007
15.917 £ 0.007
16.037 £ 0.007
15.938 £ 0.007
15.980 £ 0.007
15.925 £ 0.007
16.053 £ 0.007
16.092 £ 0.007
15.732 £ 0.007
15.943 £ 0.007
16.040 £ 0.007
15.943 £ 0.007
15.956 £ 0.007
15.824 £ 0.007
15.829 £ 0.007
15.954 +£ 0.007
16.064 £ 0.007
16.141 + 0.007
16.051 £ 0.007
16.160 £ 0.007
15.969 £ 0.007
16.079 £ 0.007
15.974 £ 0.007
15.991 £ 0.007
15.561 +£ 0.007
15.741 £ 0.007
15.794 £ 0.007
15.952 £ 0.007
15.978 £ 0.007
16.015 £ 0.007
15.985 £ 0.007
16.024 £ 0.007
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Dose (10% ions cm™2)

Ag composition In composition Yb composition

355.06 42.0 £ 0.3 419 + 0.2 15.930 £ 0.007
357.36 41.5 £ 0.2 42.1 £ 0.2 16.066 + 0.007
359.66 423 £ 0.3 41.1 £ 0.2 15.980 +£ 0.007
361.97 40.7 £ 0.2 414 + 0.2 15.960 + 0.007
364.27 41.7 £ 0.3 41.5 £ 0.2 15.943 £ 0.007
366.57 421 £0.3 41.7 £ 0.2 16.279 + 0.007
368.87 40.6 £ 0.2 41.8 £ 0.2 15.914 + 0.007
371.17 421 £ 0.3 41.0 £ 0.2 15.969 + 0.007
373.47 42.0 £ 0.3 41.0 £ 0.2 16.022 + 0.007
375.77 41.7 + 0.3 41.8 + 0.2 16.169 + 0.007
378.07 41.2 £ 0.3 41.7 £ 0.2 16.119 + 0.007
380.37 40.8 £ 0.3 414 £ 0.2 16.088 £ 0.007
382.67 42.0 £ 0.3 41.7 £ 0.2 16.033 +£ 0.007
384.97 42.3 £ 0.3 42.0 £ 0.2 16.020 +£ 0.007
387.27 42.0 £ 0.3 42.0 + 0.2 16.000 £ 0.007

7.5.3 Additional C2 Composition

A table showing the C2 plane composition and relation to the LEIS surface composition is given

below. These values were derived using the slab model described in the results section.

Species | LEIS Peak Composition | C2 Composition
In 59.28 + 0.02 55.56
Ag 38.07 £ 0.03 29.62
Yb 15.99 + 0.02 14.81

Table 9: Table showing C2 composition match compared to the LEIS data. Deviation is ex-
plained through high LEIS uncertainty.

7.6 Appendix D - Computational STM Model and Code Repository
7.6.1 Code Repository

The link for all the code used in this project is provided here to allow analysis and future editing:

https://github.com/reght555/Master-Thesis-Code

This includes the fitting software and slab sampling codes mentioned alongside the STM model

code.
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7.6.2 Brief Model Overview

As previously mentioned, the model used for our STM simulation was the Tersoff-Hamann

model. Consequently, a brief overview of the physics behind this model will be presented here.

The Tersoff-Hamann model is obtained from the Bardeen formalism by assuming the tip can be
modelled as a spherical potential well. This effectively means that the tip is only contributing
s orbital states to the tunnelling current. Using this modification, we may expand the wave
states of tip as spherical Bessel functions of the second kind. Substituting this into the matrix

tunnelling element equation at low bias voltages we get:

h2
My = o— [ (Y5VY — P Vihs) - dS o |is] (16)

2m

Where ), is the sample wavefunction, 1; is the tip wavefunction and M, is our matrix element.

