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Abstract

Quasicrystals are a novel phase of solids that were first reported in 1982. Qua-
sicrystals display aperiodic long-range order but lack translational symmetry. Fur-
thermore, quasicrystals often exhibit classically forbidden rotational symmetries
such as five-fold and ten-fold. Surfaces of icosahedral (7)-Ag-In—Yb quasicrystals
and their approximants have been a subject of extensive research recently. Ap-
proximants are periodic metallic compounds with large unit cells that share simi-
lar chemical composition and atomic structure to their related quasicrystals. The
basic building block of i—Ag—In—Yb quasicrystals and approximants are rhombic
triacontahedral(RTH) clusters, which are formed by five successive atomic shells.

Surface studies carried out in this thesis are: the growth of pentacene (Pn) films
on the two-fold and three-fold surfaces of i—Ag—In—Yb quasicrystals, the study of
(110) surface of Au-Al-Gd 1/1 approximant and the (010) surface of GaszNiy crys-
tal. To understand the surface structure, scanning tunneling microscopy (STM)
and low energy electron diffraction (LEED) tools were employed.

Pn molecules on the two-fold surface were found to be arranged in rows and
aligned predominantly along the high-symmetry five-fold and two-fold axes of the
surface. The row separation perpendicular to the five-fold symmetry axes is either
short S = 0.79 &+ 0.03 nm or long L = 1.24 4 0.02 nm. The ratio between them is
close to the golden mean (7 = 1.618..) and the row separations generate Fibonacci
sequence segments, indicating that deposited Pn molecules have quasicrystaline
order. The Fast Fourier-Transform (FFT) of the images produced by (STM) also
reveals a two-fold quasicrystalline long-range order. Pn molecules are adsorbed
on Yb sites because the distance between two sites is close to the length of Pn
molecules. This is consistent with previous work on five-fold surface i—Ag—In-Yb
where molecules were found to adsorb on Yb.

Similarly, Pn molecules deposited on the three-fold surface of i—Ag—In-Yb
formed quasicrystalline monolayers on the surface. The FF'T and the autocorrela-
tion of high-resolution images show a three-fold pattern with maxima located at

T-scaling distances, confirming the quasicrystalline order of molecules. Rod and
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triangle motifs were the two types features observed in STM. Adsorbed molecules
aligned along three-fold axes form the triangular motif. Rods shape were formed by
molecules located at three-fold axes and rotated 30° with respect to the three-fold
axes. These STM features can be understand if Pn molecules selectively adsorb
on Yb. The behaviour of selective adsorption can be understood in terms of the
geometry of the Yb sites in the surface substrate. The Yb-Yb separations are
close to the C—C or H-H distances in a Pn molecule, indicating that Pn adsorbed
on Yb sites.

The surface study of the (110) surface of the Au-Al-Gd 1/1 approximant
showed the (110) orientation is predominant, but different other orientations were
also identified. The comparison of observed step heights and high resolution STM
images with the bulk structure model reveal that terraces form on planes that
break the icosahedron, the third shell of the RTH cluster, which is the building
block of the system.

STM and LEED from the GasgNiy(010) surface reveal four different structures,
depending on annealing temperature. These structures are (4x2), ¢(2x2), (2x1),
and (1x1) observed at increasing annealing temperatures from 360 °C to 500 °C. In

addition, the annealing time for transfer between different structures is identified.
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Glossary of Terms and Acronyms

Quasicrystals (QCs) are predominantly intermetallic compounds that exhibit
long-range order without periodicity and frequently possess rotational symmetries
that are classically forbidden, such as five-fold and ten-fold.

Approximants are periodic metallic compounds whose chemical composition and
atomic structure are similar to those of their related quasicrystals, and whose unit
cells are typically large.

RTH: The rhombic triacontahedral cluster is the fundamental constituent of Ag-
In-RE quasicrystals and approximant. It consists of five atomic shells in succes-
sion.

Golden Mean (7)is an irrational number characteristic of quasicrystalline order
(1 = 1.618....)

ACs: approximant crystals

RE: Rare Earth Elements

UHV: Ultra High Vacuum

STM: Scanning Tunneling Microscopy

LEED: Low Energy Electron Diffraction

FFT: Fast Fourier Transform

7. Icosahedral

d: Dodecahedral
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Chapter 1
Introduction

Quasicrystals (QCs) were first discovered in the 1980’s by Dan Shechtman, which
resulted in a Nobel Prize being awarded to him in 2011 [1]. Quasicrystals are char-
acterised as a different type of solids from crystals and amorphous. They are ini-
tially defined as intermetallic compounds that have long range order but they lack
periodicity and often they show the symmetries that are forbidden in conventional
crystals such as five-fold and ten-fold rotational symmetries [2]. Quasicrystals are
not solely observed in intermetallics; they also have been observed in colloidal
systems and soft matter [3, 1]. An approximant crystal (ACs) is a periodic crystal
with a large unit cell and a chemical composition that closely resembles that of a
quasicrystal. Additionally, it contains atomic clusters that are nearly identical to
those in the quasicrystal, resulting in physical properties that are comparable to
those of the quasicrystal. Therefore, the existence of approximant crystals is nec-
essary for both calculating the physical properties of quasicrystal and determining
their atomic structure.

The study of surface properties which is known as surface science include the
study of interface interactions, for example gas-solid interactions and the study of
epitaxial phenomena. The study of surface science ensures a better understanding
of the surface properties of quasicrystals, which include structural properties such
as the non-sticking, low friction coefficient, and catalysis, as well as the industrial
applications of quasicrystals being closely related to these novel properties. In
addition to this, an understanding of electronic properties of these surfaces can aid
in getting an insight into how the molecules interact on the surface of quasicrystals
[1]-

In general, both atoms and molecules are able to form films on the surface
of quasicrystals. Firstly, the formation of artificial quasicrystals from a single
element which can result in the reduction of the chemical complexity and give a

better understanding of their structure in relation to the bulk QC [5].
1



Chapter 1. Introduction 2

An i~Ag-In-Yb quasicrystal and an Au-Al-Gd 1/1 approximant sample have
been used for surface studies in this thesis. Two- and three-fold surfaces have been
used as templates to grow Pn films [6]. The purpose for using two- and three-fold
surfaces of i—Ag—In—Yb quasicrystals to grow the Pn molecules is to compare to
the growth of Pn on the five-fold i—Ag—In-Yb surface [7]. The Pn films grown
on both templates have produced quasicrystalline films. In addition, it is found
that Pn molecules are adsorbed on Yb sites on both templates. These results are
consistent with those previously published [7].

Also investigated is the structure of Au-Al-Gd approximant surfaces. Studying
the structure of these surfaces and comparing their surface terminations to those of
similar quasicrystals and approximants helps to understand their surfaces and may
provide insight into the magnetic order in Au-based approximants. Recently, an

antiferromagnetic Au—Al-Tb 1/1 approximant with a whirling spin order oriented

along the [111] direction was discovered [3], with antiferromagnetic order evident
in increasingly complex approximants [9, 10, 11]. The Au-Al-RE approximants
belong to the group of complex intermetallics defined as Tsai-type [12]. The Au-

Al-RE approximant and i—Ag-In—Yb quasicrystal share this building block, and
it is anticipating that understanding antiferromagnetic order in approximants will
lead to the synthesis of quasicrystals with long-range magnetic order.

This thesis also describes a detailed characterization of the atomic properties
of the (010) surface of GagNi, single crystal using LEED and STM. Intermetallic
compounds could be potential alternatives to pure and alloyed metals as catalyst
materials in heterogeneous catalysis due to their enhanced selectivity enhanced
long-term stability for specific reactions [13]. It is found that GasNi, active cat-
alyst in hydrogenation of carbon dioxide into methane. LEED and STM results
showed that there were four surface structures obtained at a specific annealing
temperature. Four structures are three superstructures are ¢(2x2), (4x2), (2x
1), and (1x1).

The thesis has been organised as follows: The second chapter provides an in-
troduction to quasicrystals, approximant, and their structures. The third chapter
is a review of the literature on adsorption studies on quasicrystals and approxi-
mant. Chapter four describes the experimental methods used in this thesis. Ultra-
high vacuum (UHV) technology is introduced, and surface techniques including
scanning tunnelling microscopy (STM) and low energy electron diffraction (LEED)
are discussed. Chapter five presents STM images of the clean and Pn dosed two-
fold and three-fold i—Ag—In—Yb surfaces. Chapter six presents a structural study of
the (110) surface of the Au-Al-Gd 1/1 approximant using STM. In Chapter seven,
we give LEED and STM images of the (010) surface of GagNiy crystal. Chapter
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eight provides a brief summary and conclusions of the work of the thesis. Also,
future work will be proposed on a project to study the effect of oxidation on the
GagNiy surface. This investigation will be an expansion of the GagNi, surface

study.



Chapter 2

Quasicrystals and Approximants

2.1 Introduction

This chapter provides a brief introduction to the quasicrystals and their approxi-
mants. The binary icosahedral-Cd-Yb quasicrystal which is a parent of the icosa-
hedral Ag-In-Yb quasicrystal is discussed in detail as its two and three-fold surfaces
have been used as a template to grow quasicrystalline organic molecular films. The
structure of Au-Al-R (R = Tb, and Gd) 1/1 approximants also described as their

surfaces are investigated in this thesis.

2.2 Quasicrystals

A quasicrystal is a material that has a long-range aperiodic structure but does
not have translational symmetry. Quasicrystals often shows five-fold or ten-fold
symmetries [14]. It is common for such materials to have "unusual" rotational
symmetry orders. In this case, the term unusual denotes an order of symmetry that
is not compatible to the Bravais lattice or periodic systems. The most common
and studied quasicrystalline systems are the intermetallic alloys exhibiting such
structures [1, 2.

Shechtman, Blech, Gratias and Cahn [1] reported the first quasicrystal in 1984.
In their work, they provided details on the diffraction pattern resulting from the
rapid quenching of molten Al-Mn, which showed aperiodic order with icosahedral
symmetry, including five—fold rotational axes. This resulted in the discovery of a
completely new category of solid-state structural order. This work was awarded
the Nobel Prize in Chemistry (2011) to Shechtman.

Apart from the five and ten-fold specifies [15, 10], other quasicrystalline ma-
terials have been discovered, including eight-fold [17, 18] and twelve-fold [19, 20].
Around 80 % of discovered thermodynamically stable quasicrystals are composed

of Al along with two or more other elements. Some well-studied families include the

4
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icosahedral phases, Al-Pd-RE (RE—Rare Earth) and Al-Cu-Fe, and the decagonal
phase, Al-Ni-Co and Al-Co-Cu [21]. These quasicrystals are good candidates for
study due to the ability to grow these materials as single grains of satisfactory size,
and because of their stability in vacuum condition. The alloy containing exhibits
a high vapor pressure makes its preparation in such an environment problematic.

Quasicrystals come in two main forms. The first comprises the intermetal-
lic (hard QC). These can be synthesized through the ternary or pseudo-binary
phases, and their structures are icosahedral or decagonal. The second group of
quasicrystals are called soft quasicrystals [22].

The Fibonacci sequence and Penrose tilings are often associated with the struc-

ture of quasicrystals, and are described below.

Figure 2.1: Penrose tiling made with two types tiles of rhombus, showing five-fold
symmetry.

2.3 Fibonacci Sequence and the Golden Mean

The Fibonacci sequence represents an excellent example of a 1D quasi-periodic
structure displaying aperiodic long-range order. The sequence comprises of two
basic elements *L° (large) and ’S’ (short). The substitution rule can be used
to generate the sequence using S — L and L — LS. Starting from S, a series of
sequences can be obtained, as follows

S (1)

L (1)

LS (2)

LSL (3)

LSLLS (5)

LSLLSLSL (8)

LSLLSLSLLSLLS (13)

LSLLSLSLLSLLSLSLLSLSL (21)
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The total for the L and S will be 1, 1, 2, 3, 5, 8, 13, 21, 34, 55, 89, creating the
Fibonacci sequence. We can also guarantee that segment vertex points on a line
conforming to the Fibonacci sequence have no translational symmetry because the
ratio L/S is an irrational number. The golden ratio, given as 7= (1+ /5)/2 =
1.618.., is a conventional irrational number related with the ratio between succes-
sive terms of the numerical Fibonacci sequence [5]. The golden ratio is mentioned

here because it is useful to confirm quasicrystalline order in structural studies.

2.4 Penrose Tiling

In 1970, Roger Penrose discovered several tiles to produce infinite, non-periodic
tiling [23]. The Penrose tiling is a perfect example of the 2 D quasi-periodic order.
When quasicrystals were discovered[21], the importance of Penrose tiling in solid
state physics was realised because the diffraction pattern of a Penrose tiling shows
five-fold and ten-fold symmetries that are very similar to the diffraction pattern
of quasicrystals [25]. Penrose tiling can thus be used to model the structure of
quasicrystals [5]. Penrose used more than one shape to tile a plane aperiodically as
it is impossible to make such a tiling with a single shape. There are three different
types of Penrose tiling: P1, P2 and P3. The first pattern to be constructed is
known as the P1 tiling shown in Figure 2.2(a). This pattern involves 4 different
tiles; boat, star, pentagon and rhomb. To construct an aperiodic arrangement that
stretches to infinity while keeping the aperiodicity without any spaces or overlaps,
matching rules must be applied. The P2 tiling consists of two different shapes of
tiles kites and darts [23]. The P3 tiling, is constructed using just two shapes; the
fat and skinny rhombs, as shown in Figure 2.2(b). These rhombs, with internal
angles of 108° and 72°, and 114° and 36°, can again be tiled to infinity to form a

five-fold a periodic structure when the correct matching rules are used.
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Figure 2.2: The two famous Penrose tiling patterns. (a) Demonstrates a P1 tiling,
consisting of 4 tiles; rhomb, star, boat and pentagon. (b) Shows a P3 tiling, with
appropriate matching rules [26].

2.5 Icosahedral Quasicrystals

Icosahedral quasicrystals are quasiperiodic in three dimensions without any di-
rectional periodicity. These structures have been extensively studied, particu-
larly Al-based quasicrystals. Surface studies are usually limited to the five-fold
surface. However, studies have also been performed on other surfaces including
three-fold and two-fold surfaces [27]. Tt is difficult to obtain atomic resolution of
these two surfaces. This makes it harder to compare to the bulk atomic struc-
ture [28]. Icosahedral quasicrystals can be categorized into different groups based
on elements that quasicrystals are made from. There are three types of icosahe-
dral systems: Mackay (Al-based, with Mn and Si), Bergman clusters (Zn-based)
and rhombic triacontahedral (RTH) Cd-based alloys. Usually, Al-based QCs such
as icosahedral-Al-Cu-Fe ((7)-Al-Cu-Fe) and icosahedral Al-Pd-Mn ((7)-Al-Pd-
Mn) can be labelled as Mackay-type, and Zn-based i—QCs such as i—Zn-Mg-RE
(RE = rare earth elements) labelled as the Bergman-type. i—~Ag—In-Yb, used in

this thesis is formed by rhombic triacontahedral clusters.

2.6 Mackay and Bergman Clusters

The Mackay type is considered to have 54 atoms which are responsible for the
formation of three shells, defined as icosahedron, icosidodecahedron and larger
icosahedron of the transition metal [29], which is illustrated in Figure 2.3(a). The
valence electron concentration of Al-Pd-(Mn, Re) and Al-Cu-(Fe, Ru, Os) is a
= 1.75 [30]. The Bergman type structure, constituted of 104 atoms, results in
the formation of four shells, icosahedron, dodecahedron, larger icosahedron, and
truncated icosahedron. The values of the valence-electron concentration for these

structures are a = 2.1. These formulas are a derivative of the face-centred type
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(F-type) exhibits 7-scaling rule (7 : golden mean), which is clearly illustrated in

Figure 2.3(b) [31].

a)Macka

2.45A

Figure 2.3: Icosahedral atomic clusters. (a) Mackay-type in Al-Mn-Si approximant
and (b) Bergman-type in Zn-Mg-Al approximant [31].

2.7 Rhombic Triacontrahedral (RTH) Clusters

The Rhombic Triacontrahedral (RTH) cluster is the main building block of i~Cd-
Yb type quasicrystals and approximants. It consists of five successive shells of
atoms, the first of four shell is called Tsai-type cluster (65) atoms. The last shell
being the rhombic triacontahedron. The 1% shell contains a tetrahedron which
is composed of four atoms, the 27¢ shell is a dodecahedron which is made up of
20 Cd atoms; the icosahedron which is the 3"¢ shell consists of 12 Yb atoms; the
icosidodecahedron which is the 4" shell contains 30 Cd atoms, and finally the 5
shell is a rhombic triacontahedron (RTH) which is made up of 92 Cd atoms [30],

[32], as shown in Figure 2.4.

Figure 2.4: Rhombic triacontahedron (RTH) cluster which is defined by five suc-
cessive atomic shells [0, 12].
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2.8 Discovery of the i—Cd—Yb Quasicrystal

Tsai et al. produced a Cd-Mg-RE quasicrystalline (where RE is a rare earth) alloy
[33]. This family of quasicrystals was discovered by replacing the Zn in Zn-Mg-RE
with Cd.

The structure of this quasicrystal adheres to the Hume-Rothery electron com-

pound rules with a definite valence concentration (valence electron to atom ratio

or e/a) of roughly 2 [20]. The e/a ratio may be calculated by;
e
P Za(1-Cp)+Cp (2.1)

Where Z is the valency of species A and B and Cp is the concentration of
species B. The e/a ratio is an important determinant of crystal structures due
to its indication of how full the Brillouin zones are. If a Brillouin zone is filled
but more electrons are present, it is energetically favorable to change the shape of
the Brillouin zone to accommodate more (resulting in a structure change), then
to promote electrons across the band gap to the next empty or partially filled
Brillouin zone.

This makes it possible to predict what compounds may make quasicrystals
when swapping constituents from existing quasicrystals to make new materials.
Stable Al-transition metal quasicrystals have an e/a of around 1.75, while the i—
Zn-Mg-RE quasicrystal has an e/a ratio of around 2.15. The second condition to
construct a stable quasicrystal includes the size of the constituent atoms [26]. The

difference in size of atomic species present in a material may be calculated by;

(ra—rg)

raA

5= (2.2)

where r is the atomic radius of species A and B. If the size of the constituent
species differs by more than 15%, even at low concentrations, a quasicrystalline
structure is unstable.

By reducing the amount of Mg, a new quasicrystalline Cds 7-Yb was obtained.
Both Cd and Yb are divalent, with the e/a of the quasicrystal being 2.0, adhering
to the valence concentration condition. Also, the difference in size of the two
species is 2%, so the size condition is also adhered to.

The surface study of the Cd-Yb system is however hindered by the high vapur
pressure of Cd. The study of this material in an Ultra High Vacuum (UHV)
environment is problematic, as upon heat treatment the Cd component of the

material evaporates from the surface.
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2.9 Icosahedral Ag-In-Yb Quasicrystal

The Cd’s high vapor pressure made the new Cds;7-Yb quasicrystal unsuitable for
UHYV studies. To deal with this challenge, Guo et al. substituted the Cd compo-
nent with equivalent amounts of Ag and In [31]. This created a new quasicrystal:
i—Ag—In—Yb. The valence of Indium and Silver is different, with the latter ele-
ment being trivalent and the former being monovalent. This implies that in the
two parts, there are two electrons for every atom. The atomic sizes are also differ-
ent, namely deg= 0.314 nm, d4, = 0.290 nm and dy,, = 0.332 nm, with dgs4440.51m
= 0.311 nm, so that the overall difference in size between the original constituent
and its substitutes is 1%. The Yb% remained the same. This changed the total
composition of the system, which can be written as AgyoIng Ybig [34].

The system described above is an excellent candidate for researching the single
grain QCs and ACs. Firstly, the structure is icosahedral, making it isostructural
to i—~Cd-Yb (Cds;YDb), which has the most detailed structural model of an i—-QC
achieved to date. Secondly, two types of periodic AC exist: 1/1 Agyolng;Ybiy
and the 2/1 AgyIngyYbys cubic ACs. They have a close chemical composition
and similar structural units to their parents. The new system is easy to handle
in experiments. As it was mentioned, this material does not contain elements
with high vapor pressure or toxicity [35]. The system is stable under ultra-high
vacuum, and it can be annealed at high temperatures. This is very important for

the surface studies under UHV conditions [35].

2.10 Approximants

A special class of intermetallics are approximant crystals (ACs) which have simi-
lar structure and chemical composition to QCs. Since the discovery of the binary
icosahedral quasicrystal Cds;Yb in 2000 [36, 37], the presence of the crystalline
analogue CdgYb, the so-called Tsai-type 1/1 cubic approximant, in a nearby com-
position has been recognised [22, 38], and much attention has been paid to its
structural and physical properties. Periodic crystals that are closely related to
quasicrystalline phases were discovered while investigating the structural similar-
ity between known crystalline phases and related quasicrystalline phases. There-
fore, the approximant is a periodic structure consisting of a similar local structural
unit, or cluster. The arrangement of atoms in the local structural unit of the ap-
proximant closely approximates the local atomic structures of the quasicrystals.
They possess a complex atomic structure, which can be explained in terms of clus-
ters of atoms decorating a periodic lattice. They have large unit cells, sometimes

containing several hundred atoms. As a result of this similarity, the approximants
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play a crucial role in understanding the formation, stability, physical properties,
and atomic scale structure of quasicrystals [39].

Approximants are periodic structures projected from the same higher-dimensional
lattice but with a rational tangent. The cut and project method is explained to
understand a rational tangent. The Fibonacci sequence can be utilised as a model
structure for an aperiodic but perfectly ordered one-dimensional quasicrystal. A
quasicrystal in one dimension can be derived from a periodic lattice in two dimen-
sions using the cut and project method. A two-dimensional system consisting of
physical space X|| and orthogonal space X_L is rotated by an angle of a degrees
in the two-dimensional hyper lattice (h, and h,). Until the tan (o) = 7, the ro-
tation will continue. The X|| axis cuts the hyper lattice h, and h, axes, which
are decorated by an object (\) parallel to the X | axis, as a result of rotation
[5]. As depicted in Figure 2.5 [5], the atomic positions are the points where (\)
intersects the X|| axis, and these points are labelled with L and S. In quasicrys-
tals, the formation of approximant phases is caused by phason strain. Suppose
that phason strain rotates the physical space such that the slope approximates the
initial slope 1/7. The slope could be 1/1, 1/2, 2/3, or 5/8 | are highlighted with
red arrows in Figure 2.5. At these slopes, physical space intersects atomic sur-
faces and generates periodic sequences, LSLSLSLSLSLSLS..., LSLLSLLSLLSL...,
LSLLSLSLLSLSLLS..., and LSLLSLLSLLSLSL..., respectively. These sequences
with repeating unit cells LS, LSL, LSLLS, and LSLLSLSL produce approximants
of 1/1, 2/1, 3/2, and 5/3 respectively. Higher order approximants resemble the
corresponding quasicrystals even more closely [10, 38]. The lowest-order approxi-
mant is the 1/1, and successively higher order approximants such as 2/1, 3/2, 5/3,

. more closely approach the quasicrystalline structure.

Figure 2.5: The transition from quasicrystalline to approximant phases is caused
by phason strain [11].
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2.11 Description of Structure of 1/1 Approximant Au-Al-
Yb

When Cd atoms were replaced by an average atom Ausrg Al 4, @ new quasicrys-
tal Au-Al-Yb was produced [12]. This study represented the result of structural
analysis of the quasicrystal and 1/1 approximant in the Au-Al-Yb alloy. Following
that, new approximants are created by replacing M in the Au-M-R system with
equal amounts of (Ga [13, 44], In[45], Si [16, 47], Ge[16, 48], and Sn [19, 50]) where
R = Tb [8] and Gd.

The 1/1 approximant AuggAlzsoYbys was identified using electron diffraction
patterns, as shown in Figure 2.6. It revealed that the Laue class is m3 and the
cubic lattice is a body-centred (bcc) type with the lattice parameter a = 1.45
nm. These observations agree with the known properties of a 1/1 Tsai-type cubic

approximant [42].

Figure 2.6: Electron diffraction pattern of AuygAlsg2Ybis 1/1 approximant show-
ing three orientations: (a) [001], (b) [101] and (c) [111] [12].

The characteristic feature of the model is the chemical ordering between Au
and Al beside the ordering of Yb that forms an icosahedron in Figure 2.7 (c).
Other sites are occupied by mixed atoms of Au and Al except for the site named
MS8. The site M8 is occupied by Al with the occupancy 92% without Au. The
mixed sites are classified into three groups; sites containing Au more than 72 %,
sites containing Al more than 97 % and sites intermediate between them. Hereafter
they will be referred to as Au-site, Al-site and mixed site, respectively. The unit
cell includes 89.6 Au, 61.8 Al and 24.0 Yb, and thus 175.4 atoms in total. The
composition of the model is Aus;1Al3s2Ybis 7 that agrees with the composition
AugAlgsYbyy analyzed by means of electron probe micro-analysis (EPMA) as
well as the nominal one AuygAlzgYbys. The small reduction of Yb in the analyzed
compositions from the nominal one suggests evaporation of Yb during the sample

preparation.
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The approximants belong to a family of complex intermetallics known as Tsai-
types, so called for their building block in the bulk, the Tsai-type cluster [12].
Tsai-type approximants and quasicrystals share this same essential component.
The unit cell of the Au-Al-Yb 1\1 approximant is depicted in Figure 2.7(f). It
is a body-centred (bcc) crystals (space group Im3) with 168 atoms in a unit cell,
which can be thought of as a bee packing of Tsai-type clusters.

The structure of the 1/1 approximant can be construed as a periodic arrange-
ment of chemically ordered Tsai-type clusters. It is constructed of a system of
five hierarchical shells [22, 38|, as shown in Figure 2.7(a) to (e). At the centre
of the cluster, four atoms are included, which belong to M7 (mixed site) with
an occupancy of 16.7%. This complicated shape reflects an average of variously-
oriented 1°¢ shell (tetrahedrons) as discussed by Gémez and Lidin [35]. The 2
shell of Tsai-type cluster is a dodecahedron composed of M2 (mixed site) and M4
(Au-site) shown in Figure 2.7(b). The 3¢ shell is an icosahedron of Yb. The
4™ ghell is an icosidodecahedron composed of M1 (Au-site) and M6 (mixed site)

5th shell is triaconta-

presented in Figure 2.7(d). Figure 2.7(e) presents a part of
hedron on which atoms M5 (Al-site) and M3 (Au-site) are arranged alternatively.
The arrangement of this polyhedron forms a cage network with holes both at the
origin and the body-centre. The ordering scheme, namely preferential occupation
by atoms, is very similar to that in AusysGass9Cajz¢ approximant reported by
Lin and Corbett [51].

Eight years after the discovering of the binary (antiferromagnetic) approxi-
mants CdgR, the occurrence of antiferromagnetism (AFM) was demonstrated in
ternary approximants Au-Al-R (R = Gd and Tb) after fine tuning of the compo-
sition inside the single-phase domain. The Au-Al-Gd polycrystalline alloy com-
position is Aur3Al;3Gdi4. The condition for the occurrence of the AFM order in
the Au-Al-Gd approximant, is expressed in terms of the average electron-per-atom
(e/a) ratio, assuming that Au is monovalent and both Al and Gd are trivalent [10].
It was found that e/a ~1.54-1.56 [11].

The Au-Al-Gd 1/1 approximant is a body-centred-cubic packing of rhombic
triacontahedral (RTH) clusters. The lattice constant is (Au-Al-Gd) is slightly
similar (Au-Al-Th: a = 1.475 nm, and Au-Al-Gd: 1.48 nm) [l 1], as shown in
Figure 2.8(a). The structure of the (110) surface is bee with two lattice constants,
a = 1.48 nm and b = 2.05 nm, as shown in Figure 2.8(b). Figure 2.8(c) depicts the
perpendicular plane along the [110] direction. The inner plane dj1y is 1.05 nm
which corresponds to 0.5 z. As a result,the layers at z > d(;19) are mirror planes

of the layers at z < d(110).
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Figure 2.7: Tsai-type cluster’s concentric shell structure in the Au-Al-Gd. A unit
cell is displayed by a square frame. (a) Au atoms are arranged in an orienta-
tionally disordered tetrahedron at the My site. (b) A dodecahedron’s 27¢ shell
constituted of mixed Au/Al atoms at the My and My sites. (¢) An icosahedron’s
3"dshell consisting of Gd atoms (Ybl1 site). (d) An icosidodecahedron’s 4" shell
consisting of Al atoms and Au atoms (M; and Mg sites) (Mg site). (e) 5 shell of
a triacontahedron constructed of Al atoms and Au atoms (M3 site) (M5 site). (f)
A Gd Body-centred cubic arrangement of the icosahedron in the Au—-Al-Yb AC.

Figure 2.8: (a) structure of the Au-Al-Gd 1/1 approximant. The icosahedral
clusters of the Tsai type form a bcc lattice. For clarity, only the Gd atoms are
shown. (b) The structure of (110) plane shown, with only Gd icosahedral clusters.
(c) A side view of an Au-Al-Gd 1/1 approximant unit cell with z = 2.04 nm shows
the (110) plane perpendicular to [110], indicated by a pink line.



Chapter 3

Literature Review on Adsorption
Studies

3.1 Introduction

This chapter will provide a brief summary of previous work on the clean of two
and three—fold i—Ag-In—Yb quasicrystal surfaces, and Au-Al-Tb (111) 1/1 approx-
imant surfaces. Furthermore, the growth of molecular thin films on quasicrystal

surfaces will be reviewed.

3.2 Structure of the Two and Three-fold Surface of i—Ag—
In—Yb Quasicrystal

Following the discovery of i—Ag—In—Yb quasicrystals, all high symmetry surfaces
of this QC (five—fold [52], three-fold [28]and two-fold [53]) were investigated. All
surfaces were found to form on a bulk plane intersecting the centre of the RTH
cluster [51]. RTH clusters constitute the bulk structure of these quasicrystals.
This section provides details of previous studies on two-fold and three- fold surface
structures as they have been used in this study.

The first study of the structure of two-fold surfaces of i—~Ag—In—Yb quasicrystals
was by Cui et al. [53] using LEED and STM. This study described the surface of
this quasicrystal as a bulk truncation of the Cd-Yb model. The LEED pattern
shown in Figure 3.1(a) confirms the two-fold symmetry [53]. In STM, two step
heights were discovered: S = 0.27 £ 0.03 nm and L = 7 S = 0.45 £ 0.04 nm, which
is consistent with the distribution of the cluster centre planes in the Cd-Yb model.
Thus, the surface structure is expected to be described by the dense atomic planes
intersecting the Cd-Yb cluster centres. However, STM does not achieve atomic
resolution of two-fold the surface. [52, 28, 53].

The STM images taken at positive bias V = +1 V revealed rows separated by

15
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1.57 nm. Figure 3.1(b) shows a section of the surface observed by STM from [53].
Figure 3.1(c) shows a clear row structure that corresponds to the distribution of
the 5" shell in the Cd-Yb cluster. In addition to the rows, isolated protrusions
are also observed, separated by 7—scaled distances along the direction parallel to

the row structure.

Figure 3.1: (a) LEED pattern of the two-fold i~Ag-In—Yb surface measured at an
electron energy of 20 e€V.(b) A high resolution STM image of the clean two-fold
surface displaying a row-like structure. The image is enhanced by Fourier pass
filtering (V, = +1.1 V, 75 nm x 35 nm). (c) An atomic plane intersecting the
RTH cluster centres in the i—Cd—YDb structure model used to explain the surface
; blue: RTH cluster centre, light green: Yb atoms, dark green: glue Yb atoms,
red: Cd atoms in 5 shell, light pink: Cd atoms in 4 and 2" shells [53].

A recent study by Burnie et al. has demonstrated that the atomic resolution of
two-fold surface of i~Ag-In-Yb depends on the bias voltage [55]. High-resolution
STM images of terraces were found to be bias-voltage dependent. Figure 3.2(a)
and (b) are STM images taken from the same surface with the same tip condition
at positive and negative bias. The STM image taken under a positive bias (+2
V) shows bright protrusions aligned along the twofold and five-fold axes. This
leads to the formation of large diamond features. The average small and large
diagonals of the diamonds are 2.57 + 0.08 nm and 4.19 + 0.02 nm, respectively.
The ratio of these two values is ~ 7 ( = 1.618..., the golden ratio). STM images
taken at -0.8 V negative bias show the same diamond features as at positive bias,
but with reduced size (highlighted in Figure 3.2(b)). The protrusions are again at
the vertices. In addition, new protrusions of comparable size and contrast appear

on the edges of the diamond. This results in a more pronounced alignment of the
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protrusions in the five-fold direction.

The STM images were compared with the bulk structural model of the -Cd-Yb
quasicrystal. Figure 3.2(c) is the in-plane structure (20 nm x 20 nm) of the plane
cutting the centre of the RTH cluster (marked with black arrows). The diamond
feature was found to consist of two motifs; triangles of three 37 shell of Yb atoms
surrounding the 4" shell of Ag/In and squares of four Yb atoms surrounding the
4" dimer, as shown the inset right Figure 3.2. The vertices of the diamond feature
are on one type of motif. Their size and geometry correspond to the diamonds
appearing under positive bias. This supports the suggestion that the vertices of
the solid black diamond are located at Yb-rich sites, resulting in the large bright
protrusions observed at a positive bias. At the negative bias, the contribution to
tunnelling current from the Ag/In sites is increased while the contribution from
the Yb sites is suppressed. This results in smaller protrusions at the vertices of
solid black tiles, as well as additional protrusions along the edges of the diamond

(i.e., at the vertices of dashed tiles).

Figure 3.2: (a) and (b) STM images of the two—fold i~Ag-In-Yb surface at V,=
+2.5 V and -0.8 V, respectively (50 nm x 50 nm). (¢) A model atomic plane
intersecting the cluster centres (light green: 3¢ shell Yb, dark green: glue Yb,
purple: 2"¢ shell Ag/In, light pink: 4 shell Ag/In and dark pink: 5% shell

Ag/In) [55].

The study of the three-fold surface structure of the i—Ag—In-Yb quasicrystal
was reported by Cui et al. using STM and LEED [28]. Figure 3.3(a) depicts
the LEED patterns of the three—fold i—Ag-In—Yb surface, which show a discrete
three-fold symmetric diffraction pattern, with 7-scale points [258]. The STM images
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revealed terraces, which were separated by steps of different heights. The observed
step heights in STM were found to be small (S = 0.12 + 0.02 nm) and large (L =
0.43 £+ 0.02 nm), as shown in Figure 3.3 (b).

High-resolution STM images of terraces were obtained only at positive volt-
ages. The Ag/In positions are not resolved [52]. Figure 3.4(a) is the STM image
showing the terraces at positive bias. The STM images show different motifs,
small triangular, hexagons, and twisted hexagons. These features are marked in
Figure 3.4(b) and shown enlarged in Figure 3.4(c). The edges of the large triangle
and "distorted" hexagon are 1.61 £ 0.07 nm, 0.68 + 0.07 nm, and 0.93 £ 0.07
nm, respectively. All triangles and twisted hexagons in the STM image have the

same orientation.

Figure 3.3: (a)LEED pattern taken from the three—fold i—Ag-In-Yb surface at
energy of 20 eV. (b) Large-scale STM images of the three—fold i—Ag—In—Yb surface
(300 nm x 300 nm) [25].

The motifs observed by STM were compared with the bulk structure model
of the i~Cd-Yb quasicrystal. The motifs observed by STM are compared with
the atomic structures of those planes that intersect the RTH cluster centres, as
shown in Figure 3.4(e). Here, a series of triangles, hexagons, and "distorted"
hexagons are associated with the Yb arrangement in the cluster centre plane. As
demonstrated by a previous study on the five—fold surface of i—Cd—Yb, STM can
only detect Yb sites under positive bias. Therefore, the Yb atoms are highlighted
with large green circles in Figure 3.4(e). The distribution of Yb atoms in the
model exhibits the same characteristics as those observed by STM in terms of

size, orientation, and their assembly. These features are marked in Figure 3.4(e).
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Figure 3.4: a) 50 nm x 50 nm STM image of two step heights S and L terrace
made from a three—fold surface of i—Ag-In-Yb at a large scale (V, = +1.1 V,
I, = 0.30 nA). (b) Enlarged view of the section highlighted in (a) (20 nm x 20
nm). Several motifs from this image are displayed and labelled in this (c). (c)
Magnified views of triangles, distorted hexagons, large triangles, regular hexagons,
and flower motifs are highlighted in (b). (d) An autocorrelation function of section
of image (a), (15 nm x 15 nm). 7—scaled locations have been identified. (e) The
surface’s model plane. The motifs from (c) are highlighted: red and black circle
is a distorted and regular hexagon, large red circle is flower motif, black triangle
is a large triangle [23].

A recent study by Coates et al. [50] has confirmed that atoms are resolved at
only positive bias. It was found that the surface is characterised by triangles, a
distorted hexagon, and a "flower" feature. Highlighted with a white shield tile
and triangle in Figure 3.5(a).

Figure 3.5(d) shows a partial model of three-fold of i—Ag—In-Yb quasicrystal,
Yb atom is highlighted with a green dot. The Yb atoms are distributed in a small
triangle with two orientations: up-triangle and down-triangle in the bulk model.
The 4" shell hexagons are surrounded by up and down Yb triangles. The motifs
observed by STM were compared with the plane model of atomic structure of
three-fold of the i—Ag—In—Yb quasicrystal. It was found that the distorted hexagon
feature corresponds to the Yb triangle of three Yb small triangles, highlighted with

a green triangle.
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Figure 3.5: (a) STM image (V, = 3.079 V, I; = 0.119 nA) of the clean three—
fold i—~Ag-In—Yb surface. Marked are motifs previously observed in [28]. Surface
cluster centres are also marked, either by an arrow (C C), or by white circles. (b)
Side view of the fourth shell of a truncated cluster, oriented along its five—fold
direction. The five—fold surface is marked with an arrow. The cluster centre is
shown as a golden atom. Also shown are planes of atoms from the fourth shell if
the structure were continued “above” the surface. (c¢) Side view of how truncated
clusters contribute to the threefold surface. Horizontal scale is arbitrary. (d)
Arrangement of truncated bulk clusters as observed on the surface. A distorted
hexagon and a triangle are marked to compare to STM images. The scale bar is
1 nm.Reproduced from [56].

3.3 Structure of the (111) Surface 1/1 Au-Al-Tb Approxi-
mant

The surface of 1/1 approximant in Au-Al-Tb alloy was reported by Coates et al.
using STM [3]. Large-scale STM images revealed a surface with flat terraces and a
step-terrace morphology. A terrace kink angle with value of 119° + 2°, is labelled
with « in Figure 3.6(a). It corresponds to the three—fold symmetry expected from
the bulk model structure. The step heights were measured using a histogram
taken from an STM image, with the most frequent step height being 1.22 4+ 0.04

nm, as shown in Figure 3.6(b).
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Figure 3.6: (a) STM image of the (111) surface’s step terrace structure ((V, = 2
V, I, = 172 pA). The terrace kink angle is indicated here. Islands are denoted
by white circles. The scale bar is 30 nm. (b) A histogram of the step height
distribution derived from (a). The average step height is marked. (c¢) Tb planes
arranged along the [111] direction in a bulk model. The distance between groups
of three planes is 0.43 nm, as depicted. There are also groups of planes that
correlate to the measured step height [3].

STM can be used to resolve the structure on these terraces, depending on the
type of voltage bias used. The surface was decorated with a set of dimer-like bright
protrusions arranged in a rhombohedral surface unit cell with lattice parameters
a =212 + 0.07 nm, b = 2.10 = 0.04 nm, and o = 58 £ 2° where highlighted
vectors intersect the centre point of the dimers at positive bias, as shown in Figure
3.7(a). An ellipse demonstrates adjacent protrusions in dimers with a separation
of 1.23 + 0.03 nm. The dimers can potentially be seen as hexagons that enclose
a dark contrast area, which is marked with a black hexagon.

Figure 3.7(b) depicts a different area of the surface observed at the same bias
value as in Figure 3.7(a). The apparent change in morphology, where the dark
centres of the hexagons in Figure 3.7(a) are resolved as low-intensity protrusions,
may arise from a change in tip/tunneling conditions. A rhombohedral cell which
includes the below-plane protrusion in the hexagon has the parameters ¢ = 1.23
+ 0.07nm, d = 1.24 + 0.08 nm and § = 61 + 2°.

The STM images taken at negative bias revealed the surface has a row struc-
ture, as shown in Figure 3.8 (a). It was found that 1.06 £+ 0.09 nm is the distance
between adjacent rows. A V-shaped protrusion was observed in the row structure,
which is highlighted by a black circle. A V-shaped protrusion forms a marked
rhombohedral unit cell between the bright rows, with the parameters a = 2.09 +
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0.06 nm and b = 2.15 £ 0.04 nm, i.e., the same unit cell dimensions (111). It was
found that two-fold row structure is considered a missing-row structure in which

several atoms of the unit cell in the topmost plane are removed.

Figure 3.7: (a) STM image of surface showing the atomic structure of (111) facet
of Au-Al-Gd (V, =-1.9 V, I, = 175 pA). A rhombohedral unit cell or hexagonal
structure is formed by bright dimerlike protrusions (highlighted by an oval). The
crystallographic axis is highlighted. The scale bar measures 3 nm. (b) STM image
of surface showing additional features which appear dependent on tip condition
(Vy = -19 mV, I, = 175 pA). Rhombohedral and hexagonal cells are labelled
once again. The crystallographic axis is highlighted. The scale bar measures 3
nm. (c¢) Model diagram of Tb atoms forming the structure in (a), marked with
green circle,the features that correspond to each other (oval, rhombohedron, and
hexagon) are highlighted. The scale bar measures 3 nm. (d) The model structure
that was employed to explain the additional features in (b) [%].

The STM results were compared to the bulk model to explain the observed
motifs on the surface. Firstly, the step heights, or terrace separations, are consid-
ered in terms of planes of atoms in the bulk model. The Tb slabs used to explain
the step heights consist of three closely separated Tb planes. A side view of the
Tb planes in the bulk, arranged perpendicular to the [111] direction, as shown in
Figure 3.6(c). Three Tb planes form what we will refer to as Tbh surface slabs,
examples of which are bounded by black boxes. The distance between centres
of these slabs is 0.43 nm. Therefore, the measured step height, 1.28 nm, can be
considered as the separation between four slabs, as shown at the bottom of Figure
3.6(c). This number, along with the reported step height (1.22 nm), is 1.5 times
larger than the spacing between adjacent lattice planes in the bulk, which is 0.8521
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nm (where a = 1.4758 nm) [11].

Figure 3.8: (a) STM image of terrace morphology (V, = 1000 mV and I, = 140
pA). V-shaped protrusions and a rhombohedral unit cell are highlighted by a black
and rhombohedral shape. The scale bar is 3 nm. (b) structural model of (a). The
positions of 15¢, 274 4" and 5 shell Au/Al are depicted by the gray, yellow, blue,
and red circles, respectively. Below the dashed lines is the truncated version of the
complete model. The atoms that will be lost during the reconstruction process are
highlighted by a black circle. Rhombohedral unit cell and V-shaped protrusion
are highlighted above the dashed line in (a). (3 nm bar for scale) [3].

d . a
N/ R

The centre of these three planes can be used to understand the structure dis-

(3.1)

played in Figure 3.7(a). Figure 3.7(c) depicts a model of this plane composed
of sets of Th atoms arranged in triangles with 0.55 nm edge lengths and rotated
60° in relation to one another. These triangles are canted by around 7 degrees
with respect to the surface vectors. Each bright protrusion detected corresponds
to an individual triangle in Figure 3.7(c), which highlights the rhombohedral and
hexagonal cells indicated in Figure 3.7(a). The experimental value of a = b =
2.09 nm was well matched by the model rhombohedral unit cell.

The tip tunnelling to the slab’s lowest Tbh plane explains the alternate positive-
bias structure shown in Figure 3.7(b). This plane is displayed in addition to
the middle Tb plane in Figure 3.7(d), where examples of the larger triangles are
highlighted. It is formed of larger edge length Tb triangles (0.9 nm) with just
one orientation. A dashed rhombohedron indicates the projected bulk unit cell.

Dashed circles indicate the protrusions measured by STM.
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As shown, the combination of these triangles results in a small rhombohedral
cell with dimensions that match the experimental values of ¢ = d = 1.21 nm. This
study concluded that the surface terminates at the middle Tbh plane because the
structures in Figures 3.7(a) and (b) can be explained using just the bottom two
planes of a Tb slab.

In addition, the STM data with negative bias were compared to the slab struc-
ture mode. Figure 3.8(b) shows the surface model considering all non-Tb positions.
The 15¢, 27 4 and 5 shell positions of Au/Al atoms are marked with gray,
yellow, blue, and red. Black circles indicate the locations of 12 atoms, which are
those that were removed from the surface unit cell to create the surface recon-
struction. In STM images, this set of atoms appears as a V-shaped protrusion.
Four of these groups are joined by the designated unit cell, with a = b = 2.09 nm,

which again matches the experimental results.

3.4 Growth of Molecular Thin Film on Quasicrystal Sur-
faces

In recent years, there has been an increase in literature around quasi-crystalline
epitaxial single-element films growth on quasicrystals. The most widely studied
are the five-fold surfaces of Al-based quasicrystals, although there have also been
studies of the five-fold surface of i—~Ag—In—-Yb and the tenfold surface of d-Al-Co.
The most common molecules used to grow films on a quasicrystal are Cgy, pen-
tacene (Pn), benzene(CgHg), and corannulene (CyoHpg). Table 1 shows previous
studies of molecular thin films.

Studies of quasicrystalline surfaces as deposition site for molecules are of greater
interest. With the quasicrystalline surface, many varieties of atoms can be studied
and investigated; surface characteristics and structure can be changed and manip-
ulated in different ways. In addition, the surface reactivity can also be modified
by depositing molecules. There are many open questions, particularly in relation

to the formation of epitaxial systems.
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Table 3.1: Previous studies of molecular thin film.

Molecular | Substrate Growth temperature | Ref | Result
five-fold i-Al-Pd-Mn 300K [57] | disorder
Ceo five-fold i-Al-Pd-Mn 623K-673K [58] | QCS film
five-fold i-Al-Cu-Fe 773K ] | QCS film
d-Al-Ni-Co 623K-673K ] | QCS film
d-Al-Cu-Co 623K-673K QCS film
Pb/d-Al-Ni-Co 500-520K ordered hexgonal islands
two-fold i-Al-Pd-Mn 600K QCS film
Pb/five-fold i-Ag-In-Yb | 300K disorder
five-fold i-Ag-In-Yb 300K ] | disorder
Pn five-fold i-Ag-In-Yb 300K ] | QCS film
Cao Hyg five-fold i-Ag-In-Yb 423K QCS film
Cso Cu/five-fold i-Al-Pd-Mn | 300K periodic film
CO d-Al-Ni-Co 300K molecular adsorption bandvisible
CgHg Al-Pd-Mn 100K multilayer formation

Carbon-60 (Cg )

Buckminster fullerene is a fullerene molecule consisting of 60 C atoms and takes
the shape of a closed cage. The carbon atoms are bonded in a spherical, truncated
icosahedron shape of regular pentagons and hexagons as shown in Figure 3.9. Cgg
is the smallest fullerene with a van der Waals diameter of 1.01 nm [67]. In most
cases, Cgo forms a covalent bond with surfaces. Carbon-60 is a good starting point
for surface studies for two reasons: it is essentially isotropic (behavior similar to

a giant atom) and has the same internal symmetries as an icosahedron [(1].

Figure 3.9: Atomic model of Cgg molecule.

Pentacene (Pn)

The pentacene molecule (CoaHy4) is @ member of the family of organic compounds,
and is composed of 5 fused benzene rings. A simple, atomic model for the pen-
tacene molecule with dimensions 1.421 nm X 0.504 nm, is shown in Figure 3.10,
where the C-C bond distance is on average 0.14 nm [68]. Pn molecules adsorbed
on the surface can be imaged with a bias voltage either below the highest occu-
pied molecular orbital (HOMO) or above the lowest unoccupied molecular orbital
(LUMO). The shape of the orbitals will affect the apparent shape of the molecules
in STM [69, 70].
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Pentacene molecules have a tendency to form flat, complete layers on metal-
lic substrates. This is due to the anisotropic shape of this planar oligomer and
weak, intermolecular van der Waals interactions [71]. The orientation of adsorbed
pentacene strongly depends on the electronic structure of the substrate. The
organic/inorganic interfaces between the organic semiconductor and the gate di-
electric as well as the contacting electrodes play a crucial role for the performance

of organic electronic devices [72].

Figure 3.10: Atomic model of a pentacene molecule.

Growth of Cgy on the Quasicrystal Surface

The first report of growth of Cgg on QC has been made by Ledieu and Muryn et
al. [57]. They showed that Cgg growth on five-fold surface of i—Al-Pd—Mn at room
temperature adsorption does not produce QC order. The scanning tunnelling mi-
croscopy (STM) images show the molecules adsorbed randomly on the surface,
and the molecules appear with three different heights above the surface. However
local 7-scaling relationships between molecules were identified with bonding of

these molecules in five-fold hollow sites [57].

However, the first successful adsorbed Cgy molecular quasicrystal on Al-based
quasicrystals was achieved by Smerdon et al. [7]. They found that Cgy molecules
on five-fold surface of i—Al-Cu-Fe yield quasicrystalline order. The reason for
successful growth was the growth temperature. The depositions of Cgy were con-
ducted on i—Al-Cu—Fe with the substrate temperature ranging from 773 K to 973
K. The autocorrelation pattern of molecular distribution shows ten-fold symmetry
with long-range order, as shown in Figure 3.11(b). The STM image shows two
types of molecules: bright (B) and dim (D). The B molecules are adsorbed on Fe
atoms surface, and form a pentagon lattice with a = 1.2 nm. The D molecules are
adsorbed atop subsurface Fe atoms, and form a pentagonal lattice with a = 1.9
nm. D molecules are lower than B molecules and their height is around 0.14 nm,
as shown in Figure 3.11(a). These results confirm that the location of quasicrystal

molecules depends on the distribution of the least abundant constituent element,
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which is reasonably well-evidenced for all five—fold quasicrystalline adlayers [7].

Figure 3.11: Quasicrystalline Cg layer on icosahedral Al-Cu-Fe. (a) STM image
of Cgp molecules deposited on i—Al-Cu-Fe surface. (b) Autocorrelation pattern
shows ten-fold symmetry of the layer [7].

There have been reports on adsorption of Cgy molecules on another type of
Al-based quasicrystal. A study by Fournee et al. (2014) found that Cgg molecules
deposited on —Al-Pd-Mn and i—Al-Cu-Fe exhibit quasicrystalline structures.
The substrate temperatures used in this experiment were from 623 K to 673 K.
The low-energy electron diffraction (LEED) pattern of deposition Cg on i—Al-Pd—
Mn or i—Al-Cu-Fe confirms that the Cgy molecules are five-fold quasicrystalline
structure, as evidenced by diffraction spot positions with 7-scaling relationships.
In addition, STM images at negative bias show two types of molecules: bright and
dim molecules due to the height difference between them. D molecules are lower
than B molecules, and the difference in their heights is equal to 0.1 nm, as in the
case of the five-fold Al-Cu-Fe surface. They have pentagonl form with edge length
of 1.26 nm, (Figure 3.12). Furthermore, this finding encouraged applying adsorbed
Cgo on decagonal quasicrystal surfaces such as decagonal (d)-Al-Cu-Co and the
(d)-Al-Ni-Co. LEED pattern confirms ten-fold long-range quasiperiodic order of
the film (Figure 3.13(b). The autocorrelation of the STM image shows the nearest-
neighbor (NN) distance is 1.01 £ 0.01 nm. These molecules form pentagonal tiles
of 2 nm length. The tiles are usually included by smaller pentagon length of 1.2

nm and take similar orientations (Figure 3.13(c)) [58].
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Figure 3.12: (a) Model structure of the five-fold surface of the Al-Pd-Mn QC. (b)
STM image of the five-fold surface of the Al-Pd-Mn icosahedral quasicrystal. The
white flower(circle) and dark star (pentagon) [55].

Figure 3.13: (a) LEED patterns of the clean ten-fold surface of the Al-Ni-Co
decagonal phase. (b) of the Cgo film formed on that surface. (¢) STM image of
the Cgy monolayer formed on the ten-fold surface of the d- Al-Cu-Co decagonal
phase [58].

An attempt to form a quasiperiodic Cgy network on i—Ag—In—Yb substrates
was unsuccessful. In 2011, Nugent and co-workers investigated the adsorption of
Cgo on five-fold i—Ag-In—Yb with a focus on step-terrace morphology. Cgq was
deposited on the sample at room temperature. They did not obtain any result
from LEED or Fast-Fourier transform (FFT). The Cgy molecules form a random
distribution on the surface. The Cgy molecules stick on surface due to formation

of strong bond. Also, Cgy molecules were unsuccessfully deposited at high tem-
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perature; the reason for this may be the energy of adsorption is smaller for Cg
on Ag-In-Yb [62]. There are two types of molecules which successfully grew qua-
sicrystal molecular films on the five-fold surface of i~Ag-In-Yb: Pentacene (Pn)

and corannulene (CyoHyp).

Growth of Pentacene on the Quasicrystal Surface

In 2014, Smerdon et al. demonstrated pentacene (Pn) adsorption on i—Ag—In—
Yb and formed a quasicrystalline structure. The substrate temperatures during
deposition were 300 K. Figure 3.14(a) is an STM image of the five-fold surface
after Pn was deposited. Single Pn molecules are shown by the rod shapes. That
was the first demonstration of quasicrystalline molecular ordering on a template
by the use of a molecule other than Cg.

As illustrated in Figure 3.14(b), the autocorrelation function of the distribu-
tion of Pn molecules exhibits maxima with ten—fold symmetry. The spots are
positioned at 7-scaling distances (where 7 is the golden mean), indicating that
the molecules are ordered in a quasicrystalline film. Moreover, the autocorrela-
tion functions show the quality of the quasicrystalline ordering is better when the
orientation of the Pn molecules is included, as shown in Figure 3.14. This report
demonstrates that orientation is important to enhancing the shape of patterns [7].
Also, the STM image shows Pn in a four-lobe pattern and this is not observed in

any other STM studies of Pn on metal surfaces.

Figure 3.14: (a) High-resolution STM scans of Pn layer on five-fold i~Ag-In-Yb
quasicrystal surface (V, = 2 V, I; = 0.2 nA). (b) The autocorrelation functions
show the molecular positions extracted and plotted with (left) and without (right)
orientation [7]. (¢) The model diagram shows the adsorption sites of Pn on a five-
fold i~Ag-In-Yb surface. Green: 3" shell Yb and blue: 4* Ag/In shell. Red and
gray are the H and C atoms of the Pn molecules [0].

The orientation and separation between molecules were compared with the

atomic structure of the intersecting RTH cluster centre. Figure 3.14(c) is the



Chapter 3. Literature Review on Adsorption Studies 30

in-plane structure of the plane which cuts the centre of the RTH cluster. Yb
atoms are presented, marked with green dots. The distance between Yb atoms
corresponds to the size of Pn. It was found that the arrangement of Pn matches
Yb sites.

Recently, the (111) surface of the 1/1 Au-Al-Tb approximant crystal was used
as a template to grow a Pn film [73]. STM images were obtained at low and high
coverages of Pn on the surface. Figure 3.15(b) shows an STM image at cover-
age approximate 0.3 ML. Some locations and orientations of molecules appear to
be more preferential than others. Molecules oriented in the [011] direction, i.e.,
perpendicular to the Au/Al row direction, were found to be more popular. A num-
ber of examples are highlighted by black circles. Furthermore, the STM images
revealed the most stable adsorption sites were those that produced Pn orienta-
tions that were roughly perpendicular to the row direction of the substrate (0°).
Conversely, the perpendicular two-fold orientation (90°) was relatively unstable,
with a large proportion of these molecules diffusing. The autocorrelation function
taken from only the molecules confirmed the rhombohedral pattern, with lattice
constant are a = 1.26 £ 0.08 nm, b = 1.28 £ 0.05 nm as shown in the of right
Figure 3.15(b).