Substituting this into the tunnelling current equation we find:

I |ys*6(E, — Ey) (17)

Where I is the tunnelling current, E, is the state energy level, and Ey is the Fermi energy [67].
The core simplification is, therefore, that we may discount the effects of tip geometry when
modelling STM given the tip contribution is simply proportional to that of the sample density

of states. Propagating this through we get that the tunnelling current can be expressed as:
I o e~"ld2) (18)

Where dz is our tip distance, and & is a coefficient related to the surface work-function. If we

model the tip as spherically symmetric our dz will be of the form:

)2
dz = (2])% (19)

Where r is our displacement and R is our tip radius [68]. This is notably very similar to the

displacement parameter used in wave physics to describe spherical waves [69].

We can, therefore, finally express our tunnelling current as proportional to a 2d Gaussian with

parameters linked to the species present at the surface (surface electron density).
7.6.3 Model Implementation
The 2d gaussian model was fairly simple to implement taking the following form:
I =Se " (20)

We added a spatial decay feature linked to the size of the atom (b). This was worked out

from the covalent radius of the species present. Yb has a rough covalent radius of 187 pm ,
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silver has a radius of 144 pm, and indium has a radius of approximately 167 pm [70]. We took
the ratio of these giving a simplest ratio of approximately 8:7:6. These weightings were added

to the model by simply adjusting the decay parameter of the Gaussian (b).

Additionally, a bias feature was implemented to roughly approximate the bias dependent con-
tribution of species. We expected Yb to contribute most to the current for our positive bias due
to the presence of its 4f shell. Hence, the exponential weighting coefficient (S) was increased for

Yb relative to silver and Indium with the ratio (2:1:1).

An exponential height decay feature was also added such that the signal contribution decays
with distance. This took the form:
A=e ") (21)

where (A) is our height decay prefactor, and x is a decay constant whose value can be changed.
This allowed us to model convolution effects from lower planes which was central for confirmation

of our A/B hypothesis before DFT can provide more rigorous evidence.

7.6.4 Model Limitations

As it stands, our model is more a reference than able to be used for actual model determination.
This is because it contains several severe limitations. That being said building a true STM
model would be the equivalent of performing DFT on top of modelling very precise tip geometry
which is far beyond the scope of this project. Hence, a simple overview of the model limitations

is presented to inform the reader.

Our principal limitation is the lack of tip contribution modelling. Our tungsten tip does not
simply contribute s orbital states to the tunnelling current. As mentioned previously, our W
tip majority contribution is that of the (d,2) shell. Hence the Tersoff-Hamann approximation is
inherently inaccurate for precise W-tip STM modelling. If we use the Chen model to model tip
orbital contributions using derivatives of the wave function, we do find the exponential model is
still present. The principal change being that the contribution to the LDOS from each orbital is
given by weighted Gaussians with the total contribution being their sum [91]. Consequently, we
may assume our model provides some insight with the understanding that specific spreads and
‘brightnesses’ may change with tip convolution effects fully taken into account. Using weighted
Gaussians would be an achievable modification to the model and, we would recommend its in-

clusion if more time is dedicated to the project later.

A further limitation is our individual treatment of LDOS contributions. FElectron densities
are not localised to within the covalent radius. Electrons are in fact widely distributed and

shared between species. Hence the bias and weighting system used is quite inaccurate. We
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capture the essence being that electron density should be highest at the atom locations but, do
miss sometimes substantial effects from covalent bonding. Correcting this would require DFT

hence, is unachievable for such a short term project.

Furthermore, another limitation to the model is our use of the theoretical bulk. As mentioned
in section 2, surfaces relax and reconstruct upon cleavage. Hence, it is likely that, if large scale
reconstruction occurs, our bulk model is incorrect. Correction of this error, would be impossible
without knowing the surface structure beforehand. It does however, mean that false positive
identification of motifs could have occurred where reconstructed regions resemble other regions
of the bulk. This represents a major source of uncertainty throughout the entire experimental

procedure and is only accounted for by analysis of the raw STM data for anomalies.