All molecules aligned in the [011] direction occupy two triangular sublattices,
which together form a honeycomb structure. Figure 3.15(b) shows some examples
marked with black hexagons and red/blue circles. A fully occupied unit cell of
the red distribution is also highlighted, with ¢ = 2.23 £ 0.06 nm, d = 2.35 + 0.07
nm, which is twice the size of the lattice as measured from the autocorrelation
function.

It was found that the dimension of the rhombohedral lattice of the autocorre-
lation function and the orientation and position of Pn in STM images correspond
to the Tb triangle distribution throughout the surface. The sublattice/honey-
comb structure labelled with the red/blue sites matches up with the distribution
of small Tb triangles at the surface, as shown in Figure 3.15(a). It depicts a sec-
tion of model Th atoms at the surface [3], illustrating this relationship. Blue and
red circles surround two small triangles at the bottom, which are each distributed
on rhombohedral lattices of ¢ = d = 2.09 nm across the surface. These triangles
are canted = 7° in the direction of [011], and they can also be linked by a black
hexagon, with the triangles’ centres highlighted with either red or blue dots.

Therefore, the Pn molecules appear to adsorb at Tbh atomic sites, similar to
Pn adsorption on i—Ag-In-Yb surfaces with a strong rare-earth atom/molecule
interaction. The model adsorption sites were identified in this study. It was sug-

gested that at least one benzene ring is pinned between two Th atoms, or that at
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least one benzene ring is directly on top of a Th atom (or both). Furthermore, the
higher Pn coverage of approximately 0.7 Ml was investigated at ambient temper-
ature. The STM image revealed a saturation of feasible adsorption sites, resulting
in a film with structural order but rotational or orientation disorder, as shown in
Figure 3.15(c). The effect of post annealing this film to 600K was exhibited in
the study, as illustrated in Figure 3.15(c). The majority of the Pn molecules were
perpendicular or parallel to the Au/Al row direction, i.e., vertically or horizontally.

The adsorption sites of the molecules were indicated by coloured arrows or
bars, with eight potential sites identified. The Pn molecules are highlighted as
blue and red motifs in the structure model in Figure 3.15(d). The colours of the
Pn motifs correspond to the vertical sites. The extra adsorption positions were

observed, indicating that post-deposition annealing creates new adsorption sites.

Figure 3.15: (a) Model structure of the (111) surface of the 1/1 Au-Al-Tb ap-
proximant. The first shell and 27¢ shell, the 3"¢ shell, 4" shell and 5" shell are
highlighted with gray, yellow, green, blue, and red dots, respectively. The trian-
gular adsorption sites are highlighted. (b) After deposition of Pn, STM image of
the Au-Al-Th(111) surface (coverage = 0.3 ML, V, = 1.9 V,I;= 0.3 nA, the image
size is 40 nm x 40 nm). An autocorrelation function of the molecule centres is
shown in the inset, along with unit cell vectors. (c¢) STM image of the same surface
following deposition of 0.7 ML coverage of Pn at room temperature and annealing
at 600 K (V, = 1:8 V, I, = 0.3 nA, 12 nm X 12 nm). The adsorption sites of
molecules are indicated by coloured arrows and bars. A total of eight potential
locations have been identified. (d) A representation of the substrate’s structure
showing Pn adsorption sites. The Tb shell and Au/Al shell are marked with green
and gray circles [73].
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Growth of Corannulene (CyHjo) on the Quasicrystal Surface

Kalashnyk et al. studied the growth of a five-fold symmetric corannulene (CgoHjyg)
molecular quasicrystal which was grown on five-fold +—Ag-In-Yb. The molecules
were studied at 423 K. The analysis was carried out using STM and LEED. The
LEED pattern proved the molecular film adopt a long-range quasiperiodic order
as shown in Figure 3.16(b). This pattern shows ten-fold symmetry. STM char-
acterisation shows the formation of a complete monolayer of corannulene on the
substrate. Also, the size of the single feature corresponds to the size of free coran-
nulene. Furthermore, a close-up STM image shows the bowl-shape corannulene
molecules can be positioned in the site above the Yb atoms, which leads to the
formation of a ten-fold symmetric feature, as shown in Figure 3.16(c). The radius
of the corannulene ring is 2.12 nm, which matches with the bulk model. The auto-
correlation image demonstrates the short, S = 1.6 &+ 0.1 nm and long, L = 2.5 £+
0.1 nm distance between spots. The ratio of L to S corresponds to the golden mean
= 1.618 and follows the Fibonacci series. The success of the growth of a (CyHig)
molecular film is because the molecular a has which pentagonal ring surrounded
by five benzene rings and is bowl-shaped, may approach the symmetry of the sur-
face, the presence of hydrogen at its rim might enhance the adsorbate-substrate

interaction [03].

Figure 3.16: (a) STM image of corannulene monolayer grown on the five-fold
i~Ag-In-Yb surface. (b) LEED pattern from the molecular film. (c) Close-up
STM image of a molecular ring composed of 10 corannulene molecules. (d) Cor-
responding model illustrating the preferential corannulene adsorption on Yb-and
(Ag, In)-based sites [(3].

A few studies have been done at temperatures below room temperature. For
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example, Benzene (CgHg) was found to adsorb in a disordered manner at the
surface of Al-Pd-Mn at 100 K, and completely adsorbed from the surface at 150
K. The adsorption molecules were detected by a mass spectrometer [66]. Also,
carbon monoxide deposited at room temperature on the ten-fold surface of d-Al-
Ni-Co was found to cause the complete disappearance of the LEED pattern from

the clean surface after a 20 L exposure, indicating disordered adsorption [65].

Growth of Cgy on Single-Element Quasicrystals Surface

Single-element quasicrystals can act as templates for molecules to deposit and align
in a structural, ordered arrangement. Cgy molecules were grown on a quasiperiodic
Pb film which was adsorbed on the ten-fold surface of d-Al-Ni-Co. The molecules
tended to form ordered hexagonal islands. This close-packed structure indicates
that the Cgo-Cgo interaction dominates and the substrate potential corrugation is

too shallow to trap the Cgy molecules in a quasiperiodic array [59].

In 2008, Smerdon et al. studied the adsorption of Cgg on Cu/five-fold Al-Pd-
Mn. Adsorption occurs at room temperature (300 K). The adsorption behaviour
of Cgo on the aperiodic film appeared different as compared to deposition on single
crystal Cu surfaces. Room temperature led to decreased mobility of molecules,
and causing them of stick where they impinged on the surface rather than to form
islands. At higher coverage (above 0.5ML Cgp), there are some suggestions for
reconstruction of the underlying Cu film in the observed different heights of adja-

cent rows of aligned Cgy molecules [64].

There have been studies in adsorption of Cgy on the Pb/five-fold i—~Ag-In-Yb
surface. The growth of both Pb and Cgy was carried out at room temperature.
The Pb first forms quasicrystalline layers and then periodic islands are formed
atop. Adsorption behavior of Cgy depends on the type of Pb allotrope. Cgg
molecules adsorb at edges of islands although the tops of island are uncovered.
Ceo form hexagonal close packed (hcp) islands between a step or island edges. In
contrast, Cgg molecules grows randomly on the quasicrystalline Pb layer. This
may be because of a far greater barrier to diffusion of Cgy presented by the sparse

quasicrystalline Pb film on i—Ag-In-Yb [01].



Chapter 4

Experimental Methods

4.1 Introduction

This chapter provides a description of the equipment used during the project.
The reasons surface experiments must be conducted in an ultra high vacuum
(UHV) system are explained. Finally, sample preparation procedures and surface
analysis techniques, including low energy electron diffraction (LEED) and scanning

tunnelling microscopy (STM) are explained.

4.1.1 Importance of UHV for Using in Study Surface Prop-

erties

A crystal’s surface properties can only be studied when the surface is clean. The
presence of molecules in the UHV chamber has a significant effect on the surface,
which can also affect the accuracy of the results obtained. These molecules can be
absorbed on the surface by physisorption or chemisorption. In addition, contam-
ination can affect the aperiodic arrangement of the atoms on the surface of the
quasicrystals, which have been used as templates for the growth of single-element
films with aperiodic arrangements. To avoid this, experiments are carried out

using a vacuum technique, which has proven to be successful [74].

4.1.2 Ultra-High Vacuum

To maintain the clean surface clean and free of undesired gases, all quasicrystal
investigations must be carried out in ultra-high vacuum (UHV). The Ultra high
vacuum also helps to avoid unwanted particle interference, such as electrons and

ions, when employing techniques such as LEED.

34
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An ultra—high vacuum chamber is constructed of solid, corrosion resistant, low
outgassing materials, such as stainless steel or mu-metal. Substances with a high
vapor pressure should not be used since they will evaporate, raising the ambient
gas pressure inside the chamber. While the chamber is at atmospheric pressure,
gases such as water vapour and carbon monoxide are absorbed into the inside walls,
lengthening the period for out-gassing. A bake out process is required to achieve
UHV. The temperature is raised to 400-500 K for 1-2 days while under vacuum.
The bake out removes water vapour and any other remaining gases absorbed on
the UHV chamber’s internal surfaces. After bake-out is complete and the chamber
is cooled to ambient temperature and then individual components are degassed
further by being heating up individually to ensure gases are desorbed. All of the
available pumps are used to achieve a pressure of roughly 1071 mbar.

Ultra High Vacuum (UHV) is defined as pressures which are in the range be-
tween 107> and 10~'2 mbar (atmospheric pressure is 1000 mbar). This pressure is
taken as standard for surface experiments. The UHV chamber used in this project
consists of three parts: the main chamber, pump, and experimental techniques.

Each of the elements is explained in detail below.

4.1.3 UHYV Pumping System

The main parts of the UHV system consist of the pumps, valves, and gauges. To
achieve the desired pressure of 107!° mbar, several pumps are needed, the four
used in the current chamber include: the rotary vane pump, the turbo molecular
pump, the titanium sublimation pump (TSP) and the ion pump.

Rotary Vane Pump

The rotary vane pump is used to achieve a pressure of about 1072 mbar, initially
starting from atmospheric pressure. A roughing pump must be robust enough to
pump a chamber down from atmospheric pressure to a low enough pressure for
the turbo molecular pump to start functioning. The cross section of a rotary vane
pump is depicted schematically in Figure 4.1(a). The rotary vane pump consists
of a rotor that rotates within a stator that is cylindrical in appearance. The rotor
has vanes that are compressed against the stator’s walls by a spring or centrifugal
force. The compressed gases in the inlet side are released through the exhaust

Y ? ]

valve into the atmosphere |
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Figure 4.1: A schematic illustration of the types of pumps: (a) rotary vane pump.
(b) ion pump [78].

Turbomolecular Pump

The turbomolecular pump uses a high-speed turbine to push gas molecules out
of the chamber. The lowered number of molecules in the volume decreases the
pressure. The average turbo molecular pump operates in a large range of 1072 -
107'% mbar. This pump removes heavier particles, but other elements are needed
for elimination of hydrogen and helium.

Ion Pump

The ion pump belongs to the group of capture pumps due to the gas molecules
being trapped inside the pump. It usually operates at a pressure below 107°
mbar, while a pressure of around 10~ mbar can be maintained. Ion pumps are
constructed with stainless steel anodes that are mounted between two titanium
cathodes. Anodes and cathodes are positioned within a powerful magnetic field
that is parallel to the cylindrical axes of the anodes. Approximately 7 kV of high
voltage is applied between the electrodes (anode and cathode) [77]. Figure 4.1(b)
illustrates the ion pump. An ionisation (ion) pump is used for pressures lower
than 10~% mbar. Most gas particles are removed with this pump, however there
also remains the risk of residues being left in the system, due to lighter particles
being present.

Titanium Sublimation Pump (TSP)

The next pump that is used is the titanium sublimation pump (TSP). This pump
requires low pressure in order to be effective. It is a type of "getter pump"
that removes gases such as CO and O,. TSPs are very successful when used in
conjunction with ion pumps to quickly remove residuals from any sudden degassing
of the ion pump.The following describes the operational mechanism of this pump.
An electric current flows through a Ti-coated filament, causing the Ti to sublimate.
Due to the reaction between the sublimated Ti and residual gases in the chamber,

such as oxygen or hydrogen, a non-volatile compound will form on the chamber’s
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walls, reducing the chamber’s gas pressure for a period of time.

Ion Gauge

The most common pressure gauge is an ionisation (ion) gauge. The ion gauge,
usually works between 10~* mbar and 107'Y mbar. The pressure is measured based
on the ion current and ionisation rate, because molecules inside the system are

ionized.

Figure 4.2: Omicron VT-STM UHV system.

4.2 Sample Growth

The samples used in this thesis have been grown with three different methods:
the Bridgeman method to grow i—Ag-In—Yb quasicrystals, the self flux method to
grow both Au-Al-Gd 1/1 approximants [79], and the Czochralski method to grow
the GagNiy crystal [30].

Single-grain quasicrystal ingots can be synthesised using normal crystal growth
techniques e.g. Bridgman, flux-growth. The most common technique used to grow
quasicrystal samples is the Czochralski technique. The Czochralski method [31]
uses a ‘seed’ crystal, typically oriented along a specific direction, which is attached
to a ‘pull rod’. This seed crystal is inserted into a molten solution of the correct
stoichiometry of the desired alloy, which is held in a crucible. The seed is then
pulled slowly from the molten mixture, and rotated as it is pulled. As the pulled
mixture cools, it crystallises, Figure 4.3. Similarly, the Bridgman method uses a
seed crystal inserted into a melt. Here, the molten mixture is cooled gradually
from the seed end, either using a heating element with a temperature gradient, or
by slowly pulling the crucible through two (high and low) temperature zones [$2].

The floating-zone method employs a polycrystalline ‘feed’ rod of the same com-

position of the target quasicrystal. Here, a heating coil creates a high temperature
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zone which melts the polycrystal as it is pulled through. Single-crystal growth oc-
curs by moving this ‘floating zone’ from the bottom to the top of the feed rod.
Finally, the self-flux method relies on the fact that for some QC alloys, the solid
QC is in equilibrium with its melt in its phase diagram. Here then, the correct
ratio of pure constituents is melted in a crucible or tube, and slowly cooled. For
each type of growth method used, a detailed phase diagram for the relevant mix-
ture of constituents is needed for successful growth. Quasicrystal samples are cut
along the required crystallographic direction from the ingot grown. The quality
of the sample structure is then determined using x-ray or electron diffraction.
The quasicrystal samples were carefully polished to significantly reduce the
surface roughness on the macro-scale. The surface was polished with different
grades of diamond paste (from 6 to 0.25 pm). After polishing the surface by each
grade for 15 minutes, the sample was cleaned of contaminants using an ultra-sonic
bath of methanol. The resulting surface is sufficiently flat for many surface science

techniques.

Figure 4.3: Set-up used in the Czochralski crystal growth technique. C: crystal
grown M: melt U: protecting envelope E: heater, Z: hot zone, R: pulling rod, N: thin
neck, S: seed crystal, K: seed carrier, T: thermocouple, B: susceptor. Reprinted
from [33].

4.3 Surface Preparation

4.3.1 Sputtering

Argon ion bombardment was used to remove any surface contamination. These
argon ions are produced in the ion gun and accelerated towards the sample. The
interaction between positive argon ions and the surface gives enough energy to

remove contamination from the surface. Using Art (2.5-3 keV) at a base pressure
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of 2.5 x 10 ~° mbar, the samples for this thesis were sputtered for 30 minutes,

with an average drain current recorded at 7-6.5 pA.

Figure 4.4: Setup of an Ar* ion gun during the sputtering process. Momentum
transfer from the incident ions causes the contaminant species in addition to the
substrate material to be removed [34].

4.3.2 Annealing

The sputtering process changes the structure of the surface; however, this can be
recovered by the subsequent annealing process, through the process of heating to
about half of the melting point temperature at a very low pressure. Sufficient
energy is given to the surface atoms to allow them to move to their equilibrium
positions in order to minimize the total surface energy. Quasicrystal temperature
was measured with a pyrometer with an emissivity of 0.35 [85]. The emissivity of
a crystal when measured with a pyrometer depends on several factors, including
the crystal’s composition, surface finish, and temperature. The emissivity of a
crystal could be 0, but it was not clear in a pyrometer; for this reason, 0.35 was

used.

4.4 Molecular Thin Film Growth

Physical vapour deposition is employed to form thin films in UHV. This method
involves the sublimation of a high-purity evaporant source towards the sample
surface. Electron beam evaporators (e-beam) are utilised to achieve this. To
evaporate the substance from a rod or container, Knudsen cell evaporators use
conductive and radiative heating provided by a filament (typically wire). For
materials with low melting points, such as noble metals, this type of evaporator

is utilised.
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Electron—beam evaporators use electron bombardment to locally heat a rod
or crucible containing evaporant. Thermally emitted electrons from a filament
are attracted towards a positivity biased rod or crucible. Crucibles are normally
constructed from alumina, molybdenum or stainless—steel. The evaporant can
reach higher temperatures than in the Knudsen cell evaporator and since the
electron beam is directed at the evaporant the out-gassing of the surrounding
surfaces is reduced during operation.

In this study the evaporator used for molecular deposition was based on the
principle of the Knudsen cell, as illustrated in Figure 4.5. It was made from a glass
tube surrounded by a wire, which was used to heat Pentacene. Pn powder was
put in the glass tube. The was degassed at low temperature in order to remove

the adsorbed gases on edge of the tube before starting the molecular deposition.

Figure 4.5: Photograph of evaporator used in the experiment for molecular depo-
sition.

4.5 Surface Techniques

4.5.1 Low Energy Electron Diffraction (LEED)

UHV led to the development of several experimental techniques. Low energy
electron diffraction (LEED) has become a widely used method to analyse surface
structures, providing information on the structure and morphology of surfaces.
The main principle of LEED is the elastic scattering of low energy electrons inci-
dent normally onto a crystal surface [36]. Electrons in the energy range of 20-200
eV are used.

There are two reasons for the use of electrons in this energy range. The first
reason is that the electrons need to have a wavelength () similar or smaller than

the lattice parameter (a) (A < a) to interfere with the ordered layers at the surface.
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The second reason is to obtain data only on the top layers (typically (10-30) A°).
If we consider an electron with defined energy, its wavelength is given by the de
Broglie relation

h h

== (4.1)

where (h) is Planck’s constant, m is the mass of the electron, and Ej is the
kinetic energy.

When a beam of electrons strikes the crystal surface, it produces a set of well-
defined pattern of diffracted beams that are arranged in a characteristic geometry
according to Bragg’s law. This mode contains information about the arrangement
of atoms in the crystal [37].

Bragg’s law geometry for X-ray diffraction from crystal surfaces separated by
dpy is shown in Figure 4.6. An electron beam impinges perpendicularly on a one-
dimensional chain of atoms with an interatomic spacing of (a). When electrons
from two adjacent atoms are backscattered at a well-defined angle with respect
to the surface normal, the radiation must travel a path difference (A d) to reach
the detector. According to Bragg’s law, the path difference must be equal to an
integral number of wavelengths for constructive interference to occur when the
scattered beams eventually meet and interfere at the detector, which is given by
[35]:

2dpi sinf = n\ (4.2)

where dp = ﬁ is the inter planar spacing, n is an integer, 6 is the
angle between the incident beam and crystal plane and A is the wave length. The

above equation is expressed as:
Ad=asinf =n\ (4.3)

nA
a

sinf =

As a result, the following information was obtained:
1. Since sinf is proportional to 1/a, the diffraction angle decreases as the inter-
atomic distance increases, resulting in narrowly spaced scattered beams.
2. Sin# is inversely proportional to the kinetic energy of incident electrons (Ej
in equation 4.1), so the diffraction angle decreases as the energy of the incident

electrons increases, resulting in more visible diffraction spots.

The magnitude of the wave vector of the incident electrons is give by [39]:
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2
k|l = — 4.

2T
k|l = — 4.6
K== (16)

The distance between diffraction spots in k-space is %”:a*, which is identified

as the reciprocal lattice vector.

Figure 4.6: Schematic depicting of Bragg’s law geometry.

Diffraction can also be explained in terms of Laue’s equations. The condition
for diffraction is; the incident electron has a wave vector K, and the scattered

electron has a wave vector K.
K — KO = thl (47)
When both vectors have the same magnitude (elastic scattering), the reciprocal
lattice vector (Gpy) is given by;
Gy = ha™ + kb* + Ic* (48)

where a*, b*, and c¢* the reciprocal spacing vectors lattice, related to real- space

lattice vectors a, b,and ¢ by

2 2 2
o= ﬂbxc’b*: cha,c*: ma X b (4.9)
a.(b x c) b.(c x a) c.(a xb)

Diffraction thus provides quantifiable data about a crystal [77].
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4.5.1.1 Ewald Sphere

Laue’s law of diffraction can be graphically depicted utilising the Ewald sphere
construction. To construct the Ewald sphere, one must first construct the crystal’s
reciprocal lattice. Draw Ko with an origin selected such that Ko terminate at a
reciprocal lattice point. Then, draw a sphere with a radius of (K = 27 /\) and
a centre at the origin of Ko. Find all reciprocal lattice points on the sphere’s
surface, then connect the scattered wave vector K to these points. Figure 4.7(a)
illustrates the construction of the Ewald sphere.

The 2D reciprocal lattice points in the LEED instance are represented by
reciprocal lattice rods that are perpendicular to the surface. In a 2D lattice whose
periodicity is infinite in the normal direction (|¢| — oo thus |¢*| — 0), which causes
the density of reciprocal lattice points to be infinite along the normal direction,
these rods are created. In this instance, the scattered wave-vector of diffracted
beams can be defined as the intersection locations of reciprocal rods with the
Ewald sphere [77]. Figure 4.7(b) depicts the Ewald construction for diffraction on

a 2D surface.

Figure 4.7: Schematic depiction of Ewald sphere construction for diffraction from
(a) a three-dimensional lattice and (b) a two-dimensional lattice. .

4.5.1.2 LEED Apparatus

A schematic representation of a LEED set-up is shown in Figure 4.8. The LEED
system comprises of an electron gun, a sample holder for the single crystal, and
a fluorescent screen to collect the diffracted beam. Variable levels of voltage are
used in order for the electrons to be accelerated. After the initial acceleration,
the electrons beam is directed to the surface. Electrons are both elastically and

inelastically scattered back from the surface. The fluorescent screen follows the
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last grid, which analyses the diffracted electrons that have been accelerated by
a voltage of several kilovolts and these beams produce a pattern of bright spots

which appears on the screen.

Figure 4.8: Diagram of the low energy electron diffraction (LEED).

4.5.2 Scanning Tunneling Microscopy (STM)

Binnig and Rohrer invented scanning tunnelling microscopy (STM) towards the
end of the twentieth century [90]. This technique is widely used to examine qua-
sicrystals, as well as for imaging conductive surfaces in general. The components
of an STM system are a sharp conducting tip, usually made of tungsten (W) or
platinum-iridium (Pt-Ir), a piezoelectric controlled scanner, feedback electronics
for sample-tip separation, a vibration isolation system, a distance control and
scanning unit, and finally a computer system to display the data. Figure 4.9 illus-
trates the main components in a schematic diagram. The interaction between the
electron wave functions of a sharp metal tip and a conductive sample surface is
the basis of STM. If a voltage is applied between when the two solids are brought
into sufficiently close proximity (nearly 1nm), electrons will tunnel across the gap.

The tunnel current depend sensitively on the tip—sample separation.
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Figure 4.9: Schematic illustration of scanning tunneling microscopy (STM)[75].

STM is based on the quantum tunnelling phenomena, which has been studied
by physicists since the 1920s, when quantum mechanics was first introduced [91].
Despite being classically forbidden, quantum tunnelling allows electrons to flow
between two potential wells separated by vacuum. If the electron energy is smaller
than the barrier height, it is classically reflected. In quantum mechanics, however,
there is a small possibility that the electron will not be reflected but will instead
tunnel through the barrier. Because electrons have wavelike qualities, tunnelling is
a result of this wavelike nature. Within the potential barrier, electron waves do not
suddenly terminate at the wall, but instead decay exponentially. Two examples of
an electron wave approaching a barrier are shown in Figure 4.10. The barrier is
too thick for the wave to pass through to the second section in the first case, thus
it decays to zero before reaching the other side. The wave has not decayed to zero
by the time it reaches the other side in the second instance, thus there is a small
possibility that the electron will be located on the other side of the barrier [92].
The wave function (z) of the electron in quantum mechanics, satisfies the
Schrodinger equation
—h2
V() = EY(z) — U(2) (4.10)

2m
62

8227

total energy of the electron, and U is the height of the barrier (potential energy).

where V? is m is mass of the electron, h is Planck’s constant, E is the

The solution to equation 4.10 for a region where E > U(z) will be;

(z) = (0)e ") (4.11)
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where k is the wave vector and is defined by;

2m(E —U)
k= (h) (4.12)

Substituting y/—(U — E)~ ix (where /1 = i) into equation 4.11 for a classically
forbidden region (E < U(z)).

(z) = 1p(0)e* ) (4.13)

The solution of the Schrodinger equation is given by:

(2) = (0)el ) (4.14)

In this situation, x is the decay constant that describes the electron decay

state, and it is given as follows:

2m(U — E)
o (B -

When a bias voltage is applied between the tip and the sample in scanning
tunnelling microscopy (STM), electrons tunnel through the vacuum and produce
a current known as the tunnelling current (I), which depends exponentially on the
tip-sample separation (d) and the average work function of the sample and tip
(¢) [92]. The tunnelling current (I) in STM may be expressed using the equation

below.

Toce ™ (4.16)

There is a barrier (work function) at the surface that prevents electrons from
leaving the solid and reaching the vacuum level E,q. [93]. According to classical
mechanics, a barrier that is higher than a particle’s energy cannot be penetrated.
Particles can pass a region with a barrier higher than their energy in quantum

mechanics. The average work function ¢ is defined by;
—¢p=(FE—-U) (4.17)

Inserting this into 4.15 results in the following solution of the Schrédinger equation

in the region of the potential barrier where « is given by;

-

(4.18)
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Putting equation 4.18 into equation 4.16gives;

[=C.e Vo (4.19)

where C is constant. Because of the exponential relationship, a very small
change in the tip-sample separation results in a relatively substantial change in
current. The exponential relationship allows changes that are less than a fraction
of the atomic height to be detected.

Figure 4.10: Two examples of an electron approaching a barrier. (a) the barrier is
too thick and the wave decays to zero before reach the other side of the barrier.
(b) The wave can cross through to the other side of the barrier [93].

When scanning metal surfaces, the image is usually considered to be represen-
tational of the surface’s topography. However, once molecules or compounds that
display covalent bonding are scanned, they can become less well related. Covalent
bonds might appear brighter than atoms in STM images due to the confined na-
ture of the electrons in them; therefore, attention must be given while analysing
STM images. It’s also possible that different atoms from various elements in
the surface have a significantly higher, or dominant, density of states under the
scanning conditions, making them appear significantly brighter than neighboring
atoms despite there being no physical difference in height.

As mentioned above, The tip-sample bias is an important factor in cases where
scans are not accurate representations of surface topography. Atoms with a highly
localised density of states may prefer to tunnel an electron from the tip into their
highest occupied molecular orbital (HOMO) or receive an electron from the tip
into their lowest unoccupied molecular orbital (LUMO). When scanning molecules
on surfaces, this has a significant effect on the intensity of that atom or pixel
in the scan image. While scanning pentacene molecules, Repp and Meyer et al
demonstrated this [80]. The molecule appeared as a rod when the bias was put
anywhere in the molecular band gap, but the microscope was able to image the
orbitals by setting the bias at or beyond the LUMO (positive V w.r.t. tip) and
HOMO (negative V w.r.t. tip).
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There are two modes for scanning the tip. The constant current mode that
keeps the tunnelling current constant as the tip scans across the surface through
the use of a feedback loop. This feedback loop instructs the tip to retract (ap-
proach the surface) whenever the current increases (decreases). Thus, the resulting
variation in tip height with tip position is recorded as an STM topography image.
The alternative mode is constant height.The constant height mode is the second
mode. As a tip at a fixed initial height is scanned across the surface, the cur-
rent is permitted to vary, and the current variation is recorded as the STM image
[94]. Constant current is commonly employed for routine STM imaging, whereas
the constant height mode is frequently employed on atomically flat substrates to
prevent tip collisions during scanning. Notably, the dependence on tunnelling cur-
rents requires that STM measurements be conducted only on conducting surfaces.
Figure 4.11 depicts a schematic of the STM’s operating principle for both constant

current mode and height mode.