7.6.5 Additional Data

A small collection of used simulations and matches is provided below to help supplement the

figures provided within the results section:

A)

Figure 34: A) Shows a computer simulation of C2 plane section showing mixture of tight irregular
triangles and diffuse spiral. B) Is a rendition of the 2D plane with Yb atoms in green, In atoms

in blue. C) STM image showing similar motifs to those seen in simulation.

xli



Figure 35: A) A 2D simulation of C2 plane with Ag in red, In in blue and Yb in green. B)
Shows a computer simulation of C2 from higher dz point. This time the simulation shows the
top regular triangles which shadow the triangles seen in figure (32). C) Matching STM motif

with similar size to expression of upper C2 plane under simulation.

Figure 36: A) A computer simulation of A2 plane showing array of uniform triangles composed
of 3 smaller triangles B) A 2D simulation of A2 plane with Ag in red, In in blue and Yb in green.

C) Similar triangle motifs with 3 component triangles matching those seen in the simulation.
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Figure 37: A) A 2D simulation of C3 plane with Ag in red, In in blue and Yb in green. B) A
computer simulation of the corresponding C3 plane which demonstrates tight irregular triangles
in a periodic array. C) A similar array of tight irregular triangles seen in STM image. The
LDOS is slightly more diffuse than our model likely due to hybridisation of electron densities

between closely packed atom arrangements.

Figure 38: A) A 2D simulation of C1 plane with Ag in red, In in blue and Yb in green. B)
Computer simulation of C1 plane showing uniform triangles. C) STM image showing similar
patterns. Our model slightly overestimates LDOS contribution which may explain why smaller

triangle composition isn’t identified.

7.7 Appendix E - VESTA Analysis

Due to spatial constraints, the exact use of Vesta has remained quite vague throughout the
main report body. This appendix aims to briefly describe an example of Vesta use and matching
procedure, as well as, provide some extra data in support of the results section.

7.7.1 Analysis an Example

For our example we will show the isolation of the C2 plane and demonstrate overlay onto the

cleaned data image M10.
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First, we import our theoretical bulk coordinates and open them in Vesta. This displays a
one unit cell model of the theoretical bulk. To perform proper plane analysis we require a much
larger structure. Hence, we adjust the boundaries from 0-1 to 0-3. This creates a 3x3 block of
unit cells predicting the atomic positions using the inherent structure symmetry read from our

coordinate file.

Next, we rotate the structure such that the (111) vector is pointing directly into the screen
ie we are looking along the (111) direction. Then, a simple 90° rotation is performed, aligning

the (111) axis with our z axis allowing us to identify plane progressions.
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Figure 39: Vesta image showing planes with 111 vector direction pointing up page plane. In the

image only Yb atoms are shown (turquoise) and cluster centres (red). This was done for clarity

purposes.

Figure 40: Isolated Vesta image of C plane with 4 subplanes shown. In the image only Yb atoms

are shown (turquoise) and cluster centres (red). This was done for clarity purposes.

Due to the number of atoms present, we initially remove In and Ag atoms allowing us to
identify the clear Yb subplanes. Using our knowledge of the theoretical structure we can then
identify the C planes present in the structure. These contain 4 sub planes and are relatively
unique. For the mirrored A and B planes we use our progression A to B to C to identify them

using the nearest C plane as a reference.
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Figure 41: Left hand image is a Vesta image of C2 plane only showing Yb (blue) and cluster
centres (red). Right hand image is the same C2 plane but now including In (purple) and Ag

(silver). We can see very dense arrays of triangles in the right hand image.

We then isolate C2, by selecting and deleting all other Yb atoms. This gives us a view of
the C2 plane alone. After another 90° rotation, we obtain an image of our theoretical plane
looking down along the (111) axis. An image is then taken of this Yb only C2 plane for use
within overlay analysis. Then adding back in our In and Ag atoms and, isolating only the atoms

present within the C2 subplane another image is taken to show the Ag-In containing C2 plane.

Finally, for the overlay process, our two plane images are fed into Al to remove the white
Vesta background. The edited images are then imported into Inkscape. In Inkscape we then
add polygons over the atomic motifs to show what they may appear blurred under low STM
resolution. The scale of these polygons is adjusted manually and calibrated using the known

Vesta motif sizes as a scaling reference.
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Figure 42: Left hand image is Vesta image with rough overlay of motif polyhedra. We can see
that the Yb only LDOS consists of large irregular triangles. The right hand image shows a

possible match to the Yb only fit with similar tight irregular triangles in array.

The image can then be imported into a separate Inkscape file containing the cleaned STM
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image. We finely adjust the size of our image using a reference Vesta measurement and matching
this with the inbuilt scale within the STM image. The correctly scaled image is then overlayed
over the raw STM image to allow identification of visual matches. An example of our C2 plane

next to M10 is given below:

We repeated this example process for all the sub planes and raw STM images which in turn

allowed us to construct our sub plane model.

7.7.2 Motif Measurements

We made atomic measurements by highlighting our one desired atom at the edge of the motif
and noting down its coordinates. Then we repeated the same procedure for the atom at the
opposite end of our desired motif. We then multiplied the coordinates by the following (111)

basis conversion matrix:

1 1 0
V2 V2
_ 1 1 2
M=\% % v (22)
1 1 1
VR

This allowed us to calculate the distance using the first two components of our converted vectors.

This is done simply using the standard euclidean metric formula.

7.8 Appendix F - Required Materials
7.8.1 Al summary

AT was consulted during the course of this project to remove the white background from Vesta
images. Additionally, Grammarly, an Al based grammar tool, was used to check for typos when

writing parts of this thesis.
7.8.2 Copy of Project Plan

7.8.3 Introduction

Quasicrystals are crystals showing aperiodic order, which is to say having no directly repeating
structure. This is in stark contrast to regular crystallography, where the crystallographic restric-
tion theorem [1] limits the possible crystal structures to 14 separate periodic Bravais lattices. As
a consequence of this aperiodic order, quasicrystals demonstrate many scientifically interesting

properties, including novel adsorption behaviour and 'forbidden’ symmetry [2].

The main difficulty in studying quasicrystals is this aperiodic structure making determination of
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their surface structure extraordinarily challenging. A pertinent solution to this problem presents
itself through the use of Quasicrystal approximants. These locally approximate the QC struc-
ture but have a periodic structure [3]. Approximants thus provide a way to study composite
elements of the QC structure without the issues that arise from aperiodicity.

Within this project we focus on the 2/1 Ag-In-Yb approximant with the main aim of de-
termining its surface structure and chemistry. This will then be used to explore and explain
any deviations from the theoretical predictions given by Density functional Theory calculations.

Results of this analysis may then form part of a possible paper on the structure.

7.8.4 Methods

Several Methods are commonly used to determine surface structure and chemistry. The two that

this project employs are Low Energy Ion Spectroscopy and Scanning Tunnelling Microscopy.

STM uses the Quantum tunnelling effect to measure the location of atoms on the surface.
Explicitly, a bias voltage is applied to the sample, a scanning tip is then placed a set distance
(jlnm) above the surface. The tunnelling current of e~ tunnelling across the vacuum gap into
the tip is then measured. This tunnelling current decays exponentially with separation distance
between the tip and the atomic surface. By uniformly scanning the surface and measuring the
current change, a model of the various density of states of the surface atoms can be interpolated.

This provides us with a reflection of the overall surface topography [4].

Control voltages for piezotube

Tunneling Distance control
current amplifier  and scanning unit

Piezoelectric tube
with electrodes

Data processing
and display

Figure 43: Apparatus used for STM analysis

LEIS, meanwhile, uses ions fired at a specific known kinetic Energy Ej, towards the surface.
The ions scatter off the surface with a specific energy Ey which is proportional to both the
scattering angle v and the atomic mass of the scattering atom. A plot of the relative frequency
of ions scattered vs measured ion energies can then be made, which represents the frequency of

atomic species within the surface layer [5]. This data combined with STM data of the surface,
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and knowledge of the bulk crystal structure can be used to completely derive the surface atomic

structure.