Figure 4.11: The schematic shows the two scanning modes of tip in the STM : the
constant current mode (left) and the constant height mode (right) [95].

4.5.3 STM Image and Analysis

In STM imaging of quasicrystals, the real-space image shows the local density of
states (LDOS) of the material at the surface. The image analysis in this thesis
was carried out using the WSxM and Gwyddion software package [96, 97]. This
package includes Fast Fourier transforms and autocorrelations as analytic tools.
The Fast Fourier Transform FFT of the STM image provides a representation
of the spatial frequency content of the LDOS, and the inverse FF'T can be used
to transform this frequency-domain data back into the real-space domain [98,
, |. The FFT pattern of the STM image can be used to determine the
arrangement and orientations of the atoms on the surface. If the quasicrystal
contains a periodicity that is related to the golden ratio, then the FFT should

reveal a visible spot at an arrangement related to the golden ratio (7). As shown
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in Figure 4.12. If a high-resolution image is used, it may be possible to observe a
pattern similar to the symmetry and long-range order found in LEED patterns.

The quasiperiodic structure of a material can be seen in the real-space repre-
sentation of the FFT of the STM image of a quasicrystal. The real-space image
obtained from selecting specific frequencies in the inverse FF'T of the FFT of an
STM image of a quasicrystal is a two-dimensional matrix. The overall structure
of the image reflects the quasiperiodic structure of the material and can be used
to identify the local symmetry and ordering of the atoms.

The two-dimensional autocorrelation function [100] can be used to analyse
the periodicity of the diffraction pattern in a quasicrystal, providing evidence of
the presence of the golden ratio and Fibonacci sequence. The autocorrelation
function shows two distances, long (L) and short (S), between visible spots in the
diffraction pattern. As illustrated in Figure 4.12(c) and (d). The ratio between L
and S is close to the golden mean (7). The two distances are arranged following

the Fibonacci sequence.

Figure 4.12: (a) FFT pattern of the three-fold i-Ag-In-Yb surface shows six-fold
pattern with maxima located at 7-scaling distances. (b) LEED pattern obtained at
20 ¢V from the three-fold i-Ag-In-Yb surface. (c) Autocorrelation function of the
three-fold i-Ag-In-Yb surface showing 7-scaling maxima [258]. (d) Autocorrelation
function of corannulene layer growth on the five-fold i-Ag-In-Yb surface shows the
spots form a Fibonacci sequence [03].



Chapter 5

Growth of Thin Film of
Pentacene on the Surface of the
i-Ag-In-Yb Quasicrystal

5.1 Introduction

The growth of Pn molecules on the five—fold surface of i~Ag-In—Yb quasicrystal
provides the motivation for further investigations to test Pn adsorption on other
high-symmetry surfaces of the same quasicrystal [7]. This chapter provides the
results of Pn growth on the two- and three-fold surfaces of the i—Ag-In-Yb qua-
sicrystal. Scanning Tunnelling Microscopy (STM) was used to study the growth.

5.2 Experimental Details

Single-grain i—Ag-In—Yb quasicrystal samples were grown using the Bridgman
method [34, ]. After that, the sample was cut perpendicular to the two-fold
and three-fold axes. The sample was polished using 6 pm, 1 pm and 0.25 pm
grades of diamond paste. After polishing with each diamond paste, the sample
was immersed in an ultrasonic bath for 25 minutes to remove any contamination.
Once the surface was in ultra-high vacuum, it was sputtered with 2.5 keV Ar™
ions for 30 minutes, followed by annealing at 430 °C for two hours; this cycle was
repeated several times. The pressure during annealing was 2 x 107 mbar. A
handmade tube evaporator was used to evaporate the Pn molecules, keeping the
sample at room temperature. STM images were acquired using the Omicron STM
(VT-STM) system.

20



Chapter 5. Growth of Thin Film of Pentacene on the Surface of the i-Ag-In-Yb
Quasicrystal 51

5.3 Pentacene Growth on the Two-fold Surface

5.3.1 Substrate Structure

To understand the growth of Pn, we first must study the structure of the clean
surface. The structure of the two—fold surface was previously described by Cui
et al. [53] and Burnie et al. [55]. STM images of the clean surface show similar
features to those previously discussed [55]. The STM bias was set at a voltage
between +1.5 V and -1.5 V. Figure 5.1(a) shows atomically resolved STM images
of the surface at a positive bias voltage of + 1.5 V. The STM image exhibits two
motifs: the center rectangle protrusions and a diamond, which are coloured blue
and green, respectively. These features are enlarged and numbered 1 and 2 in
Figure 5.1(b). It was found that the edges of the rectangles are aligned along the
vertical and horizontal two—fold axes, with average dimensions of 4.07 £ 0.12 nm
and 2.51 £ 0.08 nm, while the edges of diamond features are aligned along five-
fold axes, with the average length of the large and small diagonals of the diamonds
being 4.1 + 0.17 nm and 2.51 £ 0.15 nm. These values are consistent with the
previously reported results [55].

Figure 5.1(b) shows that the structure of these two features is overlapping,
and one of the diamond diameters is represented by one of the edge lengths of
a centred rectangle. Moreover, the locations of the diamond features relative to
the rectangles are variable. Two complete diamonds were observed side to side, as
shown in Figure 5.1(b). An Fast Fourier Transform (FFT) of Figure 5.1(a) shows
a set of spots which are 7-scaled in five-fold axes, as shown in the inset in Figure
5.1(a).

The autocorrelation function of the STM image of Figure 5.1(a) shown in
Figure 5.1(c) displays bright spots arranged along both five—fold axes, with sepa-
rations of 2.15 + 0.1 nm and 2.48 4+ 0.1 nm. Moreover, these spots are arranged
along both horizontal and vertical axes. The two separations along both two—
fold directions are marked with blue lines and labelled with L. and S as shown in
Figure 5.1(c). These separations between spots along the horizontal direction are
L =412 + 0.12 nm and S = 2.53 + 0.11 nm, and the ratio is 1.69 ~ 7. The
separations between bright spots along the vertical direction are L = 4.13 £ 0.1
nm and S = 2.52 4+ 0.09 nm, and the ratio is = 1.63 ~ 7. The large and short
separations correspond to the edge lengths of the rectangles in the STM image.
The ratio between spots along two—fold axes is close to 7 which confirms the qua-
sicrystaline two—fold symmetry of the surface. Figure 5.1(c) shows the alignment
of bright spots determined via the Fibonacci sequence along two—fold axes, which

is highlighted with a blue rectangle. The diamond and square features can also
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be visible in the autocorrelation function, which is highlighted in green and blue
and enlarged on the left side of Figure 5.1(c).

The small and large diagonals of the diamond determined from the autocor-
relation function are 2.44 + 0.08 nm and 3.98 4 0.13 nm, respectively. The ratio
of these two values is 1.63 ~ 7 (close to the golden ratio 7 ~ 1.618). The three
features including the rectangle and the diamond, shown in the STM image in
Figure 5.1(a) are also observed in the autocorrelation function. It can be seen
that the diameter of each diamond is the edge of the length of the rectangle or
square feature. The square feature was formed by the edge-length S = 2.52 4+ 0.09

nm.

Figure 5.1: (a) 60 nm x 60 nm STM images of the two—fold surface at positive bias
V, = +1.5V, I, = 0.19 nA, showing the rectangle and diamond features. Inset
top right is the FFT of (a). (b) An enlarged view of a rectangle and diamond
feature of (a). (c¢) 40 nm x 50 nm autocorrelation function of (a) long and short
separations are marked and labelled with blue, L, and S. (d) Two—fold i—Ag—In—
YD surface model. The 3"¢ and 4" shells of the surface plane is used to describe
the rectangles and diamond features.
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The STM scan of the surface at a negative bias of -1.5 V is shown in Figure
5.2(a). The bright protrusions are aligned along the horizontal and vertical two—
fold axes. Two separations were measured along the vertical axis 2.51 £+ 0.08
nm and 2.0 & 0.11 nm. These separations are consistent with those observed by
Coates et al. [60]. However, the diamonds disappeared at negative voltage, and
several new features appeared. These features are highlighted by blue rectangles
in Figure 5.2(a), and enlarged in Figure 5.2(b). The two types of centred rectangle
observed are large and small rectangles; they are labelled number 1, and 2. The
average edge lengths of the large rectangles were 1.53 + 0.08 nm, 2.51 + 0.08
nm. The ratio of those values is 1.65, these are similar that reported by Cui et al.
[53]. The edge lengths of the small centre rectangle are 0.94 + 0.16 nm, and 1.52
+ 0.0.07 nm, respectively. The ratio of values of edge length for each centre of a
rectangle is close to 7. These rectangles are smaller than those observed at positive
voltage. The square feature that appeared at the surface, has the edge length of
is 1.5 £ 0.05 nm, labelled number 3 in Figure 5.2(a) and (b). The two separations
are: the L = 2.51 + 0.08 nm, and S = 1.5 4+ 0.05 nm, and the Fibonacci sequence
is marked with blue lines along vertical axes and labelled with L and S, as shown
in the inset in Figure 5.2(a). Moreover, features such as complete and incomplete
irregular rectangles (trapezoid motif) were also observed. These are highlighted
and labelled with green rectangles and labelled 4 and 5 in Figures 5.2(a) and (b).
Incomplete irregular rectangles appeared at first looking as a triangle (up triangle
and down triangle) with the same sizes. The length side of irregular rectangles is
2.044 + 0.035 nm, for width 0.914 + 0.03 nm, and 1.51 + 0.015 nm. The edge
length of the triangle is 0.97 £ 0.07 nm. These triangles may be interpreted as
incomplete small rectangles.

The FFT pattern of Figure 5.2(a) is also shown in inset Figure 5.2(c). It shows
a rectangle pattern, and the ratio between the two lengths of the two sides is ~
7, which confirms the quasicrystalline two-fold symmetry of the surface. Figure
5.2(c) shows the autocorrelation function of the STM image displayed in Figure
5.2(a). Rectangles are shown with an average separation on the horizontal and
vertical axes spots are 1.32 4+ 0.05 nm, and 2.11 + 0.08 nm. These values were
similar to those reported by Burnie et al. [55]. However, these values are smaller

than the values of the edges length of a large centred rectangle discussed above.
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Figure 5.2: (a) 54 nm X 55 nm atomic resolution scan of the two-fold surface at
negative bias (V, = -1.5 V, I, = 0.19 nA) taken from the two-fold i~Ag-In-Yb
surface. (b) Several rectangular features from (a). (¢) 27 nm X 46 nm autocorre-
lation function of (a). (d) Model of the atomic structure of a two-fold i—~Ag-In-Yb
plane, showing different types of rectangular motifs, considering 2"¢ and 4*" shell
Ag/In sites, highlighted 3"¢ shell Yb, 2"? and 4" shell Ag/In by light green, light
pink and red respectively.

Comparison with the Bulk Structure

Figure 5.1(d) shows a model of a two—fold plane of the i-Ag—In—Yb quasicrystal.
The 3¢ shell Yb atoms, the Yb glue atoms, the 4 shell Ag/In and the cluster
centre, are represented by bright green, dark green, red, and yellow dots, respec-
tively. Almost all features observed in the STM data at positive voltage could
be explained by Yb atoms and glue Yb atoms in the bulk model of i—~Ag-In-Yb
quasicrystal. Motifs identified in STM can be found in the model.

The first motif is a square of four Yb atoms surrounding two 4% shells Ag/In,
and the second motif is a triangle of two 3"¢ shells Yb and one Yb glue atom, or
all the vertices of the triangle are 3" shell Yb atoms. These motifs are labelled
M1 and M2, respectively. M1 and M2 are highlighted with black circles. The
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motif M1 resides at the vertices of the diamond tile, shown in Figure 5.1(d). The
diamond tile was reported by Burnie et al. [55]. The separations between two of
the M2 along the vertical and horizontal axes (two-fold direction) are 4.1 nm and
2.5 nm, respectively. They are arranged in the Fibonacci sequence and labelled L
and S in Figure 5.1(d). These are similar to separations and the alignment of L
and S in the autocorrelation functions of STM image (Figure 5.1(c)).

The arrangement of motifs M2 form rectangular and square features with edge
lengths of 2.53 nm and 4.1 nm. They are highlighted with blue rectangles in Figure
5.1(d). This feature size is similar to rectangular features observed in STM image
(Figure 5.1(a)).

The motifs M2 are also arranged along the five-fold symmetries that form the
diamond with large and small diagonals of 4.1 nm and 2.5 nm, respectively. It
is highlighted by the green diamond in Figure 5.1(d). This diamond tile has two
positions with respect to the rectangles; the first position is within the rectangle
(either up or down). The second position is shown in Figure 5.1(d), where two
diamonds are located side by side, forming the disordered hexagonal motif. All
features observed in the STM image (Figure 5.1(a)) correspond to Yb atoms.

The Ag/In atoms can be resolved at negative bias [52]. The 2" and 4" shell
Ag/In sites could explain the features observed in the STM images at negative
bias. The model of the quasicrystal is represented in Figure 5.2(d), consisting
of the 2" and 4 shell Ag/In sites and a cluster centre, which are marked with
pink, red and yellow dots, respectively. The Ag/In atoms belong to the outermost
shell of the RTH cluster. The cluster centres are aligned along the same level
horizontally, with the separation of cluster centres are 1.57 nm and 2.53 mm.
Furthermore, cluster centres are also aligned along the vertical axis, the vertical
distances between the cluster centres are 2.53 nm and 1.57 nm [53]. The rows
follow a Fibonacci sequence, highlighted with black dashed lines with labelled L
and S. The 2" and 4 shell Ag/In atoms form an oval motif that consists of
two symmetrical triangles along the five-fold axis, and each triangle belongs to a
different cluster centre. The triangles are formed of the two the 2" shells and
one of the 4" shell, marked with a black and green triangles in Figure 5.2(d).
The vertices of the large and small rectangles reside at the green triangles, these
are highlighted with green rectangles and labelled 1 and 2. The centre of these
rectangle motifs is a pair of 4" shell, marked with a small black rectangle. The
measurements for the width and length of the large rectangle are 1.57 nm and
2.53 nm, and for the small rectangle, they are 0.96 nm and 1.54 nm. These match
up to the two rectangles that are observed in STM images and labelled 1, and 2

in Figure 5.2(b). The motifs of the completed and incomplete squares are also,
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identified in the model. The vertices of the square motif are located at the triangle
of the Ag/In atoms, with an edge length is 1.5 nm which is highlighted in green
and labelled with 3. The arrangements of the square and large rectangle motifs
are similar to what was observed in the STM image, as shown in Figure 5.2(d).
It is clear from the model that not all large rectangles have a pair of 4" shells
at their centres, which explains why some rectangle motifs in STM lack a bright
protrusion at the centre.

The vertices of the complete irregular rectangles reside on both types of trian-
gles of the Ag/In shell, as highlighted with a black trapezoid motif and labelled
5. The separations between the centre of both triangles (Ag/In shell) along the
horizontal axis are 0.96 nm and 1.5 nm and along the vertical axis is 2.1 nm.
These separations are similar to the width and length sides of complete irregu-
lar rectangles (number 5) in the STM image. Also, some incomplete irregular
rectangles are identified in the model, labelled 4. Again, both types of triangles
(Ag/In shell) form incomplete irregular rectangles, marked with black triangles.
The edge lengths are 0.96 nm and 2.1 nm, which match the edge lengths of incom-
plete irregular rectangles (number 4) that were observed in the STM. The results
of STM at negative bias support the suggestion that one type of triangle of the 4"
shell Ag/In represents one protrusion. These results were previously observed and
reported [55]. All the observed motifs, their dimensions, and their morphology
indicate that part of the 2"? shell has been resolved in the STM image.

A DFT analysis of STM images of the two-fold surface i—Ag—In—Yb quasicrys-
tal was reported by Coates et al. [102]. It indicates that the 5 shell Ag/In
atoms are removed and approximately only the half of the motifs (2" shell) on
the surface are observed at negative bias. It is suggested that the density of Ag
has a weak contribution to the surface in the STM images. It was suggested that
sputtering removes Ag atoms from surface. It is known for i—Ag-In—Yb that the
274 ghell contains 60% Ag and 40% In, and the 4" shell contains 20% Ag and 80%
In. The density of Ag atoms in 2"? shell is higher than 4 shell. The 4" shells

2nd

are resolved whereas not all shells are resolved [103].

5.3.2 Pentacene Growth

High resolution images of Pn molecules were obtained after deposition for 3.5
minutes. Figure 5.3(a) shows a 76 nm x 76 nm STM image at -2 V. The estimated
coverage is 0.37 ML. The substrate is barely visible, and the Pn molecules are
visible as bright protrusions. The coverage was estimated by subtracting the

area representing the substrate from the image. This high resolution STM image
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illustrates that the molecules are oriented along the two-fold and five-fold axes,
which are marked with black arrows in Figure 5.3(a). It is found that individual
Pn molecules are aligned in three different directions with respect to the horizontal
axis (which is also one of the two-fold axes of the substrate) 57.0 + 0.4°, 90.2 £
0.5°, and 122.1 + 0.4°. These angles correspond to the directions of the five-fold
(58° and 122°) and another two-fold (90°) high-symmetry axes of the surface,
which are labelled in black arrows in Figure 5.3(a). The histogram shown in
Figure 5.3(b) depicts the distribution of individual orientations of molecules. The
orientation of the molecules is calculated from 406 molecules. It is found that
the individual orientations of molecules along the five-fold symmetry are more

numerous than along the vertical two—fold symmetry.

Figure 5.3: (a) An STM image (V, = -2 V, I; = 0.11 nA) of Pn on the two-
fold i~Ag—In—Yb. The two- and three-fold high-symmetry axes of the surface are
labelled. (b) Histogram of the orientations of Pn taken from (a).

5.3.2.1 Fast Fourier Transforms (FFT)

To observe the degree of order a fast Fourier transform (FFT) is extracted from
Figure 5.3(a) and is shown in Figure 5.4(a). The FFT pattern is calculated after
filtering out the contribution from the substrate. The high-symmetry directions
of the surface are indicated by white arrows in Figure 5.4(a). The high-intensity
spots are marked by coloured circles, the white and green circles indicate the spots
that are aligned along the two- and five—fold axes of the surface, respectively. The
spots were in turn linked by two rectangles; and the smallest rectangle edge-length
is marked as 1. The other edges of both rectangles are related to each other by
the golden mean, 7 ~ 1.618... The ~ 7 scaled spots confirm that the Pn thin film
is quasicrystalline in nature.

The real space value is calculated using the separation of spots in the FFT, as
shown in Figure 5.4(a). The separation along the horizontal and vertical two-fold
axes is Ry = 1.31 4+ 0.02 nm and Ry = 2.134+ 0.03 nm, these are marked with
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pairs of white circles.

Figure 5.4(b) shows that the centres or ends of Pn molecules are arranged
along the horizontal two-fold axis. These have been marked by black dots, and the
dashed lines that are joining these dots represent the horizontal two-fold direction
of the surface. The Pn molecules are ordered in a row-like structure. The average
perpendicular separation of these rows is found to be 2.18 4+ 0.07 nm and this
is closely matched with the real-space values calculated from the vertical white
spots in Figure 5.4(a). Similarly, it was observed that the common separations
between the centres of Pn molecules along the rows are 1.22 + 0.04 nm and 0.82
+ 0.02 nm, respectively. The former value corresponds to the real-space distance
between the horizontal white spots in Figure 5.4(a). The spots that corresponded
to the smaller distance were presumably too weak to be observed in the FFT.

The real-space separations between the pairs of green-circled along each of
the five-fold symmetry axes of Figure 5.4(a) are 0.71 4+ 0.03 nm and 1.16 + 0.02
nm, respectively. These values correspond to the perpendicular separation of rows
formed by molecules oriented along one of the five-fold directions of the surface.
Figures 5.4(c) and (d) are enlarged sections of Figure 5.3(a), with molecules ori-
ented in one of the five directions. Some of the Pn molecules observed in STM
are overlaid with model Pn molecules (Pn molecule motif is highlighted with a
dark blue Pn motif), and overlaying lines on the top of molecules confirm the row
structure of these molecules. The separations between adjacent rows are either
short (S =0.79 £ 0.03 nm) or long (L = 1.24 + 0.02 nm), as marked. These rows

follow parts of the Fibonacci sequence, as is shown in Figures 5.4(c) and (d).
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Figure 5.4: (a) The FFT of Figure 5.3(a), taking the Pn contribution only. (b) A
section of Figure 5.3(a) where molecular rows formed along one two-fold axis are
highlighted by black dots and dashed lines (32 nm x 32 nm). (c), (d) Fibonacci
sequences formed from rows of molecules orientated along both of the five-fold
axes (20 nm x 20 nm).

5.3.2.2 Autocorrelation Functions

The long-range order of the film in real space can also be characterised by taking
the autocorrelation function of the STM data. The autocorrelation function of the
STM image is calculated from the sole contribution of the molecules by filtering
them from the substrate, as shown in Figure 5.5(a). The two directions symmetry
of the Pn molecules is clearly visualised in the autocorrelation of molecule loca-
tions. The two separations were measured between the centre of bright spots are
Ry = 1.23 £ 0.02 nm and 1.46 + 0.03 nm, respectively, along the horizontal two—
fold axis, while separations measured are Ry = 2.08 4+ 0.03 nm along the vertical
two—fold axis. These values match the real-space values along the horizontal and
vertical axes in the FFT pattern. The ratio of these values is ~ 7. This confirms
the quasicrystalline structure of the molecular film.

To ensure that the autocorrelation maps reflect solely the ordering of the
molecules, they are generated from molecular positions extracted from the STM
images, rather than the STM images themselves. The centres of the molecules
where marked with white circles, as shown in Figure 5.5(b). The autocorrelation
map of Figure 5.5(b) is produced using the software Gwyddion and shown in Fig-
ure 5.5(c) The autocorrelation map was found to be similar to Figure 5.5(a). From
this, we could conclude that the autocorrelation function in Figure 5.5(a) corre-

sponds to the position of molecules. The orientation, as well as the positions of the
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molecules were investigated with pentacene as rods, and this method was used by
K ahlitz et al. [104]. When this information was included in the autocorrelation,

the image quality was found to be poor (not presented here).

Figure 5.5: (a) 24 nm x 19 nm autocorrelation function of STM image from Figure
5.3(a), where the substrate contribution has been removed. (b) A binary map of
molecular positions taken from the centre of molecules. (¢) The autocorrelation
function of the molecular positions extracted from (b).

The local alignment of molecules along the high symmetry directions results in
common motifs. These motifs are highlighted and numbered in Figure 5.6(a), and
they are enlarged in Figures 5.6(b) and (c¢). Motif 1 is highlighted by white squares
and labelled with the number 1. It is formed by four molecules orientated along
the five—fold axes, as indicated by the measured angles of & = 114 4+ 3° and 8 =
67 + 1°. These angles correspond to those between the two five—fold directions.
The separations that were observed between the centre of the molecules in the
horizontal and vertical directions were found to be 1.4 £+ 0.06 nm, 1.90 4+ 0.07
nm. These values are close to the edges of the length of the rectangular motif in
the autocorrelation. Motif 2 is highlighted by white triangles and labelled with
the number 2. It is formed by three molecules with orientations along the five—
fold and two—fold axes, and appears either in an "up" or "down" configuration, as
indicated by the direction of the triangle. The internal angle of the triangle where
the two five—fold molecules meet is found to be 57 £ 5°. This result is expected
as the molecules adopt high symmetry directions of the surface. The distance
between the centres of the two molecules on the two five—fold axes is 1.18 + 0.03
nm and the corresponding value of the molecules along the five—fold and two—fold
axes is found to be 1.25 4+ 0.07 nm. These distances are related to the model
structure of the substrate, which will be discussed later in the chapter. A series
of diamond-like structures were detected when more Pn was deposited. The total

coverage of the deposition is about 0.6 ML. Figure 5.6(d) depicts these structures,
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which are highlighted by four solid black lines. Individual diamond diagonals are
3.09 £ 0.04 nm and 1.91 4+ 0.05 nm, respectively. The ratio of these two lengths
is found to be 1.62 + 0.05.

Figure 5.6: (a) An STM image (60 nm x 60 nm) taken at V, =2 V, [, = 0.11
nA) contains repeating local motifs of Pn. The white boxes and triangle mark
the positions of motifs 1 and 2. (b) and (c¢) both show enlarged views of the
motifs highlighted in (a). (d) A high-coverage STM image (8.4 nm x 8.4 nm) of
molecules, where a set of diamonds are highlighted in black.

The shape of the orbitals will affect the apparent shape of the molecules in
STM. The STM colour map of Figure 5.7 reveals molecular orbitals at negative
voltage (-0.3 V), as shown in Figure 5.7. Pn molecules characterised by four linear
lobed features. This is consistent with the observations in the STM study of Pn
growth on the five—fold i—Ag—In—Yb QC surface [7]. The lobed feature may be un-
derstood by the transfer of electrons from the lowest unoccupied molecular orbital
(LUMO) of isolated molecules into the QC. This indicates that chemisorption has
occurred. When a molecule is adsorbed on a metal surface, its orbitals are affected
not only by a direct coupling to the substrate’s electronic states but also by a mu-
tual electronic coupling of different molecular states through the surface [105, 106].
This effect often leads to such a strong distortion of the molecular state such that
it bears little resemblance to the natural orbitals of a free molecule. As a result,
it is suggested that the lobed is the outcome of a hybrid state generated by strong
interaction between the Pn LUMO and the substrate’s d-electrons. The two-fold
symmetry of the molecule suggests that this is due to disruption symmetrically or
nearly symmetrically within the molecule; therefore, we can infer that the bond is

formed at the centre of the molecule or at an equidistant position from the centre,
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with some characteristics of the substrate.

Figure 5.7: Colour map of the STM image of Pn on two-fold surface of the i—Ag—
In-Yb quasicrystal for after 90 second deposition(V, = +0.3 V, I, = 0.19 nA, 38
nm X 34.1 nm), four-lobed features highlighted by blue ovals.

5.3.2.3 Comparison with Model Structure

We now compare STM images with the model structure of the substrate and iden-
tify adsorption sites. A slab of the two-fold surface is shown in Figure 5.8(a). Red
and green circles depict the 5 shell Ag/ In and 3" shell Yb atoms, respectively.
The 274, and 4" shell Ag/In atoms, as well as cluster centres are not presented
for simplicity.

First, potential adsorption sites are considered in terms of geometry: to grow
a quasicrystal layer, the adsorption sites must have distinct arrangements. To
achieve this, the Yb atoms are generally more sparsely distributed in the surface
plane than Ag/In. Notably, the Yb-Yb separation resembles the distance between
the internal benzene rings, as well as the overall length of the Pn molecule ~ 1.4
nm. From a chemical point of view, Pn is an electron donor [107], and it has been
shown that the unoccupied states of the two—fold surface are dominated by Yb
atoms [55]. Therefore, at the Yb site, there may be a strong interaction between
the molecule and the substrate. This has been shown on a five—fold surface of the
same quasicrystal [7].

Pn molecules can be used to decorate Yb atom pairs, as shown in Figure 5.8(b),
Yb atom pairs can be decorated with Pn molecules. Pn molecules are highlighted
by different colours representing their directions: black molecules are oriented
along the five-fold axes, and dark blue molecules are oriented along the two—fold
axes. This decoration could explain the observed Pn structure.

Along the five—fold symmetry axis marked in Figure 5.8(a), the black molecular
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motif shows the Yb-Yb separation that best matches the Pn molecular length. The
spacing between these two atoms is 1.27 nm; the outer ring of the Pn molecule
can sit directly on top of each atom, with a slight offset. Likewise, the Yb pair
separation along the vertical two—fold direction is 0.97 nm, and the vertical black
molecular motif provides a similar adsorption site, albeit with a slightly larger
offset from the centre of the rings. Finally, the Yb-Yb horizontal spacing of 0.6
nm closely matches the distance between the next two adjacent benzene rings (~
0.4 nm), so the centre of the Pn molecule can be located between the Yb pair.

The three 5" Ag/In shell atoms are located between two Yb atoms along five-
fold direction, forming a chain. This is less complex than some of the arrangements
of Ag/In between two Yb sites along the two—fold axes. This may be the reason
why the frequency of adsorption sites along the five—fold symmetry is higher than
that of the two—fold symmetry. The allowed distance between the two molecules
aligned side-by-side along two five—fold symmetry is 0.83 nm. It is above 0.6
nm along the two—fold axis. Therefore, the density of molecules adsorbed on the
surface increases.

The motifs highlighted in Figure 5.6 can be explained by the model. Figure
5.8 (b) are the groups of molecules that form motifs 1 and 2. The angles between
the pairs of Pn molecules forming motif 1 are a and (3, giving 116.5°, and 63.3°
matching the experimental measurements.

Similarly, the distance between the molecular centres is 2.05 nm and 1.26 nm
along the vertical and horizontal directions, respectively, as highlighted by the
black rectangles in Figure 5.8(a), which are in good agreement with the experi-
mental values. These also match the real-space separation of horizontal and verti-
cal lines obtained from the FFT in Figure 5.4(a). The same results were observed
for motifs 2 and 3.

Figure 5.8(c) shows how the selection of Yb pairs as adsorption sites results
in the formation of rows along the five—fold direction. The vertical spacing (per-
pendicular distance) between these rows is either S = 0.83 nm or L. = 1.33 nm.
These line separations follow a section of the Fibonacci sequence. This is consis-
tent with the experimental observation that five—fold oriented Pn molecules form

rows separated according to the Fibonacci sequences, as shown in Figure 5.4(c,
d).



Chapter 5. Growth of Thin Film of Pentacene on the Surface of the i-Ag-In-Yb
Quasicrystal 64

Figure 5.8: (a) Atomic structure of a plane intersecting the cluster centres in
the +—Cd-Yb structure mode, green: 3" shell Yb and red: 5 shell Ag/In.(b)
Pentacene adsorption sites superimposed on the i—~Cd—Yb model. (c¢) Fibonacci
separation of rows along the five-fold axis, L = 1.34 nm, S = 0.83 nm.

5.3.2.4 Pentacene Adsorbed on the Yb Glue Atoms

In the STM images, some molecules were observed that could not be identified
in the model of Pn adsorbed on Yb atoms. In this section, four interesting ob-
servations in the STM image are investigated in this section. First, Figure 5.9(a)
reveals molecules appearing in pairs, highlighted with black rectangles and la-
belled with numbers 1 and 2. The pairs of adsorbed molecules are aligned side by
side along five-fold axes. Examples of the pair molecules are magnified in Figure
5.9(d) and marked with number 1 and 2. The average distance between the cen-
tres of molecules along both five-fold axes was found to be 0.82 4+ 0.05 nm, 0.83
+ 0.06 nm, and 1.5 £ 0.07 nm. The frequency of this pair of molecules is higher
than the number of Yb sites. Nevertheless, in some of the adsorbed pairs, one of
the molecules is slightly more shifted up than the other along the five-fold axis.
Secondly, Pn adoption a head-to-head orientation nearly along the five—fold axis
is observed. The separation between the centre-to-centre along the five—fold axis
is 1.58 £ 0.05 nm, highlighted with a black rectangle and labelled with number 3
in Figure 5.9(a), and (d). This motif could not be identified in Pn adsorbed on
Yb atoms in the model. The final observation is of single molecules observed in
Figure 5.4(c), and (d) that are not located at the rows along five—fold axis and do
not follow the Fibonacci sequence. That implies these molecules not adsorbed on
suggested Yb sites.

The Yb glue sites can explain the observation of the configuration of pairs of
molecules. The two—fold surface has the highest atomic density, which includes Yb
glue atoms [53]. Figure 5.9(c) shows the model plane of the clean surface including
the Yb glue shell, highlighted with dark blue circles, and molecules adsorbed on
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3% Yb shells are represented in a black. The distance between two Yb glue shells
along the five—fold is 5.7 nm, which fits the distance between the centres of the
second and fourth benzene rings in Pn molecules. These are marked with blue Pn
motifs in Figure 5.9(b). The vertical separation between the adsorption sites of Yb
glue atoms along five-fold axes is 0.83 nm and 1.33 nm, similar to the separation
of Yb sites. Molecular adsorption on Yb glue atoms contributes to increasing the
frequency of the formation of adsorbed pair molecules. Moreover, the position of
adsorbed sites on Yb glue atoms relative to 3"¢ shells Yb is consistent with the
morphological geometry of pair molecules adsorbed along the five—fold axis (motif
3).

Figure 5.9: (a) 37.5 nm x 37.5 nm STM image showing a Pn pair, highlighted
with a black rectangle. (b) In-plane atomic structure of a bulk plane, light green:
3¢ shell Yb, dark blue: glue Yb atoms and red: 5% shell Ag/In showing the
adsorption positions on Yb glue atoms. The molecules adsorbed on 3" shell Yb
and Yb glue atoms are marked with black and blue Pn motifs. (c) Model showing
positions of adsorption sites of Pn pairs relative to each other. (d) Enlarged STM
images from (a).

5.4 Pentacene Growth on the Three-fold Surface

5.4.1 Substrate Structure

A STM image is employed to understand the absorption of pentacene on the three-
fold surface. Figures 5.10(a) and (b) display near atomic resolution images of the

three-fold surface taken at both positive and negative voltages (V = +1.5 V, -1.6
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V, respectively). The high-symmetry directions are labelled with black arrows.
The atomic structure of the surface is independent of voltage. However, the STM
images showed a higher resolution at a negative bias than at positive bias. Atoms
have not been resolved at negative bias in previous research [25].

Figure 5.10(a) depicts an STM image of 25 nm x 25 nm taken at positive
bias (+1.5 V). The surface is decorated with different types of motifs and a single
protrusion. Figure 5.10(b) shows the same section at negative bias. The atomic
structure is unaffected by the type of voltage. However, it has a higher resolution
than at positive bias. The autocorrelation function taken from Figure 5.10(a) is
shown in Figure 5.10(d). It shows six-fold symmetry, and the average distance
between spots determined from the autocorrelation pattern from the image is R

= 2.14 £ 0.08 nm.

Figure 5.10: (a) and (b) 25 nm x 25 nm STM images of the three—fold surface at
Vo=+15V, [, =0.32nA and V,, =-1.6 V, [, = 0.22 nA respectively. (c) The fast
Fourier transforms (FFT) of (a) showing six-fold symmetry. (d) Autocorrelation
function of (a).

The FFT pattern taken from Figure 5.10(a) is shown in Figure 5.10(c). The
FFT pattern shows the six-fold pattern with maxima located at 7-scaling distances
confirming the quasicrystalline long-range order of the surface, in agreement with
the previous report [25].

Figure 5.11(a) shows an enlargement of a small area of Figure 5.10(a). The
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interesting motifs have been identified on the surface. Here, each motif will be
referred to as motif 1, etc. The first motif is a small distorted hexagonal motif,
marked with a black small hexagon, and labelled 1. The average short and long
edge-lengths of a small distorted hexagon are 0.71 & 0.06 nm and 1.03 £ 0.07 nm,
respectively. It is consistent with previous reports [54, ]. All small distorted
hexagonal motifs have the same orientation. The small distorted hexagonal motif
is aligned along the high symmetry axes, with two separations: the long L = 4.12
+ 0.08 nm and the short S = 2.5 £+ 0.08 nm. As shown in inset of the bottom of
Figure 5.11(a).

Figure 5.11: (a) STM image enlargement of the area taken from Figure 5.10 which
includes interesting motifs such as a small and a large distorted hexagonal motif
and an up triangle. Motifs have been highlighted with a variety of shapes to
make identification with the model structure shown in (b) easier. (b) An atomic
plane intersecting the cluster centres (green: 3"¢ Yb, and red: 4"* Ag/In) which
can explain observed motifs on the clean surface at positive bias. Marked are the
same motifs as in (a).

The second motif is a large distorted hexagonal motif (motif 2). Tt consists
of six single protrusions surrounding motif 1. This is marked with a large black
hexagon and labelled with the number 2. The average short and long edge-lengths
of the large distorted hexagonal motif are 1.59 £+ 0.08 nm and 2.4 £ 0.09 nm, re-
spectively. The diagonal of the motif 2 is 4.1 £ 0.09 nm. However, the separation
between the single protrusion and the small hexagonal motif is 2.05 £+ 0.07 nm,
as marked with a dark blue line. This value is similar to the distance between the
spots along the high symmetry in the autocorrelation function. The last motif ob-
servation is a large down triangular motif, which is marked with a black triangle.

The three holes (cluster centre) are the vertices of this triangle, with a separation
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between the centre of the holes along high symmetry is 2.48 £ 0.07 nm. This is
highlighted with blue circles. In the middle of this triangle is a large up triangle,
named as motif 3. The edge-length of the triangle is 1.51 + 0.09 nm, is marked

and numbered with a green up triangle and number 3.

Comparison with the Bulk Structure

Features observed in the STM images can be compared to the section of the atomic
structure of the bulk plane which intersects the RTH cluster centre, deduced from
the bulk structure model of the binary i—Ag-In—Yb quasicrystal [12]. The atomic
structure of the surface terminating bulk plane is illustrated in Figure 5.11(b).
The 3" shell Yb and the 4% shell Cd, are marked with green and red circles,
respectively. In the Ag-In-Yb quasicrystal, Cd atoms are occupied by Ag and In
atoms.

The previous report on the five-fold surface of i—Ag—In—Yb QC demonstrated
that only the Yb sites can be detected by the STM at positive bias [28]. The
distribution of Yb atoms in the model can explain the motifs observed in the STM
image. The model of structure is decorated with up and down small triangles of
Yb [56]. Moreover, the distribution of the Yb is inhomogeneous in the model.
The model structure illustrates that the small distorted hexagonal motif is formed
from two up and one down triangles, highlighted with a black small hexagon and
labelled with number 1. The edge-length of the up and down triangle of Yb atoms
is 0.6 nm. Moreover, the distance between the vertices of the two triangles of
the 3" shell Yb is 0.96 nm. The lengths of triangles and the distance between
vertices of triangles of Yb atoms are close to the short and long edge-lengths of
the small distorted hexagonal motif in the STM image shown in Figure 5.11(a).
It confirms the previous report [28]. Six down triangles of Yb atoms surround
the small distorted hexagonal motif. This results in the formation of the large
distorted hexagonal motif, with the two measured separations of 1.56 nm, and
2.53 nm. This is marked with a large black shied tile and labelled with number
2. The down Yb triangles correspond to a single protrusion in the STM image,
and their two separations are close to the average of the long and short edge
lengths of the large distorted hexagonal feature in the STM image. Furthermore,
the separation between the down triangle and motif 1 along the horizontal axis is
2.05 nm. The distance between the two down triangles is the diagonal of motif
2, which is 4.1 nm. These distances are marked with a dark blue and pink line.
These dimensions are consistent with the separation between the single protrusion
and motif 1, and the diameter of a large hexagonal motif (motif 2) in STM. Also,

the value of separation between the down triangle and motif 1 corresponds to the
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distance between spots in the autocorrelation pattern R = 2.14 £ 0.08 nm. The
two separations between motif 1 are L = 4.1 nm and S = 2.5 nm, again matching
the STM observation. The three cluster centres form a down large triangle, and
the distance between the centres of clusters is 2.5 nm, as highlighted by a large
black triangle in Figure 5.11(b). There are three Yb up triangles in the middle
of this down triangle, which are highlighted with a small up triangle and labelled
number 3. The separation between triangle vertices is 1.5 nm. The orientation
and dimension of these two motifs match up to motif 3 in the STM image.

At negative bias, the STM image shows that the decoration of the surface re-
mains unchanged. This observation can be explained by the presence of the six 4"
shells Ag/In sites, which surround the small, distorted hexagon of the 3" shell Yb.
These two motifs are distinguished by pink and black, small, distorted hexagonal
shapes. Therefore, the six 4" shells Ag/In atoms form the small, distorted hexag-
onal motif in the same position as the Yb shell’s small, distorted hexagonal motif,
but with a slightly larger size. Additionally, the tunnelling current contribution
from Ag/In and Yb becomes comparable at negative bias [109, ]. As a result,

the surface maintains the same atomic configuration at both voltages.

5.4.2 Pentacene Growth

Following the observation of the quasicrystalline order of Pn on the two-fold surface
of the i—Ag-In-Yb, Pn was gradually deposited on the three-fold surface of the
i—Ag-In-Yb QC.

STM images were taken at both positive and negative bias after depositing the
pentacene for 2 minutes and 30 seconds. The resolution of the STM image was
poor at positive bias (not presented here). The large protrusions were observed
on the surface, and their size was larger than that of Pn molecule, indicating that
this feature could not be a Pn molecule.

In the STM image, individual of pentacene molecules are observed on the sur-
face as a bright rod-shape, which is highlighted by a blue and green oval in Figure
5.12(a). The average size of the rod shape is 1.4 + 0.07 nm as measured using
the line profile. This is equal to the position of the outer carbon rings in a single
pentacene molecule. The molecules are adsorbed near to the sides of the small
distorted hexagonal motifs (motif 1) of the clean surface. The three individual
orientations of molecules are 0°, 53.5 4+ 0.9°, and 123.6 + 0.8° with respect to hor-
izontal direction. These orientations indicate the molecules are aligned along the
high symmetries (0°, 60°, and 120°) with respect to the horizontal axis of figure,
are highlighted with a blue oval. A few molecules are found to be located at 145°
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with respect to the horizontal, one is marked with a green oval and numbered as 4
in Figure 5.12(a). A line profile was used to measure the height of molecules from
the surface. It is found that the average height of protrusions is 0.57 £+ 0.04 nm.
This suggests that Pn is adsorbed within the carbon ring parallel to the surface.

To understand the Pn adsorption sites, Pn motifs will be considered with
reference to the model substrate. The small distorted hexagons (motif 1) that
forms from the 3¢ shell Yb is highlighted by the pink distorted hexagon in Figure
5.12(b). The positions and orientations of molecules suggest that adsorbed sites
could be between two 3" shells Yb triangles, and are highlighted by blue and green
ovals. The separation between two 3" shell Yb hexagons is 0.97 nm along the high
symmetry axes of the substrate. It fits with the distance between the first and
fiftth benzene rings in Pn. In addition, this indicates that molecules are aligned
along the high symmetry axes (three-fold axes). Furthermore, the adsorption sites
are located close to the distorted small hexagon (motif 1). This agrees with the
STM images.

Feature number 4 in the STM image can be explained if Pn is adsorbed at
Yb atoms, which are marked with a green oval in Figure 5.12(b). The distance
between Yb atoms is 0.85 nm, and they are rotated 146° with respect to the

horizontal axis. This value agrees well with STM observations.

Figure 5.12: (a) 47 nm x 26 nm STM image after deposition of Pn for 2 minutes
and 30 seconds (V, = -1.4 V, I, = 0.12 nA) showing individual Pn molecules
adsorbed on three-fold surface. The molecules are highlighted with blue and green
ellipses. (b) Atomic structure of a bulk plane showing motif 1. The 3¢ shell Yb
forms motif 1, marked with small and large pink hexagons. The adsorption sites
of molecules are highlighted with blue and green ellipses.

Resolved the 4" shell Ag/In
Figure 5.13(a) is the same Figure 5.12(a). It is clearly seen this STM image shown
the atomic structure of the clean surface at negative voltage (-0.7 to -2)V. It was

found that the six small distorted hexagonal motifs (motif 1) form a large distorted
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hexagon, which is motif 3, with two edge-lengths of L = 4.1 & 0.15 nm and S =
249 £+ 0.15 nm. The length measured from the centre of motif 1, Highlighted
with a large blue distorted hexagon and numbered 3. The edge-lengths of each
distorted hexagon motif are related to 7-scaling. The inside of this feature is
dimmer. Also, single protrusion is located at the middle in long length, which
marked with a black oval in inset of the Figure 5.13(a). The separation between
bright protrusion and motif 1 is 2.1 + 0.04 nm. This hexagon has not been clearly
observed in three-fold clean surface.

This feature was identified in the model, as shown in Figure 5.13(b). It is
the same model as in Figure 5.12(b), but with the addition of the 4" shell sub-
strate, Ag/In. To explain Feature 3, the hypothesis that the 4" shell Ag/In is
surrounding a small, distorted hexagon of the 3" shell Yb will be investigated. A
small distorted hexagon of Ag/In marked with a black, distorted hexagonal. The
two distances between the centres of these motifs are 4.1 nm and 2.5 nm, marked
with a blue distorted hexagon. In addition, the cluster of the 4** shell, which is
located in the middle of the long-length, is marked with a red triangular shape.
Furthermore, in the middle of motif 3 is a high density of Yb atoms, which could
not be resolved, and it is present in the dimmer area. The size of motif 3 is close
to STM data. The six 4'* shells form a small triangle, which marked with a red
triangle. The distance between this motif and motif 1 is 2.05 nm, which matches
the STM observation. It’s possible that the 4" shell is revealed by a single Pn
molecule. The value separation 2.05 nm is correspond to the distances between

spots in autocorrelation function (Figure 5.10)

Figure 5.13: (a) 48 nm X 32 nm STM image is the same as Figure 5.12(a). It
depicts motif 3, marked with a blue hexagon. An inset, enlarged view of motif 3.
(b) The same model shown in Figure 5.12(a). It is taken from a different section
that has rich Yb atoms, and it shows motif 3.

After dosing pentacene for 3 minutes and 13 seconds on the surface, STM

images reveal an increased surface area covered by pentacene molecules. This
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gives a coverage of about 0.40 ML. When there is more than 0.40 ML of pentacene
present, the substrate resolution is greatly reduced. STM images were taken at
negative bias(- 1.4 to -2.2)V at a coverage 0.4 ML. STM data still shows a few
of the small distorted hexagonal features (motif 1) that characterise the clean
surface, highlighted with a blue rectangle and labelled M in Figure 5.14(a).

Two different features formed by Pn are observed: a rod feature representing a
single molecule and a small triangular feature. The single molecules are observed
as rod-shaped, their orientations are aligned along three high-symmetry directions,
and they are highlighted with a black oval. Other molecules are highlighted with a
green oval and are aligned 30° from the horizontal axis between the high symmetry
directions. Small triangular protrusions are observed in two different orientations;
the "up" and "down" triangular protrusions are marked with a green circle and
labelled M; and M in Figure 5.14(a). The up triangle shows as a bright protrusion
inside, whereas the down triangle contains a hole inside. The edge-length of the
down triangle is 0.98 £ 0.04 nm to 1.25 £ 0.03 nm, and for up triangle 1.04 £
0.03 nm to 1.22 + 0.03 nm. Examples of motif 1 (M) of the substrate, and the
triangular features of molecules (M;, My) are shown in Figure 5.14(d). The three
up triangles result in the formation of a large triangle, which is marked with a
green circle and labelled as M3 in Figure 5.14(a). The separation between the
centres of the up triangles in motif 2 (M3) along three high symmetry axes is
2.49 + 0.03 nm. Figure 5.14(c) is an STM image that is taken from a different
area under the same condition, which shows similar triangles as in Figure 5.14(a).
Figure 5.14(b) is the FFT pattern of Figure 5.14(a), which shows 7-scaled spots

along a set of three high-symmetry directions.
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Figure 5.14: (a) 76.6 nm x 70 nm STM image after depositing Pn for 3 minutes
and 13 seconds (V, =-1.7V, I; = 0.14 nA) showing two types of Pn triangles: small
triangular motif M;, Ms, and large triangular motif M3. (b) The FFT pattern of
Pn on i~Ag-In-YDb of (a). (c) 45 nm x 24 nm STM image from different terraces
(V, =-1.4V, I, = 0.14 nA), showing same triangles observed in (a). (d) Enlarged
examples of a triangular motif of molecules and a distorted hexagon motif of a
clean surface. (f) Potential adsorption sites of Pn in the i~Ag-In-Yb model. Green
and red atoms are the 37 shell of Yb and 4" shell of Ag/In, respectively.

The observed features in the STM image are compared with the model struc-
ture of three-fold surface in Figure 5.14(f). The suggestion above, that the Yb
small triangular motifs that form a small distorted hexagons may be adsorption
sites, is investigated. The distance between Yb atoms between two small triangles
along the high symmetry direction is 0.97 nm, and is marked with pink circles
and labelled M. This separation is close to the distance outer benzene rings of Pn.
Thus, outer rings of Pn locate on vertices of two small up and down triangles, and
this leads to the formation of up triangular feature M; in the STM image, marked
with up triangle and labelled M;. The three small distorted hexagons form three
of small up triangular motifs. The three stacked triangular molecules form motif
3 which labelled as M3. The distance between centres of M; features along the
two-fold high symmetry is 2.5 nm. The size and geometry of three small distorted
hexagons of Yb atoms correspond to motifs M; and Ms in the STM image. The
formation of the down triangle motif My could be explained by the three up tri-
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angle Yb atoms in the model, highlighted with a dashed triangle. The distance
between the Yb atoms in the small up triangle is 0.6 nm. This distance is slightly
larger than the distance between the first and third outer ring of Pn (distance is
0.5 nm). However, it could be the adsorption site. The molecules adsorb on these
sites, forming the down triangular motifs. The down triangle motif My is marked
with the down triangle of Pn motif and labelled Ms. The position of the up and
down triangular motifs in the model corresponds to their position in the STM
data in Figure 5.14(c), which is highlighted with a black arrow in Figure 5.14(f).
This matches with the STM observation. It can be clearly seen that inside of My
has no Yb atom, which may explain why the inside appears dim.

Figure 5.15(a) shows an STM image taken after depositing Pn for 3 minutes
and 30 seconds on the clean surface [6]. By subtracting the area representing the
substrate from the image, the coverage was estimated. The three high symmetry
directions of the substrate are marked with the white arrows in Figure 5.15(a).

The previous two types of features are mainly observed: triangles and rods.
The length of the rods is ~ 1.0-1.4 nm and the size is close to the size of the
Pn molecule (H-H distance along the long axis of the pair of molecule, 1.38 nm),
suggesting that the rod corresponds to a single Pn molecule. Most of the single Pn
molecules are aligned along the three high symmetry directions of the substrate,
is marked with blue rectangle in Figure 5.15(a). It is found the perpendicular
distance between molecules in a molecular pair that are oriented along high sym-
metry is 0.96 + 0.04 nm, marked with a black circle in Figure 5.16(a). This image
is a magnified small area in Figure 5.15(a). A few molecules are oriented between
the high symmetry directions, 30° away from the substrate, which is marked with
a green rectangle in Figure 5.15(a).

We conclude that the triangular features are formed by Pn molecules for the
following reasons: the triangular features have the same size and orientation; the
orientation of the triangles is the same as that of the isolated Pn molecules; the
edge-lengths of the up triangles are 1.2-1.3 nm, 1.34 nm, and the triangles are
observed at a height of about 0.35 nm from the substrate (darker region of the
STM image).

Again, the triangular motifs were stared forming coverage at 0.40 ML and are
observed in high coverage. The up and down small triangular motifs are labelled
M; and M,. All bright triangles have the same orientations and are arranged
along the high symmetry. The two separations between the centre of triangles
either short, S = 2.47 + 0.03 nm or long, L = 4.11 + 0.1 nm, are marked and
labelled with blue line and L, and S. The frequency of down triangles is lower

than with low coverage, and only a few down triangles are identified. The three
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up triangles form a large up triangle motif, with the distance between the centre
of triangles of 2.46 4+ 0.05 nm, is labelled with Ms.

Figure 5.15: (a) 17 nm x 50 nm STM image after depositing of Pn for 3 minutes
and 30 seconds at (V, = -1.8 V| I; = 0.12 nA). High symmetry directions of the
substrate are indicated by white arrows. (b) The FFT of Figure (a), showing
three-fold symmetry. (c¢) Autocorrelation function of STM image after removal
of the substrate contribution, showing hexagonal symmetry and confirming the
long-range quasicrystalline order of the molecular layer.

The long-range order of the molecular layer in real space can also be charac-
terised by taking the FF'T pattern of the STM data. The FFT pattern of Figure
5.15(a) is shown in Figure 5.16(b). The FFT pattern reveals spots distributed
along six—fold symmetry, with different separations, exhibiting 7—scaling relation-
ships.

The quasiperiodic distribution of the adsorbed molecules on the clean sur-
face can equally be ascertained from the autocorrelation of STM images of the
molecular layer. Again, the contribution from the substrate has been removed,
so that only the Pn molecules are considered. The autocorrelation function of
Figure 5.15(a) is presented in Figure 5.15(c). It shows six—fold symmetry, and the
7—scaling confirms the long-range quasicrystalline order of the molecular layer.
The bright spots are arranged along high symmetry according to six directions,
indicated by yellow arrows, each rotated 60° from each other. The yellow line
is parallel to one of these directions. The two separations between the spots ar-
ranged along high symmetry direction are either at long, L = 2.4 £ 0.07 nm or
short, S = 1.55 4+ 0.12 nm, spacing with ratio L./S = 1.54 slightly less than 7. The
spacing sequence follows (LSLLSL), which is marked with L and S along the high
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symmetry direction. The two spacing corresponds to the separation between the

up triangle in STM image.

5.4.2.1 Comparison with Model Structure

We now compare STM images with the model structure in order to identify ad-
sorption sites. The triangular and rod-like features can be explained by attaching
the two terminal benzene rings of Pn to the Yb atoms, as shown by the Pn motifs
in Figure 5.16(b). The distance between the two Yb atoms is 0.97 nm, which is
close to the centre-to-centre distance of the two terminal benzene rings, 0.98 nm.
This model produces triangular features of the same size and orientation as in the
STM. The distance between the triangles in the model is 2.53 nm, which is also

consistent with the value observed in the STM. Furthermore, the two closest

Figure 5.16: (a) Enlarged view of STM image highlighting pentagonal and rod
features. (b) A three-fold i~Ag-In-Yb surface model for adsorbed Pn molecules.
For simplicity, only Yb atoms (green) are shown, and 4" shell Ag/In is omitted.
The left panel shows the model of a pentacene molecule on Yb adsorption site.
(Red H atom, gray C atom, and green Yb atom.

parallel molecules in the model are 0.84 nm, which is close to the value observed
in the STM, 1 nm which is highlighted by a black circle. Considering the different
adsorption sites, it is possible to simulate Pn molecules dissociated between the
high symmetry directions of the substrate. In this case, the Pn molecule is an-
chored (pinned) to the Yb triangle, the terminal benzene ring is attached to one
atom of the Yb triangle, and two hydrogen atoms are attached to the other two

YD atoms of the triangle. As shown in an enlarged image of Figure 5.16(b) which
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is shown in the inset of the bottom in Figure 5.16(a). The Yb-Yb distance is 0.60

nm, which is similar to the H-H distance of 0.6 nm.

5.4.2.2 High Coverage of Pentacene Growth

Figure 5.17(a) shows the surface with more than ~ 1 ML of pentacene present.
The STM image obtained after depositing Pn for 3 minutes and 30 seconds on the
clean surface. No convincing evidence of surface ordering was observed in either
FFT or autocorrelations. However, we can still clearly observe the individual
molecules with higher density than the triangular motifs. The single molecules
was oriented in six directions, 21°, 41°, 60°, 120°, 141°, 0° will be respect to the
horizontal axis of Figure 5.16. The separations between single Pn on three-fold
axes with oriented 30 from axes are as follows: 0.68 £+ 0.98, 0.95 + 0.74, 1.26 +
0.03 nm, 1.53 £+ 0.1, and 2.5 £ 0.09 nm.