7.8.5 Planned Work

STM data for the 2/1 approximant has already partially been obtained by Dr Coates. My initial
project will focus on analysis of this data using the program WSxM. WSxM can be used to derive
the various terrace heights and atom cluster locations on the surface. Once this data is compiled
and organised, determination of the approximant structure can be made. This will be achieved
by comparison of the STM height and position data with the known bulk structure visualised
using Vesta. Further STM images will need to be taken to confirm any findings. These shall
be completed by myself or Dr Coates within the STM lab from week 4 onwards. Overall, this
work will be very similar to work undertaken in [6] on the 1/1 approximant. Hence, the paper
can/will be used as a rough guide as to how far work has progressed on the sample. This data
analysis process will be expected to comprise the majority of work for weeks 3 through 9.

After compiling the data, work will be undertaken to explain the various motifs found. For
instance, the physics behind the specific terrace formation locations. Data on the change in
surface composition after sputtering and annealing at various temperatures will also need to be
taken to derive the change in surface chemistry after sample processing. This will be completed
using LEIS or possibly XPS. This will likely be a continuous process starting after the initial
data is analysed by the end of week 4.

Additional work will be completed using LEIS to determine the chemical composition of the
surface layer. Work will take place within the Engineering labs with the complete timetable yet
to be completely finalised. It is expected that LEIS of the sample shouldn’t take more than a
week with data analysis and error calculation then also expected to be completed by the end of

the following week.

A Gantt chart of the schedule of work is found below in Figure 3 with the work culminating in
a complete experimental picture of both the surface structure and chemistry of 2/1 Ag-In-Yb
approximant, as well as, an explanation for any deviations seen between the DFT predicted
theoretical structure and the real surface observed. Additionally, the write-up timelines are also

included in the Gantt chart along with their respective deadlines.
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Gannt Chart: Project Plan

Poster Write up |
Finalisation of Results I
Introduction Write up ]
Presentation Write up I
Project Write up |
Data Processing and display |
Determining Surface Structure |
Further atomic analysis of new STM Data ]
Atomic Spacingand angle analysis I
Further heightanalysis of new STM Data I
Analysis of LEIS Data |
LEIS |
Collection of New STM Data I

Height analysis of STM Data  Im——m
3 5 7 9 11 13 15 17 19 21
Weeks of Project

Figure 44: Gantt chart showing planned schedule of work, analysis and write-up

Work plans are subject to change, specifically in regards to the LEIS data acquisition. Given
the LEIS equipment requires collaboration with the engineering department availability of the
equipment may be subject to unseen constraints. Any updates in the schedule of work will be

found and explained within the relevant logbook sections.
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7.8.7 Lay Summary

Surfaces Science represents some of the most complex and cutting edge physics out there. It cov-
ers diverse topics from abstract mathematics to complicated experimental procedures. Surfaces

are far from as simple as they appear with the naked eye. Instead of smooth surfaces, our world
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is rough and chaotic on the microscopic scale. Although, often these surfaces look horrendously
complicated we can actually identify clear patterns and structure within them. We can then use

these patterns to create catalysts and other exciting chemical technologies.

One of the most interesting examples of these complicated but simultaneously simple surfaces,
is known as a quasicrystal. These are literally almost (quasi) - crystals. Now scientists are
very picky about what they call crystals. In fact, to be known as a crystal, a solid has to be
periodic ie it repeats like a pattern. What makes quasicrystals so interesting is that they don’t
demonstrate this repeating structure. That may sound strange but, one really simple way to
visualise this is with kitchen tiles. Take a flat kitchen floor and try and cover it completely with
pentagonal tile. What you find is that it doesn’t work there’s no way to completely tile the
floor without gaps. This is in fact a famous example of an aperiodic pattern known the Penrose

tiling. Quasicrystals are exactly like these poorly fitting tiles but in 3 dimensions.