Figure 5.17: 27 nm x 26 nm STM image at a coverage of more than 1 monlayer,
taken after depositing Pn for 3 minutes and 30 seconds ). The triangle motifs are
marked and labelled. An inset shows an enlarged view of these motifs.

To identify the adsorption sites of single molecules in the bulk model, compare
STM data to the Yb site in the bulk model. Figure 5.18 depicts a comparison
of the orientation and distances between the 3"¢ shell Yb in the bulk model and
the spacing between Pn and their orientations. One end of the Pn chain is found
to be adsorbed between the Yb triangle base and the other end of Pn is found
to be on one of the Yb triangle’s vertices, is marked with a black arrow. The
distance between the two locations is 1.37 nm. The middle of a Pn is adsorbed on

a Yb atom. It can be seen that one end of the molecule is attached to a complete
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triangle, while the second side is only adsorbed on one Yb site. This adsorption
site is analogous to the Tb site on (111) Au-Al-Tb 1/1 [73]. Molecular direction
is determined by the position of the end of Pn adsorbed on one Yb. That could
be the reason for the variety of molecular orientations. It was found that the
orientation of the position adsorption corresponds to the orientation of a single
molecule in the STM. In addition, the separation between adsorption sites is 1.26
nm, 2.5 nm which is close to the distance between molecules in the STM. The
second adsorption is Pn adsorb between two triangle Yb with separation of 0.97
nm, which marked with a blue arrow. These adsorption can explain the separation

between molecules 0.6 nm, and 0.96 nm in STM image.

Figure 5.18: Enlarged view of individual molecules arranged along the three-fold
axes with different orientations, side-to-side model representation of the adsorption
sites. The blue and black arrows correspond to the positions of the molecules with
respect to the Yb triangles. The Yb is marked with a green circle.

The STM image obtained from terraces near the area shown in Figure 5.17(a)
is shown in Figure 5.19(a) after 12 hours. The pressure in STM does not change,
confirming that there is no contamination on the surface. The FFT pattern of
Figure 5.19(a) is shown in Figure 5.19(b). The FFT pattren confirm the quasi-
crstllaine film. Figure 5.19(a) shows the same observations (M;)- (M3). The high
symmetry axes of the surface, labelled in black arrows. The up small triangles
(M;) are aligned in the three-fold axes, which is marked with a blue box in the
STM image. The three separations between M; are S = 1.58 nm, L. = 2.48 + 0.07
nm, and S+L = 3.87 £ 0.1 nm. The L and S is shown in Figure 5.19(c).
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Figure 5.19: (a) 90 nm x 70 nm STM image after depositing of Pn for 3 minutes
and 20 seconds at -1.3 V. (b) The FFT pattern of STM image in (a). (c¢) magnified
views of the sections marked by a blue rectangle in(a).

The STM shows the individual molecules are arranged in the same orientation
and distance as those observed in Figure 5.17. The orientations of molecules are
31.2 £ 0.3°, 59.1 £ 0.5°, 37.8 £ 2.5°, and 141 + 3.9°. In addition, these single
molecules were arranged to form different sizes of triangles, as shown in Figure
5.20.

Figure 5.20: An enlarged view of the observed features in the STM image shown
in Figure 5.19(a), showing different sizes of triangle.
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These triangles have not been observed before. M, has an edge-length of 3.8 +
0.3 nm, while M5 has an edge-length of 2.45 4+ 0.2 nm, and 4.15 nm. The triangle
formation can be explained by the adsorption site, which suggests molecules that

are not oriented parallel to three-folds.

5.5 Conclusions

STM images demonstrating the two-dimensional quasicrystalline growth of Pn
molecules on two high symmetry surfaces of i-Ag-In-Yb QC were presented in
this work. The Pn molecules adopt positions on a quasiperiodic lattice atop the
two- and three-fold surfaces of the i—Ag—In—YDb sites. By comparing the STM
images to the model substrate structure, it was possible to identify the adsorption
site in both specimens.

The quasiperiodicty of the Pn film on the two-fold surface i—Ag—In-Yb QC was
confirmed with the FFT pattern, and autocorrelation of the STM images. The
molecules are oriented along two-fold and five-fold axes, which are high symmetry
directions of the substrate. The molecules adsorbed along five-fold direction have
higher frequency than those adsorbed on two-fold directions. The Pn molecules
are adsorbed on the Yb sites.

Pn molecules on the three-fold surface also grow quasiperiodically. The FFT
pattern and autocorrelation of the STM images are shown in the six-fold ori-
entation order with 7 scaling. The growth of Pn on the three-fold surface was
characterised by formation of triangles with two sizes. The ratio between the
edge-of the triangles of different sizes is 7. The adsorption site was identified, the
molecules adsorbed on Yb sites as on the two-fold surface.

In conclusion, the separation of two Yb sites is similar to distances between
the internal benzene rings. From a chemical point of view, Pn is an electron donor
[107], and it has been shown that the unoccupied states of the two-fold and three-
fold surface are dominated by Yb atoms [55]. Therefore, electrons may transfer

from Pn to Yb sites and thus there may be strong interaction both molecules and

Yb.



Chapter 6

The Surface Structure of
Au-Al-Gd 1/1 Approximant

6.1 Introduction

Since the approximants have the same building blocks (RTH clusters), a com-
parison of their surface structure to their parent quasicrystal surfaces in bulk
termination will be significant to understanding the surface of quasicrystals. An-
other reason for the study is to understand the clean surface of approximants so
that they can be used as templates to grow new metallic and molecular thin films.

The sample is the Ag-In-Gd 1/1 approximant (110) surface. The sample surface
has been characterised using STM and LEED. The STM data revealed different
facets of approximants such as (111), (130), (402) and (603).

6.2 Experimental Details

An Au-Al-Gd 1/1 approximant sample was used for this study. It was synthesised
using the self-flux method, which is the same procedure used to synthesise the Au-
Al-Tb approximant [35, 11]. High-purity raw materials of a nominal composition
Aus1AligGdyg are melted at 1273 K for 3 hours inside an alumina crucible under
vacuum. Single grains are prepared using the self-flux method, and the specimen
is slowly cooled to 1003 K at a rate of 3 K/min [11].

A centrifuge is then used to separate single grains from molten flux. X-ray
diffraction on crushed powder is used to characterise individual grains. The single
grains produced are single 1/1 approximant phases with the structure of a bee crys-
tal and its lattice parameter of 1.47581 nm, according to the X-ray diffraction pat-
tern [111]. The composition of the single grains is estimated to be AurgAljgGdyy,

which falls within the antiferromagnetic zone, based on the relationship between

81
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the lattice parameter and the composition determined for polygrain 1/1 Au-Al-Gd
approximant.

The standard sample preparation for surface investigation involves cutting the
sample along the desired crystallographic direction; however, due to the small
size of the Ag-Al-Gd 1/1 approximant sample, this was not possible. In addition,
the whole surface of the specimen was not flat but tapered in the middle. The
specimen was hand-polished along the (110) facet with diamond paste of 6 pm,
1 pm, and 0.25 pm grades successively. After 20 minutes of polishing with each
grade, the sample was placed in an ultrasonic bath to remove any remaining paste.
The surface was then further cleaned with sputter-anneal cycles (30 min Ar*
sputter and three-hours anneal at 448 °C) under ultrahigh-vacuum conditions.
The temperature was measured using a pyrometer with an emissivity of 0.35,
which is similar to that of the related quasicrystals [35]. Substrate cleanliness was

monitored with room temperature scanning tunnelling microscopy (STM).

6.3 Detailed Structure of the (110) Surface

6.3.1 Step Morphology

Figure 6.1(a) depicts a 74 nm x 71 nm STM image of the (110) surface of Au-
Al-Gd exhibiting a step/terrace morphology. The interior angle of the terraces,
marked with «, is 72.6 £ 0.4°. This value is consistent with the expected unit
cell angle of the bee (110) surface, which is 70°. Figure 6.1(b) shows a histogram
of the step heights of Figure 6.1(a). In this histogram, four different heights were
measured: 0.42 nm, 0.65 nm, 1.01 nm, and 1.24 nm. The most common step
height is shown in Figure 6.2(a), which displays consecutive terraces with a step
height of 1.02 £ 0.07 nm.

As shown in Figures 6.3(a) and (c), the small width of terraces with step heights
of 1.44 £+ 0.2 nm, 0.59 £+ 0.07 nm, and 0.23 nm indicates that these terraces are
less stable. The line profiles drawn over the terraces of Figures 6.3(a) and (c) are
shown in Figures 6.3(b) and (d).
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Figure 6.1: (a) 74 nm x 71 nm STM image (V;, = 0.9 V, [; = 0.124 nA) showing
the morphology of terraces. (b) histogram of step height for (110) surface, taken
from figure (a) showing the four different values of step height. (c) 47 nm x 37
nm STM image showing.

Figure 6.2: (a) 32 nm x 46 nm STM image (V, =-0.82 V, [, = 0.124 nA).(b) A
histogram taken from (a), showing the step height distribution. The average step
height is labeled.

Figure 6.3: (a) 57 nm x 57 nm STM image. (b) A line profile across the terraces
of (a) showing the step height is 0.23 nm. (c¢) 33 nm x 38 nm STM image, both
(a) and (c) taken from Figure 6.1(a). (d) A line profile across the terraces of (c)
showing step height is 1.48 nm and 0.59 nm.
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Discussion

Research conducted through (STM) has consistently indicated that the surfaces
of Tsai-type quasicrystals are terminated by rare-earth atoms. Specifically, the
planes of these surfaces are densely populated with rare-earth atoms, as evidenced
by multiple research papers [28, 52]. This phenomenon can be attributed to the
low surface free energy and low-lying unoccupied 3d states of rare-earth (RE)
atoms, which contribute to surface stabilisation [53, , |. Although there
is no atomic-level resolution available for the Ag-In-R(100) approximant surfaces
(where R = Yb, Tb, and Gd), it is highly probable that this phenomenon also
applies to these cases [ 13]. Therefore, the analysis of step heights for the (110)Au-
Al-Gd surface is conducted in relation to Gd dense planes.

In order to explain the step heights, the bulk structure of the Au-Al-Gd 1/1
approximant is presented. Figure 6.4(a) shows only the Gd icosahedron shells,
with the top and bottom pentagons representing the two faces of the icosahedron
shell highlighted in blue and red shapes, respectively, at the bottom of Figure
6.4(a). The bulk model consists of two types of layers: flat and puckered layers.
The puckered layers corresponding to the top and bottom pentagons are marked
with blue and red boxes, while the flat layer is marked with a green line. The flat
layer contains one Gd layer, and the puckered layer can be considered to consist
of three layers of Ga atoms. This puckered layer is referred to as a Gd surface
slab, and it can be seen that the puckered layer is the diagonal of a pentagon.

Figure 6.4(a) shows the four main values of separation between the two puck-
ered slabs. The separation between the two tops of the diagonal of the top pentag-
onals of the puckered slabs is 1.02 nm, which is marked with a blue dashed line.
This separation is similar to the most frequent step height in the STM image.
This measured step height (1.04 £ 0.08 nm) corresponds to the distance between
adjacent lattice planes in the bulk.

a
d = 6.1

R/ By -y (6.1

daio) = 1.04 nm, where ¢ = 1.48 nm [I1]. The two distances between the top

puckered slab of the top and bottom pentagons are 0.42 nm and 0.6 nm, and they
are marked with dashed blue and red lines. Additionally, the separation between
the top of the puckered slab of the bottom pentagons and the bottom puckered
layers of the top pentagons is 0.24 nm. All these values of separation are similar

to two of the step heights observed in the STM image.
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Figure 6.4: (a) Bulk model of Gd atoms showing the perpendicular arrangement
of (110) planes from the side. The flat (green line) and puckered layers (blue
and red lines) are shown. (b) Bulk model of Gd planes arranged along the [110]
direction, showing the puckered layer consisting of groups of three planes. The
distance between centres of the puckered layers is 1.02 nm, as labelled. Groups of
planes which correspond to the measured step height are highlighted with a red
box. (¢) A bulk model of Gd atoms illustrating where surface terminations would
truncate the Gd icosahedron along the [110] direction. It is the same model as in
(b). It shows the positions that correspond to the measured step height.

Figure 6.4(b) shows a side view of the Gd planes in the bulk model; these Gd
planes are arranged perpendicular to the [110] direction. The puckered layer of the
top and bottom pentagons is bounded by blue and red boxes, respectively. The
flat layer is marked with a green line. The atomic density of the puckered layers
is much higher compared to the flat layers. The step height is formed at highest
atomic density planes of the rare element on the plane. The separation of the
layer of puckered slabs (i.e., centre to centre) is 0.51 nm, which is not observed
in the STM image. The layer of the puckered slab of the top pentagons is a
mirror plane of the layer of the puckered slab of the bottom pentagons. Therefore,
the measured step height can be considered as the separation between one of the
two types of slabs. We suggested that the distance between the two tops of the
puckered layer of bottom pentagons can explain the step height in STM images,
which is highlighted with a red box.

Figure 6.4(c) shows an enlarged version of Figure 6.4(b), where the icosahedral

shells are used to build the model. The red lines are the same as the lines in
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Figure 6.4(a), which are above the bottom puckered layer. The icosahedral shells
are arranged on the same level in this model, and the figure also demonstrates
prospective truncations at each level above the bottom of the icosahedral shell.

The flat Gd layer cannot be explain all observed step heights. The perpendic-
ular spacing between flat layers is 1.04 nm. However, the other step heights of
terraces, such as 0.4 nm, 0.6 nm, and 0.2 nm, cannot be explained by only the flat
layers. It has been found that the separations between flat and puckered layers
are 0.4 nm, 0.6 nm, and 0.25 nm. Additionally, the atomic structure of the flat
layer does not match the observation of the atomic structure of the terrace in the
STM image at negative bias.

It is suggested that the terraces form on top of puckered layers for three reasons.
First, the puckered slab has the highest atomic density of Gd atoms. Second, it
can explain the four values of measured step heights in the STM image. It can be
assumed that the terraces are formed by cutting every icosahedron, which makes

the step height of 1.04 nm the most common step height.

6.3.2 STM Images at Negative Bias

STM images taken at negative bias are shown in Figure 6.5. Two features of inter-
est visible are atomic rows running along the [001] direction and bright protrusions
located atop these rows. Rectangular vacancies are observed in some sections of
the terraces, as shown in Figure 6.6(a). The dimensions of these rectangular de-
fects are 1.39 nm x 1.97 nm, which are close to the lattice constant of the centred
rectangle unit cell of the (110) surface.

The FET of the atomically resolved STM image in Figure 6.6(a) is presented
in Figure 6.6(b). The FFT pattern shows two-fold symmetry along the [110] and
[001] directions. It shows a centred rectangle pattern, which is marked with white
spots. The two lattice constants in real space are 2.05 4+ 0.09 nm and 1.40 4+ 0.06
nm, unit vectors in FF'T are labelled with aj and aj. The distance in real space
between the spots is 1.01 + 0.05 nm along the [110] direction, which is highlighted
with a green dotted circle. The FFT also shows the rhombohedral unit cell of
the surface, marked with a white rombohedron. The lattice constants are 1.26 +
0.05 nm, and 1.15 4 0.01 nm, with the angle between these vectors being 107.5 £

0.38°, confirming the surface is bce.
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Figure 6.5: STM image taken from different terraces showing the structure at
negative bias. (a) 63 nm x 77 nm STM image (V, = -2.1 V, I; = 0.183 nA). (b)
25 nm x 29 nm STM image (V, = -1.6 V, [; = 0.124 nA). (c¢) 31 nm x 20 nm
STM image (V, =-1.2 V, I, = 0.21 nA).

Figure 6.6: (a) An enlargement of the area depicted in Figure 6.5(b). (b) FFT
of (a). The surface unit cell of the facet is marked. (c) Autocorrelation function
of (a) (7nm x 8 nm). (d) 14 nm x 13 nm STM image (V, =-2.1 V, [, = 0.138
nA) taken from (a). (e) and (f) 14 nm X 13 nm, and 14 nm x 14 nm STM
images taken from different terraces, showing the two motifs, the half-circle and
the centred rectangle, labelled 1 and 4.

In order to determine the unit cell, we analysed the autocorrelation function

of the image taken from the high density bright protrusions, as shown in Figure
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6.6(c). The atomic structure can be described by a rhombohedral unit cell which
is marked with a yellow rhombohedral motif. The two edge lengths are 1.26 +
0.03 nm, and 1.16 & 0.05 nm along the [111] and [111] directions, respectively.
The unit vectors are at an angle of 109.6 £ 0.3°, and 70 + 0.3°, which are very
close to the expected unit cell angles of the bee (110) surface. Along the [110],
the distance between the spots is 1.99 £+ 0.06 nm. The separation between spots
along the [001] direction is 1.38 & 0.06 nm. These two distances correspond to the
real-space distance between spots along two-fold symmetry in the FFT, which is
highlighted with a white circle.

The area at the top of Figure 6.6(a) is magnified in Figure 6.6(d). The row
alignment along [001] has a high density of atoms, with a separation between the
rows along the [110] direction of 1.02 4 0.07 nm, which is marked with a black line.
This separation corresponds to the spot in the FFT which is highlighted with a
green circle in the FFT pattern. In addition, bright protrusions distributed above
the rows are observed to form two features, a centred rectangle and a rhombohedral
motif, labelled number 1 and 2 in Figure 6.6(e). The two edge-lengths of the
rhombohedral unit cell are 1.26 £+ 0.05 nm and 1.26 4+ 0.04 nm with an angle
= 110.4 + 0.3°.

The centred rectangle motifs are identified near the end and beginning of the
step height in the STM image. The edges of the centred rectangle are 1.41 +
0.05 nm, and 2.05 + 0.09 nm along the [001] and [110] directions, respectively.
The bright protrusions form the incomplete centred rectangle motif, labelled with
number 4 in Figure 6.6(f). Motif 4 appears to be a half-circle, with two separa-
tions is 1.42 £ 0.05 nm and 1.26 4+ 0.04 nm along the [001] and [111] directions,
respectively. The angles between these vectors are 125.3 4+ 0.2°, and 55 + 0.2°,

respectively, marked with § and number 3

6.3.3 Discussion

We now examine a potential explanation for the features observed by STM. Com-
paring STM results to a bulk model structure is necessary here. The motifs ob-
served in the STM are magnified in Figure 6.7(a) and (b), while Figure 6.7(c)
depicts the (110) plane in the model derived from the puckered layer, which is
highlighted in Figure 6.4(a) with a red rectangle. The first and second sub-layers
of the puckered layer are considered. Different coloured circles correspond to
atoms belonging to different shells of the RTH cluster: purple: 3" shell Gd, red:
4™ shell Au/Al, light blue and light green: 2"¢ shell Au/Al [I14]. The atomic
positions of the 1% shell Au/Al have been omitted. It is expected that there is a
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tunnelling current contribution from Au/Al atoms at negative bias [3]. The 24
and 4*" shell can explain the observed features at negative bias. The 4% shell is
arranged in a row in the model along the [001] direction, which is denoted by a
black vertical line. The distance between adjacent rows along the [110] direction
is 1.02 nm. Furthermore, the row has a high density of 4" shell Au/Al atoms.
The separations and directions of 4 shell Au/Al atoms match the observed rows
in the STM image.

A circular feature has also been identified and marked with a black circle,
labelled as A. This feature is formed by six atoms, four from the 4% and two
274 ghells Au/Al, all six shells surrounding a 3"¢ shell Gd. This feature will be
referred to as an "motif A". Motif A represents the bright protrusions observed
in the rows of the STM image and can explain the unit cell of the bee surface.
The vertices of the solid black rectangle tiles are located on the motif A, which is

marked and labelled with a black rectangle and the number 2.

Figure 6.7: (a) 5 nm x 9 nm STM image showing the rhombohedral motif and
the centred rectangle motif which are marked with 1 and 2. (b) 6 nm x 11 nm
STM image showing the incomplete the centred rectangle motif and rhombohedral
motif (3). (c) Model schematic of (a). Red: 4" shell Au/Al, light blue and green:
2" shell Au/Al, and purple: 3" shell Gd. It shows the motifs observed in (a) and
(b), which are marked as the same motifs as in (a) and (b).

The centers of motif A are separated by two distances: 2.04 nm along the [110]
direction and 1.44 nm along the [001] direction. These arrangements of motif
A form a centred rectangle shape, is labelled 2, which corresponds to motif 2
in the STM image. A Motifs are arranged along the [111] and [111} directions,

with a separation of 1.25 nm and an angle of 110° and 70° between two vectors.
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Four A motifs form a primitive unit cell (rhombohedral), labelled as 1. This
unit cell matches the surface unit cell in the STM images, which corresponds to
motif number 1. The third motif is the rhombohedral motif, which is marked
with the number 3. The two edge lengths are 1.44 nm, and 1.26 nm, with an
angle between the vectors of 124°. The two rhombohedral motifs with different
orientations form an incompletely centred rectangle shape, which is labelled 4.The
most commonly observed STM feature is the incomplete centred rectangle. The
four motifs correspond to those observed in the STM image. In STM observations,
the centers of bright protrusions are bright, confirming that Gd atoms in the center
of motif A are resolved at a negative bias of >2 V. The negative bias becomes

comparable due to contributions from both compounds [110].

6.3.4 STM Image at Positive Bias

A high-resolution STM image of a terrace is shown in Figure 6.8. The STM images
were taken with a positive bias from three different areas, revealing two types of
atomic structures. The first type is a zigzag row, which is indicated by a black
arrow and aligned in the [001] direction, as shown in Figure 6.8(d). The second
type is a row of bright dots, as shown in Figure 6.8(c). It was found that the
contrast of the bright protrusions on the tops of the rows is lower than that at a

negative bias.

Figure 6.8: STM images taken from various terraces with different tip conditions
showing the atomic structure of the surface at positive voltage. (a) 73 nm x 20
nm STM image (V, = +1.1 V, I; = 0.179 nA). (b) 32 nm x 16 nm STM image
(V, = +1.1 V, I; = 0.124 nA). (c¢) 27 nm x 64 nm STM image (V;, = +1.1 V, I,
= 0.137 nA). (d) and (e) are magnified areas of (a) and (c), showing the zigzag
TOWS.
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Figure 6.9(a) shows two rough-edged terraces, labelled A and B. Figure 6.9(b)
is a high-resolution enlargement of the area in terrace A. The structure is a zigzag
row in the direction of [001]. The angle between the bonds of the zigzag structure
is 108.9 + 0.6°, which is labelled with a ¢ in the inset of Figure 6.10(a). However,
the atomic structure obtained from the surface is not very clear. Figures 6.10(b)
and (d) depict the FFT pattern and autocorrelation of Figure 6.10(a). The FFT
pattern and the autocorrelation function of the STM image confirm the rhombo-
hedral unit cell of the bce surface. The lattice constant in real space is 1.19 + 0.02
nm along the horizontal direction in the FFT pattern, which is highlighted with
a white circle. This lattice constant represents the separation between the rows
along the [110] direction in the STM image, which is marked with a black arrow in
Figure 6.10(c). In the autocorrelation function, the separation between the spots
along [001] and [110] directions is 1.35 £+ 0.05 nm and 2.1 4+ 0.07 nm. The length
of the rhombohedral unit cell’s side is 1.25 + 0.05 nm and 1.14 4+ 0.07 nm in the
[111} and [111] directions, respectively. The angle between the two directions is
109.4 £ 0.3°.

Figure 6.9: STM images taken at (V, = +1.5 V, I, = 0.149 nA). (a) 90 nm x 54
nm STM image showing two flat terraces, labelled with A, and B. (b) Enlargement
area taken from terrace A, 22 nm x 16 nm. (c¢) 26 nm x 22 nm STM image taken
from terrace B after a repeat scan to obtain high resolution.
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Figure 6.10: (a) 22 nm x 16 nm STM image taken from area A in Figure 6.9
(b), with magnification. The zigzag row is observed. (b) The FFT pattern of (a)
confirms the unit cell of the (110) surface. (c) 11.8 nm x 9.4 nm STM image
merged with the inverse of FFT taken from terrace A. The direction of the surface
is labelled. (d) Autocorrelation function of the STM image in (a) showing the
rhombohedral unit cell. (e) a bulk model of the (110) plane obtains two layers of
Gd atoms. It shows the zigzag structure.

Figure 6.11(a) shows a high-resolution STM image taken from the terrace in
surface B with different tip conditions. This image reveals bright rows running
along the [001] and [100] directions. The FFT pattern of Figure 6.11(a) is illus-
trated in Figure 6.11(b). Using two lattice constants in real space, a; = 2.01 £
0.07 nm and a, = 1.38 4+ 0.05 nm, the centered rectangle unit cell of dimensions
a1 and as is highlighted. The two dimensions of centred rectangle corresponds to
as and asxv/2. In order to determine the unit cell, the autocorrelation function
of Figure 6.11(a) is presented in Figure 6.11(c). The maxima in the autocorre-
lation function reflect the periodicity of the image. The unit cell is found to be
rhombohedral with dimensions 1.24 + 0.05 nm, 1.17 £+ 0.05 nm, g = 109.1 £ 0.3°,
and 70.4 £ 0.4°, which is consistent with that of the (011) plane of the Au-Al-Gd
1/1 approximant lattice, (1.26 nm, 5 = 110°). An STM image merged with an
inverse FFT, is shown in Figure 6.11(d). The protrusions are separated by a dis-
tance of 1.94 + 0.06 nm and are arranged along the [001] direction. In addition,
protrusions are arranged along the [110] direction with a separation of 1.39 4 0.06
nm. The two separations correspond to lattice constants as; and a; in real space
of the FF'T pattern. The geometry and dimensions of STM data in positive bias
are analogous to those of negative bias measurements. The results of analysing
the atomic structure of the two terrace surfaces shown in Figure 6.9(b) and (c)

confirm that the two surfaces have the same surface unit cell of (110).
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Figure 6.11: (a) 20 nm X 15 nm STM image taken from Figure 6.9(c). (b) The
FFT of the image shown in (a). (c¢) Autocorrelation function of the STM image
in (a), with size of image (11 nm x 11 nm). (d) Inverse FE'T merged with (a), the
rhombohedral and centre rectangle motifs are marked with the same black motifs.

6.3.5 Discussion

Since the position of the Gd atoms in a bulk model of the (110) plane can be
resolved at positive bias, we will compare STM measurements at positive bias
with the position of the Gd atoms in the bulk model. Figure 6.10(e) shows the
Gd atom bulk model from Figure 6.7(c), omitting the 4 and 2"¢ shells. The Gd
atoms obtained from two layers are arranged in a zigzag pattern along the [001]
direction. The angle between the bonds of the zigzag structure is 110°, which
corresponds to the angle in the STM image in Figure 6.10(a). Because the 37
shell Gd is in the centre of motif A, the separation and orientation of Gd atoms
are unaffected by positive bias and are denoted by a black circle. Therefore, the
geometry and dimension of Gd atoms match the STM observation, confirming
that Gd atoms in the two layers are resolved in the STM image.

Figure 6.7(c) shows that the Gd atoms are located in the centre of motif A,
providing an explanation for the single protrusions detected in the STM observa-
tions displayed in Figure 6.11. Furthermore, the shape of motif A and the unit
cell is similar to the shape of the bright protrusions on the surface of the unit cell
in STM. This finding leads to the observation that the protrusions observed in
the STM at a positive bias of > +1.5 V display the 37 shell Gd positioned at the
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center of motif A, whereas the contribution from the 4" shell Ag/In is minimal
across the Fermi level and can not be resolved in voltage > +1.5 V [110]. These
results indicate that the STM image resolves the single layer of Gd, which may
provide an explanation for why the row structure is not as evidently observed as
in the STM image.

6.3.6 Comparing STM Images at Different Bias Polarities

The STM images presented in Figures 6.12(a) and (b) were obtained by applying
positive and negative bias voltages to the same area of the surface terrace. The
data obtained from the STM images shows a clear dependency on the bias voltage,
as shown in Figures 6.12(c) and (d). Specifically, when using a negative bias
voltage, a row-structure can be observed with brighter protrusions lying on the
rows. In contrast, when using a positive bias voltage, the row-structure is formed
of dim protrusions, and the brightness of the bright protrusions located above the
row is lower than that observed at negative bias. To enhance the resolution of the
images, the STM data in Figures 6.12(c) and (d) was merged with the inverse of
the FFT, as illustrated in Figures 6.12 (e) and (f). These figures depict STM

Figure 6.12: (a) 70 nm x 67 nm STM image at (V;, = -0.82 V, [, = 0.158 nA)
showing a flat terrace with bright protrusions. (b) 70 nm x 67 nm STM image
at (V, = +0.82 V, I; = 0.158 nA) taken from the same area as (a), showing the
protrusion brightness reduced and the rows formed along the [001] direction. (c)
and (d) are 19 nm x 22 nm STM images, magnifications of areas from (a) and (b),
showing the row structure in both biases. (e), (f) 13 nm x 12 nm STM images
merge with an inverse FF'T.
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images taken from the same area with the same scale for both biases, with white
lines highlighting the positions of the rows. The structure of the rows is unaffected
by the inverse FFT at negative bias, whereas the intensity of the row-dim spot
increases and becomes more visible at positive bias. There is no observed shift
in the adjacent rows when changing the bias, and the positions of the bright
protrusions remain unchanged with the application of both voltages, as marked
with a green circle. This indicates that they belong to the same cluster in the
bulk model.

6.4 Detailed Structure of the (111) Surface

6.4.1 Step Morphology

A large-scale STM image is displayed in Figure 6.13(a), showing the step/terrace
morphology of (111). Figure 6.13(c) is a histogram obtained from Figure 6.13(b)
that depicts the distribution of step heights, with the measured step height being
3.83 £ 0.07 nm.

Figure 6.13: (a) 93 nm x 93 nm STM image of the (111) surface showing step/ter-
race morphology. (b) An enlarged area is highlighted with a black rectangle in
(a), which is 38 nm x 24 nm STM image. (c) A histogram displaying the most
frequently measured step height from (b).

In the bulk model, the step heights in the STM images correspond to adjacent
atomic planes. The Gd planes in the bulk model are arranged perpendicularly to
the [111] direction, as shown in Figure 6.14(a). A Gd surface slab is formed by
three Gd planes and is marked with a black box, which we will refer to as the
Gd surface slab. These slabs are separated by 0.43 nm, measured from center to

center, and the distance between the low density of Gd atoms in the slab matches



Chapter 6. The Surface Structure of Au-Al-Gd 1/1 Approximant 96

the measured step height in the STM. Therefore, each slab constitutes a step
height in the STM images. It was found that the first layer has a low atomic
density of Gd, and the second layer has a high atomic density in the slab bulk,
marked with red and blue lines. We consider the first layer in the slab as the

surface. The separation of adjacent lattice planes in the bulk is

d . a
S/ =y &y

The measured step height of terraces can be considered as (0.5 x d(nl)). How-

= 0.852 nm (6.2)

ever, the value of the interplanar the spacing (d(11) = 0.85 nm) is observed in a
few of the measured step heights. The interplanar spacing (d(111) = 0.85 nm) refers
to the distance between three slabs. The lattice points of the body-centred-cubic
structure would be the only periodic interpretation of the cluster-centre planes
for the Au/Al-Gd(111) system. Similar to the quasicrystal, the (111)-terminated
plane can be found at every cluster centre plane. Therefore, the step heights will

form every 0.43 nm (0.5 x d11)).

Figure 6.14: (a) Bulk model of Gd planes arranged along the [111] direction.
Groups of three planes are separated by 0.42 nm, as labeled. (b) A bulk model of
Gd atoms showing a side view of the (111) surface built from the Gd icosahedron
The smallest step height for Gd atoms is represented by dashed red lines separated
by 0.42 nm.

The atomic structure of Tsai-type quasicrystals has been a topic of extensive
research, and understanding the formation of step heights on the terminated plane
is crucial for advancing our knowledge of these materials.

The view side of the bulk model along the [111] direction is shown in Figure
6.14(b) to explain the presence of the step height formed in the (RE) terminated
plane. Figure 6.14(b) is an enlarged section of Figure 6.14(a) that uses icosahe-
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dral shells to build the model. It is suggested that the truncations occur at the
bottom of the icosahedron, marked with a dashed blue line below the top of each
icosahedron, with step heights of 0.42 nm. The cut that forms the step height is
located close to those previously reported by Coates et al. [38], which are high-
lighted with a dashed blue line. The difference in the value of the step height from
that observed in [3] is because the cutting occurred for each icosahedron and the

rare-earth (RE) atoms in the sample are Gd and not Tb.

6.4.2 STM Image

Figure 6.15(a) and (b) show a high-resolution images of the surface at both voltages
(the zoomed area in Figure 6.13(a)). The location of the bright protrusions is not
affected by the type of voltage. However, it was observed that the atomic density

of rows along [101] increased at a negative bias.

Figure 6.15: (a) Zoomed-in STM image in Figure 6.13(a) (V, =-0.69 V, 53 nm x
25 nm). (b) 36 nm x 23 nm STM image (V, = + 0.68 V). (¢) An enlarged section
that is highlighted with a black rectangle in (b). It shows the 14 nm x 13 nm
STM image merged with an inverse FFT, showing a rhombohedral cell marked
with a black rhombohedral motif. (d) The FFT pattern of (a), where spots are
highlighted by green circles, showing the rhombohedral cell.

Figure 6.15(c) is highlighted with a black rectangle in Figure 6.15(b) and
merged with an inverse FFT. It shows large, bright protrusions aligned along
the [101] direction, with a distance of 2.15 £ 0.08 nm, is marked with a black
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line. The rows are arranged along the [121] direction, with a separation of 1.6 4
0.08 nm. In addition, the distance between protrusions is 3.22 £+ 0.05 nm. The
surface is decorated with a rhombohedral cell, as marked by a black shape. The
two edges-lengths are aligned along the [102] and [210] directions, with the lattice
constants b = 2.0 + 0.1 nm, ¢ = 1.98 4+ 0.08 nm and 8 = 62 + 0.4°, respectively.
These are the two lattice constants of a surface (111) rhombohedral cell.

The FET of surface of the flat area in Figure 6.13(b) is shown in Figure 6.13(d).
The unit cell is rhombohedral with two lattice constants: |b] = 1.98 4+ 0.09 nm,
lc| = 2.01 + 0.08 nm, and $ = 68.8 + 0.4°, marked with a green rhombohedral
cell. The FFT pattern confirms that the symmetry and dimension of the unit cells
observed by STM are consistent with the (111) surface. The spots highlighted by
a blue circle reflect the protrusions arranged along the two-fold direction. The two
real spacings are a; = 3.3 &+ 0.1 nm and ay = 2.1 4+ 0.12 nm which are labelled
aj and aj. These two values are close to the separation between protrusions along
the [121] and [101] directions in the STM image, which is is a central rectangle
with dimensions of a; and asx v/3. The spacing between two spots, which is
highlighted with a green circle, is 1.61 £ 0.06 nm, matching the distance between

rows along the [121] direction.

6.4.3 Discussion

We now suggest an explanation for the features observed in STM. Comparing the
model of the (111) plane with STM observations, Figure 6.16(c) presents the model
of the (111) plane. The 3" shell Gd, 4™ shell and 5" shell Au/Al are marked
with purple, red and blue circles, respectively. The set of 3" shell Gd, 4" and
5" shells Au/Al form the circular motif, which is highlighted with a black circle.
The vertices of the rhombohedral cell reside on the centres of the cluster, marked
with a green rhombohedral motif. The distance between two centre motifs along
the [102] and [210] directions is 2.04 nm and the angle between them is 60°. The
size of the rhombohedral motif is close to the rhombohedron observed in the STM
image. This motif is arranged along [121] and [101] directions with separation 3.5
nm and 2.04 nm respectively. This correspond to central rectangle observed in
STM image.

At negative bias, the contributions from 4 shell Au/Al, 5 shell Au/Al, and
3" shell Gd become comparable [110]. The contribution of the tunnelling current
from Au/Al atoms increases the atomic density of the row in the [101] direction,

which corresponds to the STM data observed at negative bias.
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Figure 6.16: (a) 11 nm x 11 nm STM image showing close-packed features. (b)
15 nm x 14 nm STM image with an inverse FFT and a 50° rotation. (c) Atomic

structure of the (111) plane. Purple, red and blue dots represent atoms of 3"
shells Gd, the 4" and 5% shells Au/Al sites, respectively. A rhombohedral unit
cell is marked.

Figures 6.17(a)-(c) depict an STM image taken from different areas, showing
terrace morphology. A terrace kink angle o, with a value of 119 4+ 2° is marked in
Figure 6.17(b). A histogram of the area highlighted with a black dashed rectangle
in Figure 6.17(a) is shown in Figure 6.17(d). It was found that the step height is
1.25 4+ 0.07 nm. However, the step height of 0.81 £+ 0.08 nm is observed in the
small flat terraces, as shown in Figure 6.17(b). Hexagonal defects is observed on
the surface, as shown in the inset of Figure 6.17(a). The step height is close to
that observed in (111) Au-Al-Tb [8], and is 1.5 times larger than the separation
of adjacent lattice planes in the bulk d11).
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Figure 6.17: (a)-(c) STM image showing the step height and morphology of ter-
races. (a) 150 nm x 150 nm STM image taken at (V, = -0.9 V and I, = 0.108
nA), showing the hexagonal defect. (b) 100 nm x 100 nm STM image taken at
V, = +1.4 V, showing the Here « indicates the terrace kink angle. (c¢) 100 nm x
100 STM image taken at (V, = 4+1.5 V). (d) A histogram of step height of (a);
the average step height is marked. (e) 27 nm X 27 nm STM image taken at V, =
+1.2 V. An inset shows the FFT of (e). (f) 21 nm X 21 nm autocorrelation of (e)
showing the six-fold symmetry of the surface.

It is difficult to observe the atomic surface because of the bright protrusion.
However, the FFT and autocorrelation functions are obtained from the surface.
The autocorrelation together with the FFT of Figure 6.17(e) is shown in the insets
of Figures 6.17(e) and 6.17(f), respectively. The unit cell, which is determined from
the autocorrelation function, is marked with a black rhombohedral. It is found
that a rhombohedral unit cell with lattice parameters of 0.45 £+ 0.05 nm, 0.55 +
0.08 nm, and § = 61.14 + 0.18°. The lattice parameters are not the same as those
in the (111) plane of the bee model structure (2.0 nm, 2.02 and 5 = 60°). The
FFT pattern shows six-fold symmetry, which is expected from a (111).

6.5 Detailed Structure of the (130) Surface

6.5.1 Step Morphology

Three large-scale STM images taken from different areas are shown in Figures
6.18(a), (b), and (c), showing the step/terrace morphology of the (130) surface.
The bulk model structure’s predicted two-fold symmetry is consistent with the
terrace kink angle, which is indicated and has a value of § = 104.2 £0.5°. The
distribution of step heights is depicted in Figures 6.19(c) and (d) by a histogram
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taken from Figures 6.19(a) and (b), with 0.42 + 0.05 nm and 0.85 + 0.07 nm
being the two most typical step heights.

Figure 6.18: (a)-(c) Large-scale STM images obtained from different areas, show-
ing the (130) surface: (a) 100 nm x 100 nm STM image. (b) 100 nm x 100 nm
STM image at V, = +1.5 V. (c¢) 125 nm x 125 nm at (V, = +01.28 V, I, = 0.194
nA). Right of (c) shows the terrace kink angle, marked with f.

Figure 6.19: (a), and (b) 29 nm x 53 nm, and 28 nm X 17 nm STM images of
the step terrace structure of the (130) surface taken from different areas with the
same tip condition. (c) and (d) Histogram taken from (a) and (b), showing the
step height distribution. The observed step heights are marked.

In the bulk model, we take the step heights into consideration in terms of

atomic planes. The Gd planes in the bulk are arranged perpendicular to the
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[130] direction, as shown in Figure 6.20(a). For example, Gd surface slabs are
highlighted with a black box and formed by six Gd planes, which we will refer
to as Gd surface slabs. These slabs are 0.47 nm apart, measured from centre to
centre, and marked with a dashed red line. The separation between the centres of
the slab of Gd atoms matches the measured step height in the STM. As a result, in
the STM image, each slab in the bulk model represents a step height. It was found
that the three layers at the top of the slab, marked with a green box, constitute
the step height in the bulk model. In order to determine the atomic structure of
the surface, we consider the three layers on top of a slab. In the bulk, adjacent

lattice planes are separated by

d . a
0 = et 2

The measured step height of terraces can be described as d(130). In the Au-Al-

= 0.468 nm (6.3)

Gd (130) system, the lattice points of the body-centred-cubic structure are the only
periodic interpretation of the cluster-centre planes. Similarly to the quasicrystal,
the (130)-terminated plane can be found at every cluster centre plane, resulting
in step heights being formed every 0.47 nm (d130)). As shown in Figure 6.20(b),
the surface of the steps is formed at the top of the diagonal of the top pentagonal
face of the icosahedron.

The termination plane in the Tsai-type quasicrystal surface has a high density

of rare-earth atoms. This has been related to the rare-earth (RE) atoms’ low

surface free energy and low-lying unoccupied 3d states [53, , 109]. Although the
Ag-In-R(100) approximant surfaces (R = Yb, Th, and Gd) lack atomic resolution,
it is thought likely that this is also true for these instances [113]. The (130) Au/Al-

Gd surface’s step heights are explicable in terms of Gd dense planes.

The view side of the bulk model along the [130] direction is shown in Figure
6.20(c) to explain how the step heights. It is an enlarged section of Figure 6.20(a).
The icosahedral shells are used to construct the model. It is suggested that the
truncations occur in the top icosahedron. The possible truncations are shown as
solid red lines at the top of each icosahedron, with step heights of 0.47 nm. The
section that is highlighted with a dashed black box is magnified in the inset of the
right Figure 6.20(c).
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Figure 6.20: (a) A bulk model of Gd planes arranged along the [130] direction. A
group of six planes forms a slab, marked with a black box. The distance between
the centres of slabs is 0.47 nm, as labeled. (b) A Gd atom bulk model with the
(130) planes arranged perpendicularly. The (130) plane is indicated by a black
line. It shows the top and bottom pentagonal faces of the Gd icosahedron. It
shows the truncations that occur on the top point of the diameter of the bottom
pentagonal face. (c¢) A bulk model of Gd atoms showing a side view of the (130)
surface built from the Gd icosahedron. The step height for Gd atoms is represented
by dashed lines and separated by 0.47 nm.

6.5.2 Bias-Voltage Dependence

STM data was obtained from the clean (130) surface at various bias voltages,
ranging from +1.5 V to -1.5 V. The data was taken from the same area on the
surface with the same tip conditions. Atomic structures of the surface at voltage
biases of +1.5 V and -1.5 V are displayed in Figures 6.21 (a) and 6.21(b), respec-
tively. Figure 6.21(b) depicts bright protrusions distributed along the[131] and
[100] directions at a positive bias. The FFT pattern of the STM image in Figure
6.21(b) is presented in Figure 6.21(c). It was found that the angle between [331]
and [131] directions is 73.4 £ 0.3°, labelled as 3. This value is consistent with the
bulk model in (130). Additionally, Figure 6.21(d) illustrates the rows along the
[131] direction, which have a high density of atoms. Furthermore, these rows are
formed by bright protrusions arranged in the [331} direction. The FFT pattern
of the STM image in Figure 6.21(e) is shown in Figure 6.21(f), with S labelled

again.
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Figure 6.21: Voltage-dependent changes in cluster corrugation on the (130) plane.
(a) 34 nm x 34 nm STM image show the surface at V, = +1.5 V. (b) 15 nm x
15 nm STM image showing clusters on the surface. (¢) FFT of the STM image
in (b), showing § = 73.4 &+ 0.3°. (d) 15 nm x 15 nm STM image from same area
in Figure (a) with sam tip condition at V, =- 1.5 V. (e) 12 nm x 12 nm STM
image showing an enlarged view of (d). It shows a high atomic density along the
[131] direction. (e) 15 nm x 15 nm STM image showing an enlarged view of (d).
(f) FFT of flat area of (d) confirming the same value of § at positive bias.

6.5.3 STM Image at Positive Bias

Figure 6.22(a) depicts an STM image of the (130) facet, revealing the step/terrace
structure. The terraces of the (130) facet are found to be separated by a step of
0.45 £ 0.04 nm height, measured using a histogram, as shown in the inset Figure
6.22(a). The measured step heights correspond to the expected periodicity along
[130] which is g Figure 6.22(b) is a zoom of the flat area in Figure 6.22(a).
It shows the high resolution of the surface at V, = +1.5 V. It exhibits rows of
bright dots arranged along the [100] and [131] directions, and the angle between
these directions is 72 + 0.9°. The separation between the protrusions is 2.8 £ 0.08
nm and 1.96 £ 0.1 nm along {331} and [131] directions, with the angle between
vectors of 73.4 £ 0.6° which is labelled with 6. The surface is characterised by a
centred oblique motif, which is highlighted with a green oblique.

Figure 6.22(c) depicts the FFT of the STM image shown in Figure 6.22(a).
By analysing the position of the spots on the FFT pattern, the geometry of the

surface can be determined. The real-space lattice parameters are calculated from
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the FFT using the following relation:

™

bi -
b4 |b¥|sin 6

(6.4)

where ¢ = 1, 2, b} and b3 are the unit vectors in the FF'T pattern, and 6 is the
angle between the unit vectors. When measuring angles in radians, the value 7 is
used, whereas when measuring the angle in degrees, the value 1 is used. The FFT
confirms the oblique unit cell of the surface, which is highlighted with a yellow
oblique shape. The two lengths of the oblique unit cell in real space are a* = 1.46
+ 0.05 nm and b* = 2 + 0.1 nm, and the angle between these two vectors is § =
66.3 + 0.5°. These dimensions and symmetry are close to the (1.48 nm, 2.3 nm,
[ = 70°) plane of the (130) model structure.

Figure 6.22: (a) 31 nm x 18 nm STM image at V, = +1.5 V, the inset shows
histogram of step height. The step height is labelled. (b) A zoomed in STM
image of (a), showing close-packed features. (11 nm x 10 nm). (c¢) The FFT of
(a) showing the oblique unit cell. (d) Autocorrelation function of the STM image
in (b) (12nm x 10 nm). (e) 10 nm x 8 nm STM image showing an enlarged view
of the oblique feature in (b).

The autocorrelation function of Figure 6.22(b) is shown in Figure 6.22(d). It
confirms the oblique unit cell of the surface, marked with a yellow oblique. The
edge-lengths are: a = 1.44 + 0.05 nm, b = 1.95 4+ 0.11 nm along the [100] and
[131] directions, respectively, and angle between these directions is 109.3 4 0.5°.
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Figure 6.22(e) is an enlargement of the oblique feature in Figure 6.22(b). Due
to the size of protrusions (> 1 nm) the structure of the surface can be resolved
with clusters but not atomic resolution. The surface is characterised by a oblique
unit cell arrangement of bright protrusions and is marked with a black oblique
shape. The lattice of oblique protrusions on the surface has dimensions a; =
1.45 nm + 0.08 nm and b = 2.01 4 0.1 nm along the [100] and [131] directions,
respectively. These dimensions are consistent with a (1x1) structure, indicating
that the surface is organized according to an oblique unit cell arrangement. The
Au-Al-Gd’s (130) surface has an oblique (1x1) unit cell with two lengths of 2.3

nm and 1.48 nm.

6.5.4 STM Image at Negative Bias

Figure 6.23(a) shows an enlarged view of the flat area in Figure 6.21(d). It shows
that the atomic density of rows running along the [131] direction is increasing at
a negative bias. The STM image is merged with an inverse FF'T, as shown in
Figure 6.15(b), resulting in an image that shows large, bright protrusions aligned
along the [131] direction, which is marked with a black line. The distance between
these protrusions is measured to be a; = 2.01 4+ 0.09 nm. Moreover, these rows
are arranged along the [131} direction and are separated by a distance of 1.35 £
0.1 nm, marked with a black arrow. Additionally, the distance between successive
protrusions along the [331} direction is ag = 2.7 £ 0.09 nm. Both a; and a, are
highlighted by a green-centred oblique.

The protrusions are arranged along the [100] and [131] directions, with separa-
tions of a = 1.4 + 0.08 nm, b = 2.04 + 0.1 nm and S = 109.6 £ 0.4°, respectively.
These two lattice constants form the oblique cell. As a result, this oblique cell is
regarded as the surface’s unit cell. It is denoted by a black oblique cell in Fig-
ure 6.23(b). The two lattice constants match a (130) surface unit cell. At both
voltages, the surface’s two unit cells are the same.

The FFT of the STM is shown in Figure 6.23(c). It confirms that the unit cell
is oblique. The two lattice constants of the centre oblique cell which are labelled
with aj and aj were measured. It was found that the two lattice constants are
a; = 1.96 £ 0.14 nm, and ay, = 2.77 + 0.1 nm, respectively. The angle formed
by these two vectors is equal to § = 68.7 + 0.4°. The FFT pattern confirms the
symmetry and dimension of the centre oblique that is marked with a green centre
oblique in Figure 6.23(b).
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Figure 6.23: (a) An enlarged STM image of Figure 6.21 (d) (V, =-1.5 V, 11 nm
x 11 nm). (b) Same image as (a) emerged with Inverse FFT, showing the oblique
cell, marked with a black oblique shape, (12 nm x 12 nm). (c) The FFT pattern
of (a), where spots are highlighted by circles, shows the two-fold symmetry of the
distribution of protrusions.

6.5.5 Discussion

We now suggest a potential explanation for the features that have been observed
in STM images. This explanation involves comparing STM observations to model
bulk. On Tsai-type quasicrystal and approximant surfaces, rare-earth atoms can
be resolved at a positive bias, as has been shown in previous studies [28, 52, 53, 55].
As a result, Gd atoms can explain the STM data at positive bias. The atomic
structure that is visible at positive bias in Figure 6.22(b) can be explained by
the two layers located on top of the slab, which are highlighted with a green box
in Figure 6.20(a). Figure 6.24(b) depicts a model (130) plane, which consists of
two layers of Gd atoms and is marked with purple dots. The Gd atoms form
a circular cluster, which is highlighted with a black circle. The Gd clusters are
arranged along the [100] and [131] directions, with an angle of 107° between the
two vectors, labelled 8. The distance between the centres of cluster along the [001]
and [131] directions is 1.48 nm and 2.3 nm, respectively. The unit cell is marked
with a red oblique. The dimension and geometry of the unit cell match the STM
observation in positive bias, as shown in Figure 6.24(a).

Figure 6.24(d) depicts the same plane with 4" and 5™ shells Au/Al sites indi-
cated by red and orange dots, respectively. One cluster of 4" and 5™ shells Au/Al
represents one bright protrusion in the STM image, which is marked with a black
oval. The 4" and 5" shells Au/Al are high density along the [131] direction.
The separation between the centres of motifs is 2.3 nm. The motifs direction and
separation correspond to high density of atomic rows along the [131] direction in

the STM image. The separation between the centre motifs is 3.1 nm along the
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[331} direction, and the angle between the {331} and [131] directions is 118°. The
dimension and angle of the observed center oblique motif in STM image (a; = 2.7
+ 0.1 nm, ag = 2 £ 0.1 nm, 5 = 109.6 + 0.4°, as shown in Figure 6.24(c)) are
closely related to the center cluster of Au/Al shell in model. It is evident that the
vertices of the center oblique motif reside on the center cluster of Au/Al, which is

marked with a green center oblique motif.

Figure 6.24: (a) The same STM image as in Figure 6.22(b), showing close-packed
features. (11 nm x 10 nm). (b) A bulk model of the (130) plane, showing the
structure of the two layers of Gd atoms, which is highlighted with a blue box
in Figure 6.20(b). (c) 14.5 nm x 13.5 nm STM image showing the unit cell of
surface at negative bias (-0.69V). (d) Model of the atomic structure of the (130)
terminated plane, showing the 4 shell Au/Al, 5 shell Au/Al and 3¢ shell Gd

marked with red, green, and purple dots. The rhombohedral unit cell is marked.

6.6 Detailed Structure of the (603) Surface

6.6.1 Step Morphology

Figures 6.25(a) and (b) show a step/terrace morphology at negative bias. Figure
6.25(c) shows the histogram of step heights observed in Figure 6.25(b), revealing
a distribution with an average of 0.25 £+ 0.04 nm. Figure 6.25(d) illustrates the
(603) planes arranged perpendicularly in bulk structure; 3¢ shell Gd and 4% shell
Au/Al are marked with purple and red dots, respectively. This figure shows a
flat and puckered layer similar to those observed in the (110) and (130) planes.
Once again, the puckered layer is considered in explaining the STM observation,
which is marked with a black line. Figure 6.25(e) depicts a sectional view of

the bulk structure 3™ shell Gd atoms along the [603] direction, providing a useful
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model for understanding the step heights observed in STM images in terms of bulk
separated planes. The red lines indicate that the (603) planes cut each icosahedron
shell, which is the same as the black lines indicating the puckered layer in Figure
6.25(d). The expected periodicity o/
corresponds to the distance between these planes. The step height in STM data

along the [603] direction is 4=, which

is similar to expected periodicity dgo3)-

Figure 6.25: (a) 89 nm x 89 nm STM image of (603) surface (V, =-1.1V, [, =
0.19 nA). (b) 80 nm x 80 nm STM image of (603) surface (V, =-1.6 V, I; = 0.198
nA), both STM images showing the morphology of terraces. (c¢) Histograms taken
from (b), showing the step height distribution. (d) A Gd atom bulk model with
the (603) planes arranged perpendicularly. (e) A bee bulk unit cell of Au-Al-Gd
1/1 approximant projected normal to [603].

6.6.2 STM Image

Figures 6.26(a) and (b) show enlarged areas that are highlighted by a black rect-
angle in Figures 6.25(a) and (b). Because the protrusion is larger than 1 nm,
it represents a cluster of atoms. These rows are aligned in the [100] direction.
The rows are arranged along the [021] direction, with a separation of 1.6 + 0.03
nm. The rows have two different types of atomic structure. One row consists of
protrusions, and the second type of row has the high-density atoms, marked with

black and dark blue rectangles in Figure 6.26(a). The unit cell parameters of the
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protrusion rows are a; = 3.2 + nm, and ay = 1.48 4+ 0.07 nm, marked with a black
rectangle. The rectangular unit cell is measured from the visible protrusions in
straight rows.

Figure 6.26(c) shows more resolved protrusions in straight rows. The sepa-
ration between the protrusions is by = 0.8 £ 0.07 nm along the [100] direction.
Thus, the lattice constant ay reduced to a half, where there is no change, which
is by = 3.4 £ 0.08 nm. In addition, this figure shows a high-resolution image,
which reveals that the row structure of the high-density atoms is zigzag. It also
reveals that the unit cell of the surface is rectangular. Although the zigzag rows
do not resolve the atoms, the cluster observations confirm that the unit cell is
rectangular, with two lattice constants, a; = 3.16 + 0.07 nm, a, = 1.48 + 0.07
nm, marked with a black rectangle. That confirms that both row structures have

the same unit cell.

Figure 6.26: (a) 17 nm x 14 nm STM image the (603) facet of the Au-Al-Gd, it is
taken from area that highlighted by a black rectangle in Figure 6.25(a). (b) 13 nm
x 15 nm STM image showing taken from area highlighted by a black rectangle
and labelled B in Figure 6.25 (b). (¢) 13 nm x 18 nm STM image showing high
resolution zigzag row structure.