Figure 45: Example of Penrose tiling on the left next to approximant to that tiling on the right.

Just like these tile patterns quasicrystals themselves are very complicated. However, just
like with tiles we can take a square cut out of the pattern and create a perfect tiling. This is
an approximation to the quasicrystal sharing some of its structure but repeating throughout
space like a regular crystal. These are much easier to study but still provide invaluable insight
into how quasicrystals behave on a chemical level. Hence, by understanding the surface of these
approximants we can better understand the much more complicated quasicrystal. So how do
we look at surfaces? Its an interesting question with lots of very famous, Nobel prize winning
answers. We use one particular method known as scanning tunnelling microscopy (STM). To
understand how this works, we need to understand a bit of quantum mechanics. A bit daunting
at first but nothing to worry about I assure you. Effectively our world is made up of atoms, these
atoms are surrounded by a sea of electrons existing in many different ‘places’ (states). These
states can sometimes tunnel ie jump from one place to another. This may seem ridiculous but

its been proven since the 1920s and is the basis of much of the technology you use daily, as well



as, the main mechanism through which our sun first ignited. Putting all of this together STM
uses these tunnelling electrons to build a picture of the sea of electrons of our sample. We see an
image with areas with lots of electrons (states) shown as bright region and few electrons shown
as dark spots. This very roughly maps to the location of atoms in our sample. Consequently,

STM gives us a rough idea of what the surface looks like at the atomic scale.
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Figure 46: Example of STM image showing structure of lead surface.

In our study we used STM on a Silver- Ytterbium -Indium approximant whose structure had
never been studied before. We did this along a very specific angle known as the (111) direction.
From our STM studies we identified lots of groups (motifs) of atoms on the surface and used
these to build a model of the surface. Using our model we were able then to suggest which of the
possible surfaces were more common ie more stable. To explain this a bit more clearly: surfaces
want to minimise the amount of energy they have. Consequently, they try to form along more
stable less energetic planes. Hence, the most common surfaces that we see are very likely to be
the most stable. Therefore, by imaging the surface using STM we can predict the stability of

the different layers of the approximant structure by seeing which ones show up at the surface.

We also used another technique known as Low energy ion spectroscopy. This works by lit-
erally firing ions at the surface of our sample and measuring their energy when they reflect off
atoms on our sample surface. Depending on the atom the ions reflected off of they transfer a
certain amount of energy. Therefore, if we measure the ion energy before and after collision, we
can work out what atom they’ve bounced off. If we do this many thousands of times we can see
roughly how common certain atoms are based on the number of ions they deflect. More common

atoms cover more of the sample so have a higher probability to reflect an incoming ion.

Using Leis we were consequently able to build a picture of our actual surface composition.

STM only shows electrons not the type of atom to which they belong. Hence, if we use LEIS

li



alongside STM, we can build up an idea of both the surface structure, composition and chem-
istry. This is effectively what we did during this study building a comprehensive understanding
of the surface and its formation. This should hopefully allow development of novel materials

and encourage further study into approximants.

7.8.8 Overview of Contributions from others

Throughout the work many contributions were primarily provided by others. I have provided

here an overview of what work was contributed:

Dr Coates provided the STM model code base including all the imaging features present within
the current simulation. My contribution to the code was to change the way the structure was
sliced. This allowed me to specify a certain z coordinate, a viewing direction, number of planes
and dz thickness. All other code used was my own and was written by myself. Dr Coates
also collected the STM images used for analysis with my contribution being the analysis and
interpretation of this STM data. As a result, the STM methodology section reflects this in not
specifying the STM procedure used only the analysis methods.

Dr Gardner ran the LEIS experiments alongside myself doing the majority of the lab work
due to the technical nature of the work and the fact I was crutches at the time. The initial
analysis including providing the raw integrated counts was also completed under his supervision

and with his help.

Throughout the process a significant number of ideas about image convolution and structure

have been provided by Dr Sharma.
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