The FFT of Figure 6.26(a) is shown in Figure 6.27 (a). It confirms the two-
fold symmetry of the surface. The unit cell is rectangular, with the two lattice
constants being a; = 3.13 £ 0.04 nm and a, = 1.52 £ 0.04 nm, marked with white
circles. The FFT of Figure 6.26 (b) is shown in Figure 6.27(b). This FFT pattern
reveals the impact of increasing atomic density of the row on the FFT pattern.
It reveals the unit cell, which is highlighted with a green rectangular shape. The
two lattice constants are a; = 3.4 £+ 0.1 nm and a; = 1.68 + 0.06 nm, and angle
between them is 70 + 0.6°, marked with 3. These two lattice constants are close
to those observed in the FFT shown in Figure 6.27(a), but with a different angle.
The separation between the spots, which is highlighted by a green arrow, is 1.62 £
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0.09 nm. This is consistent with the separation between the rows along the [021]
direction in the STM image. Figure 6.27(c) shows the FFT pattern taken from a
location near the terrace in Figure 6.26(c). It shows the unit cell is a rectangular,
with two lattice constants of by= 3.35 £ 0.09 nm, and bo= 0.87 4+ 0.05 nm. These
lattice values are similar to by and by in the STM image in Figure 6.26(c). The
FFT demonstrates the effect of an increasing density of protrusions on the unit

cell, particularly if they are resolved from two layers.

Figure 6.27: (a) The FFT of the STM image taken from Figure 6.26(a), showing
two-fold symmetry. The unit cell of surface is outlined. (b) The FFT of the STM
image of Figure 6.26(b), showing the effect resolved more protrusion on the surface
unit cell. (¢) The FFT of the STM image taken from surface near to area shown
in Figure 6.26(c). It shows that the surface unit has the same lattice constants in

(b).

6.6.3 Discussion

Figure 6.28 shows the structure of the (603) plane extracted from two layers in
the bulk model. The STM images detect the presence of Au/Al atoms at negative
bias [3]. The 4™ and the 5 shells Au/Al are highlighted with red and green dots,
respectively. The analysis of the STM data reveals that the observations can be
explained by two types of motifs formed from the 4 shell of Au/Al in the (603)
plane model.

The first motif, the square of four 4 shells Au/Al sites, is marked with a small
blue square. The square motifs possess two opposite orientations due to the fact
that the schematic plane extracted from it consists of two converging planes. Both
square motifs are aligned along the [100] direction, with a separation of 0.72 nm.
The second motif, consisting of the 4" shell arranged in a zigzag line, is marked
with a blue zigzag line. The separation between the centers of the two vertical
row types, namely square and zigzag, is 1.6 nm along the [021] direction. These

two vertical rows are marked with black and dark blue rectangles. The structure
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of both vertical row types, as well as the separation between them, is consistent
with STM observations.

The unit cell of the row consisting of the first motif is marked with a dark blue
rectangle and labelled 1 at the bottom of Figure 6.28. It is located on a square of
four Au/Al atoms of the 4" shell with the same orientation. The distance between
the square motifs that have the same orientation is 1.48 nm and 3.2 nm along the
[100] and [021] directions, respectively. Similarly, the 4/ shell constitutes a triangle
motifs in the zigzag row, marked with a dashed black triangle. The separation
between their centre is 1.48 nm and 3.2 nm along the [001] and [021] directions,
is marked with a black rectangular unit cell. The structure of the zigzag rows
is represented by the triangle motifs that are observed in Figure 6.26(c). Both
the structure of the vertical rows and their unit cells correspond to the unit cell
observed in the STM data in Figures 6.26(a) and (c).

The distance between the 4™ shell that has a different orientation along [100]
is 0.72 nm, marked with a small dashed rectangle. The separation between the
4 shell is 3.2 along the [021]. These two lattices are slightly smaller than the
distance between protrusions in the first type of vertical row, which are: by= 3.4
+ 0.08 nm, by = 0.8 & 0.07 nm in Figure 6.26(b) and (c). We found that the
unit cell identified in Figure 6.27(b) by FFT was close to a parallelepiped, which
was marked and labelled with a blue motif, and 3. The STM observations confirm
the two layers are resolved and that can explain the complicated unit cell in STM
images. The additional 4" shell is surrounded by the 5 shell, which may explain

why the other 4" shell has not been resolved.

Figure 6.28: Atomic structure of the (603) plane is cut close to the centre of the
RTH clusters. The Au/Al atoms marked by a square belong to the 4" shell of the
RTH cluster. The red and green dots are represented the 4t and 5 shell.
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6.7 Detailed Structure of the (402) Surface

6.7.1 Step Morphology

Figure 6.29(a) depicts an STM image of the step/terrace structure of a different
sort of facet. The step height is shown in Figure 6.29(c), as measured by the
histogram presented in Figure 6.29(b). The measured step height of 0.32 4+ 0.08
nm is consistent with the predicted value for the (402) facet, which is do2) = 0.33

nm, with a periodicity of \/%o‘ In the bulk, adjacent lattice planes are separated
by:

a

d = ——— =0.33nm 6.5

102) = = (6.5)
However, the terraces consists of small step height 0.48 + 0.05 nm, marked with
a black arrow. These terraces are small and flat; as a result, we did not consider
them.

Figure 6.29: (a) 171 nm x 72 nm STM image (V, = +1 V, I; = 0.21 nA). (b) 63
nm X 34 nm STM image taken at (V, = +0.8 V, I; = 0.19 nA) displaying the
magnified step height terraces depicted in (a). (¢) A histogram taken from (b),
showing the step height distribution. The average step height is labelled.

A zoomed-in view area of Figure 6.29(b) is shown in Figures 6.30(a), (d), and
(f). The STM images are obtained at both bias voltages. A rows are running
along the [100] direction, as shown in Figure 6.30(a). The separation between the
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adjacent rows is 2.8 + 0.08 nm along the [021] direction. The row atomic structure
has a more visible positive bias than a negative. The width of the row is 1.46 +
0.06 nm.

A FFT of the STM image shown in Figure 6.30(a) is shown in Figure 6.30(b).
The lattice constants in real space are a; = 0.83 & 0.12 nm, and ay, = 2.84 + 0.2

nm, with an angle of 100° between the two vectors.

Figure 6.30: (a) 23 nm x 27 nm STM image (V;, = +0.8 V, I; = 0.154 nA), showing
the rows arranged along the [100] direction. (b) FFT of (a), showing the rectangle
pattern, with two lattices are labelled. (c¢) 19 nm x 18 nm STM image showing
the magnified vertical rows taken from (a). The surface unit cell is marked by a
black rectangle. (d) 24 nm x 29 nm STM image (V, = +0.8 V, [, = 0.19 nA)
showing the same area in (a). The protrusion is large and and become elliptical.
(e) FFT of (d) showing the rectangle unit cell and the angle between two lattices
is 90°. (f) 35 nm x 31 nm STM image (V, = -0.6 V, I; = 0.198 nA). It shows the
vertical rows without resolution in cluster centre.

The structure of rows is resolved in a positive bias, as shown in Figure 6.30(c).
The vertical row consists of bright protrusions with a separation of a; 0.79 4+ 0.05
nm and a; = 2.81 £ 0.08 nm along the [100] and [021] directions, respectively. As
a result, the unit cell is a rectangle, as indicated by a black rectangle and number
1. The orientation of protrusions is initially unclear in STM images, but further
analysis revealed the presence of individual protrusions with opposite orientations,
as highlighted by a green rectangle. These two protrusions represented one motif.
It was found that the distance between the centres of these motifs is a; = 1.57 £
0.053 nm, and ap = 2.81 £ 0.08 nm along the [100] and [021], respectively. This is
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marked with a black rectangle and the number 2, and may represent the surface
unit. Additionally, the middle of a few protrusions is dim.

Figure 6.30(d) exhibits the same STM image as 6.30(a) at the same voltage.
Notably, the protrusion in Figure 6.30(d) has assumed an oval shape, which is
discernible. Moreover, the shape of the protrusion can be clearly observed as
oval in Figure 6.30(d). The FFT pattern of Figure 6.30(d) is shown in Figure
6.30(e), demonstrating that the angle between the two lattices measures 90°, and
the surface unit cell is a rectangle. The distance between two spots, which is
marked with a black circle, is 2.8 + 0.16 nm. This corresponds to the separation
between the centre of vertical rows along the [021] direction in STM image.

Figure 6.30(f) illustrates the STM image at a negative bias, revealing the same
bright rows as observed in the positive bias case. However, the width of the dim
rows is found to be greater than that observed in the positive bias. Notably, the
distance between the protrusions along the [100] direction has increased and is
marked with a green rectangle, measuring 1.64 £+ 0.6 nm. As a result, the unit
cell of the surface can be deduced to be rectangular with lattice constants of 1.64
+ 0.6 nm and 2.84 4+ 0.2 nm, marked with a black rectangle.

6.7.2 Discussion

To understand the step height of terraces (402), the model of the side view of the
Gd planes in the bulk, arranged perpendicular to the [402] direction, is presented
in Figure 6.31(a). we can consider as a slab, and each slab consists of five layers of
Gd atoms, which are highlighted by a blue rectangle in the bottom of the figure.
These slabs are symmetrical on the horizontal axis because each plane appears to
be a mirror image of the other. The distance between the centres of the mirror
slab is 0.33 nm, which is close to the step heights observed in STM. The surface
structure could be the first two layers of slab, which are highlighted by a red box.

Figure 6.31(b) shows the side view of the Gd planes. Again, the two layers of
Gd are at the bottom point of the up pentagon’s diameter, which is marked with
a red rectangle. The distance between the first and second layers is less than 0.05
nm.

Figure 6.31(c) shows the same Figure 6.31 (a) with the icosahedral shells used
to describe the model. The top of the icosahedron and truncations are marked
with a red circle and line. Prospective terminated planes are truncated at the
icosahedron’s top.

Now we compare the surface structure of Au-Al-Gd with the same surface of

the Au-Al-Tb 1/1 approximants [ 1]. Figure 6.32(a) shows the atomic structure
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of the (402) plane, which is taken from two layers, which are highlighted with
a red box in Figure 6.31(b). Different colours correspond to atoms belonging to
different shells of the Tsai-type cluster; the red: 4" shell Au/Al, and the purple:
37 shell Gd. The 1%¢ shell Au/Al atomic positions have been omitted.

Figure 6.31: (a) Gd planes in bulk, aligned in the [402] direction. A group of five
planes is indicated by a slab and marked with a blue box. The distance between
the slab’s centres is 0.33 nm. (b) The (402) surface-terminated plane is located
at the bottom of the up-pentagon’s diameter, as indicated by a black dashed line
in the side view of the icosahedron shell. (¢) same (a) with the icosahedron shell.
Surface terminations showing truncate at the top of each Gd icosahedron. The
red circle and lines represent the icosahedron’s top and the planes that cut it.

The four Gd atoms surrounding the square of the 4" shell Au/Al and the two
atoms of the 2"? shell Au/Al atoms, marked with a black dashed oval. This motif
represented one protrusion in the STM image. The oval motif is aligned along the
[100] direction with a separation of 0.74 nm along [100] direction. These motifs
form the vertical rows with a separation of 3.2 nm between the centres along the
[021] direction. The oval motif and the distance between the centres of the vertical
rows corresponded to the STM observations shown in Figures 6.30(a) and (c).

The unit cell of one layer of the (402) plane is located on the four oval motifs
with the same orientation, forming a rectangular cell. A black rectangle highlights
the two lattice constants of this rectangle, with a; = 3.2 nm, a; = 1.44 nm. whereas
the presented model consists of two layers separated by 0.05 nm. When the scan
resolves two layers, the number of oval motifs doubles, and the value of the lattice

constant a, reduced by half. The distance between the centres of the oval motif
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(Gd clusters) is 0.74 nm and a; remains constant at 3.2 nm. The unit cell is
highlighted with a blue rectangle and number 1. This unit cell corresponds to the
small rectangle, with two lattice constants, a; = 0.79 4+ 0.05 nm and a, = 2.81 +
0.08 nm in STM image shown in Figure 6.30(c).

We will investigate the assumption that each pair of oval protrusions represents
a motif. A pair of oval shapes is marked with a small black square; the separation
between the centres of these motifs along the [100] and [021] is 1.48 nm and 3.2 nm,
respectively. This represents the surface unit cell, which is marked with a black
rectangle and number 2 in Figure 6.32(a). The rectangular unit corresponds to
the surface unit cell in the STM image, and it is highlighted with a black rectangle
and 2 in Figure 6.32(b).

At a negative bias, Au/Al atoms may be resolved [3]. The square of 4" shells
positioned in the middle of the oval motif, which could explain the continued
observation of the row in the STM image at negative bias, and the width of the
rows slightly decreases compared to positive bias. Furthermore, the separation
between the oval motifs along [100] direction is increasing to 1.66 nm, as shown
in the STM image in Figure 6.30(f). This could support the unit cell of (402) (3.2

nm x 1.48 nm).

Figure 6.32: A model atomic (402) plane, red: 1% shell Au/Al, light green: 274
shell Au/Al, purple: 3" shell Gd. (b) The STM image as in Figure 6.30(d).

6.8 Detailed Structure of the (701) Surface

100 nm x 100 nm STM image shown in Figure 6.33(a) reveals a step-terrace
structure. The terraces were found to be separated by 0.24 + 0.05 nm steps. The
measured step heights correspond to the expected d7o1) periodicity along [701]
which is \/% = 0.21 nm. Figure 6.33(b) shows the STM image that emerged with
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FFT inverts. It shows the parallel rows, and the structure of the row is nearly
square. The spacing between the centres of the rows is 4.5 £+ 0.1 nm, as indicated
by a green arrow. The unit cell is a centred rectangle with dimensions of a and a
x /50, which is close to the unit cell observed in STM (1.6 £ 0.07 nm and 4.5 £
0.1 nm) which is marked with a large black rectangle. This structure is similar to
that observed in [113].

Figure 6.33: (a) 100 nm x 100 nm STM image at V, = +1.4 V, displaying the
step/terrace structure of the surface of (701) Au-Al-Gd. (b) a 27 nm x 16 nm
STM image shows an enlarged area of (a) showing the unit cell of (701). (c)
schematic model showing the space lattice of the (701) plane.

6.9 LEED Pattern

Figure 6.34 shows the LEED pattern of the (110) surface of the Au-Al-Gd 1/1
approximant which was recorded at 20 eV and 25.3 eV. The LEED pattern exhibits
a few spots arranged in a centered rectangle unit cell. It was found that two lattice
constants in real space are: |a;| = 2.16 £ 0.08 nm and |ay| = 1.55 £ 0.06 nm.

This value is consistent with the lattice constant derived from the (110) bulk.

Figure 6.34: LEED patterns obtained from the Au-Al-Gd (110) surface at 20 eV
and 25.3 eV.
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The surface of the Au-Al-Gd sample after sputtering and annealing produces
different structures in different areas distributed on sample surface. STM images
obtained from various areas are shown in Figure 6.35(a)-(c). The largest area
obtained is 100 x 110 nm; it shows the morphology of terraces. However, the size
of the flat terraces is too small to obtain the LEED pattern for these facets. No
co-existing facets along different crystallographic directions were observed located
the same area. So, it is difficult to identify the Miller indices (hkl) of the facet
planes using the angle between two facets in STM images. The Miller indices of
the planes in the STM images are identified by determining the step height and
comparing the STM images with the bulk structure.

Figure 6.35: STM images taken from different terraces showing different structure
and small flat terraces (a) 80 nm x 80 nm STM image at V;, = +1.2 V. An inset
of bottom (a), 32 nm x 19 nm STM image is shown in a magnified area of (a).
(b) 80 nm x 74 nm STM image at V, = +1 V. An inset of the bottom (b) shows
an enlarged area of (b), displaying a 27 nm x 15 nm STM image. (c¢) 100 nm X
100 nm STM image at V, = +1 V. An inset of the bottom (c) shows an enlarged
area of (c), displaying a 10 nm x 6 nm STM image.

6.10 Conclusions

STM results from the Au-Al-Gd 1/1 approximate surface are presented and show
a predominant orientation of (110). However, additional structures are also iden-
tified.

The (110) facet has been investigated, finding the step height and unit cell of
the surface. Terraces are formed at the puckered layers that break each icosahedron
in the bulk. The surface structure is bias-dependent. At positive bias, Gd atoms

are resolved and arranged in rhombohedral patterns. At negative bias, the 4"
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shell of Au/Al atom is resolved as rows.

The facets (111), (130), (603), (701), and (402) were characterised. The ob-
served step heights in different structures were consistent with the expected peri-
odicity of the facets; for example, the observed step (0.25 4 0.04) nm for the (603)
facet is consistent with %= which is the expected periodicity along [603]. Further-
more, terraces are formed at Gd-containing planes, which break each icosahedron
in bulk. This conclusion was reached by comparing the step height and terrace
structure with the model structure.

The Gd cluster were resolved at positive biases. In addition, the Gd atom
clearly defines the surface unit. The STM images confirm the resolving of multiple
Gd layers because the two layers are close to each other and separated by less
than 0.1 nm. The 4" Au/Al shell, on the other hand, was found to be resolved
at negative biases. This is consistent with the calculated results for the electronic

structure and surface stability of the intermetallic Ag-In-Ca [115].



Chapter 7

Characterisation of the Surface
Structure of an Intermetallic

Compound Catalyst-GasNi»y

7.1 Introduction

This chapter describes the characterisation of the surface atomic structure of
GagNiy (010) using STM and LEED. This is the first study of this surface us-
ing ultra-high vacuum techniques. To provide a greater understanding of the role
of the crystal surface in catalytic reactions, it attempts to characterise the struc-
ture of the clean surface. To perform these experiments, obtaining a chemically
clean and atomically ordered GasNiy surface requires the employment of cycles of
sputtering and annealing.

Because of their higher selectivity for specific reactions and greater long-term
stability, intermetallic compounds have proven to be attractive alternatives to pure
and alloy metal catalysts in heterogeneous catalytic reactions [13]. Intermetallic
compounds can be created in a regulated and repeatable way, and their ordered
crystal structures indicate that the number of catalytically active sites and the
spacing between them are well-defined and repeated evenly throughout the crystal.
The active sites can be adjusted to the needs of a specific chemical reaction by
selecting intermetallic compounds with acceptable crystal structures and chemical
components [ 16]. Fixed crystal structures prevent the clustering of catalytically
active atoms during catalyst activity, which is a significant distinction from alloys.

Large facilities use a Cu/Zn0O/Al, O3 catalyst to generate methanol under high
pressure (50-100 bar) from CO, CO, and Hy (supplied from fossil fuels) [117].
Recently, an Ni-Ga catalyst was discovered by Studt et al. [I18] to convert CO,

to methanol at room temperature. This catalyst generates methanol and water,

121



Chapter 7. Characterisation of the Surface Structure of an Intermetallic
Compound Catalyst-GazNiy 122

which is an excellent fuel for a fuel cell and would be useful in connection with
the decentralised usage of hydrogen produced by solar or wind power[!19]. They
discovered that NizGag is a particularly active and selective catalyst. The same
or greater methanol synthesis activity was found when it was compared to that of
conventional Cu/Zn0O/Al;O3 catalysts, with significantly less CO production.

Using less expensive alternatives to precious metals in industrial heterogeneous
catalysis processes is desirable. In the Ga—Ni system (GaNi, GaNiz, GagNis),
several intermetallic catalysts free of precious metals (including noble metals)
have been identified that reduce CO5 to methanol at ambient pressure [1 18, 120].

This project describes an investigation of the surface structure of the crystal
using (STM) and (LEED). Comparing the structure of the surface that is ob-
tained at different temperatures to the atomic structure of the bulk phase of the
GagNiy(010) single crystal, four types of surface reconstruction are observed at
a low annealing temperature of 366-420°C. The formation of an atomic struc-
ture GagNiy(010)-(1x1) layer termination is observed at annealing temperatures
greater than 430°C.

7.1.1 Phase Diagram of Ga-Ni Crystal

As shown in Figure 7.1, GagNi, is a stoichiometric compound that disintegrates
peritectically at 950 °C and can be primarily crystallised from a Ga-rich solution
in the temperature range between 369 °C and 950 °C, according to the binary
Ga—Ni phase diagram published by Okamoto [121] based on a thorough study by
Schmetterer et al. [122]. The most significant challenge during crystal formation
from a high-temperature solution is the material transfer of the excess component
(Ga). The crystal formation of GagNi, should begin at the greatest temperature
possible, because the liquidus temperature will steadily decline throughout the ex-
periment as Ga accumulates in the liquid phase. The results recommend GazNi5 as
a particularly active and selective catalyst among the binary phases in the Ni-Ga
system. GagNis cannot be generated from a binary liquid phase, according to the
Ga-Ni phase diagram [121]. Only one compound with a constant stoichiometry

that is in equilibrium with a binary Ga-Ni melt, namely GagNiy [118].
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Figure 7.1: Ga-Ni phase diagram [121].

7.1.2 Bulk Structure

GagNiy crystallises in the Al3Nis-type structure [123], which has a tetragonal ar-
rangement, with space group P3m1 and a unit cell dimension of |a| = 0.41 nm
and |c| = 0.49 nm [124, 123]. The trigonal unit cell is depicted in Figure 7.2(a).
The lattice parameters were determined by X-ray diffraction (XRD). The unit cell
is formed by two Ni atoms and three Ga atoms. As shown in Figure 7.2(a), site
isolation is obvious since all Ni atoms have only Ga near-neighbour environments.
The (010) plane, which was studied in this thesis, is highlighted with a green
rectangle. The atomic structure of the (010) plane for four layers is depicted in
Figure 7.2(b). The top layer showing the surface unit is a rectangular cell with
side lengths of |a;| = 0.41 nm and |as| = 0.48 nm, and the angle between two
vectors is 90°, as shown in the inset of Figure 7.2(b) [121]. Figure 7.2(c) is the
side view of the (010), showing the order of the (010) along the [120] direction.
The inter-layer spacing (dux)) for the hexagonal unit cell can be calculated using
the equation:
1 4(R*+hk+ k%) 1?

= + - (7.1)
d%hkl) 3a? c

For plan (010)

V3

Figure 7.2(d) shows the first and last planes in the unit cell, with inter-layer

spacing dgy = 0.35 nm. The rows of atoms aligned along the [001] axis in the
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first plane shift by a half lattice constant (|a;|) with respect to the second plane
along the [100] axis.

Figure 7.2: (a) Diagram showing the structural model of the unit cell of GasNis
[124, 123]. The dark and light blue dots represent Ga atoms at the top and middle
of the unit cell, and the yellow dots represent Ni atoms. (b) Ball model of the
GagNiy (010) surface. The unit cell is highlighted with a red rectangle. (c) A
side view of planes arranged along the [120] direction. The separation between
successive (010) planes d (o0 is labelled. (d) Diagram of the (010) top and bottom
Ga rich-planes with d ) = 0.35 nm. The two planes are marked with yellow and
blue circles. It demonstrates that the position of the Ga atom in the bottom plane
is shifted by a half lattice |a;| from the top plane.

7.1.3 Oxidation Properties

Wencka et al. investigated the catalyst characterisation and effect of surface oxi-
dation on the catalytic properties of a GagNi, intermetallic compound for carbon
dioxide reduction. The analysis was conducted using temperature-programmed
desorption (TPD) and X-ray photoelectron spectroscopy (XPS) [125].

At temperatures of 300 °C and 600 °C, TPD was used to examine the dispersion
of active sites available for the chemisorption of Hy and CO on the GagNi, catalyst
surface. In the TPD experiment, the sample was exposed to a catalyst composed
of a mixture of Hy and COg gases (4.9 mol% Hy in Ar for H,~TPD and 10 mol%CO
in He for CO-TPD) at a flow rate of 30 mL min~!. The temperature was gradually
increased from 80 °C to 650 °C using a ramp rate of 10 K min~! while helium was
flowing, and the adsorption data of Hy and CO were recorded.

Compared to the catalyst reduced at a lower temperature of 300 °C, the surface

coverage of hydrogen on the catalyst reduced at a higher temperature of 600 °C was
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higher by a factor of 1.8. Higher reduction temperatures increase CO adsorption
by roughly the same factor (1.7).

Before the activity tests, the catalyst was reduced for two hours at 300 °C or 600
°C, respectively, in the presence of hydrogen. The CO, conversion procedure was
performed between room temperature and 500 °C. Figure 7.3(a) depicts the CO,
conversion data over the GagNiy catalyst reduced at 300 or 600 °C, respectively.
The conversion over the catalyst reduced at 600 °C was significantly higher than
the conversion over the catalyst reduced at 300 °C, which corresponds to the
larger metal dispersion of the former catalyst, which chemisorbs more CO, at the
surface. After the reaction, the nickel oxide, NiO was evaluated. The result did
not indicate any activity within the tested temperature range.

Figure 7.3(b) depicts the increase in CO selectivity with increasing annealing
temperature. It reveals that 100% CO selectivity was obtained at temperatures
below 200 °C, where CO, conversion is low, reaching a maximum of 5%. whereas
at annealing temperatures higher than 300 °C the selectivity towards CO decreases
until reaching 50% at the highest temperature of 500 °C. This indicates that Co

and CH, were produced at low temperatures.

Figure 7.3: (a) COy converter data over the GaszNiy catalyst lowered at 300 °C
or 600 °C (CO4:H, ratio of 1:1, GHSV = 60,000 h1). The equilibrium conversion
of the RWGS reaction is demonstrated by the solid black curve [126, 127]. In the
investigated temperature range, converting over nickel oxide (NiO) and unreduced
GagNiy exhibited no activity. (b) curve shows the CO selectivity data over the
GagNi, catalyst has decreased at 300 °C or 600 °C, respectively.

XPS was used to study the elemental composition and chemical bonding of
the elements (oxide, metal) within a thin surface layer of the material (3-5 nm
in our case). The XPS analysis of an initial sample at 25 °C reveals that the
concentrations of Ga and Ni increased with increasing depth until 10 nm, then

did not change significantly at depths greater than 10 nm, as depicted in Figure
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7.4(a). Conversely, the concentrations of oxygen decreased with increasing depth.

The concentrations of O, Ga, and Ni were measured in the uppermost surface
layer (3-5 nm depth) at the annealing temperature of 300 °C for four hours. The
surface Ni/Ga concentration ratio remained constant at Ry /¢ = 0.12 + 0.02 and
the oxygen concentration remained constant, as shown in Figure 7.4(b)

The concentrations of O, Ga, and Ni in the surface layer were then measured
as a function of time for 2.5 hours after the 600 °C treatment, as shown in Figure
7.4(c). Ga and Ni concentrations increased after 12 minutes of annealing, then
remained constant, whereas the oxygen concentration dropped by a factor of 10
during the next 12 minutes. This indicates that the oxides were removed from the

surface in UHV in about 12 minutes at 600 °C.

Figure 7.4: (a) XPS curve depicting the elemental concentration with depth profile
(in at.%) of a GagNiy single crystal oxidised by air at 25 °C. (b) Curve showing
the time dependence of the Ni/Ga concentration ratio in the surface layer (3-5
nm depth) during annealing temperature at 300 °C. (c) Time dependence of the
O, Ga and Ni concentrations in the surface layer during annealing at 600 °C [125].

7.2 Experimental Details

The single crystal had a rectangular shape. The sample was grown from a Ga-rich
solution using the Czochralski method [128]. It was hand-polished using diamond
paste with a 0.25 um grade. The sample was put into an ultrasonic bath to remove
the residual paste after polishing with each grade for 20 minutes. A mirror-like

surface was observed while polishing. An image of the crystal attached to the
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tantalum plate is shown in Figure 7.5. Then, the sample was cleaned in UHV
by cycles of 30 minutes with an operating voltage of 1 kV sputtering and two
hours of annealing from a low to high temperature at a range of (340-450) °C
at P= 1.6 x107°. The temperature was monitored by a pyrometer set to an
emissivity of 0.35. This procedure was repeated until carbon and other impurities
are reduced to near the background level and atomic resolution of a flat terraced

surface morphology was obtained in STM.

Figure 7.5: An optical image of the crystal GagNiy(010) mounted on a tantalum
plate.

7.3 Results and Discussion

The structural quality of the crystal surface was monitored using LEED. LEED is
primarily used to demonstrate the crystal’s purity; it also provides information on
the surface geometry. The appearance of LEED with bright, sharp spots can be
considered evidence of a clean and orderly surface. By analysing the position of
the spots on the LEED pattern, the geometry of the surface can be determined.
The effect of temperature on the surface structure of GaszNiy(010) crystal was
investigated using LEED. LEED patterns were taken after annealing the surface
at five different temperatures: 360, 390, 410, 420, and 430 °C. A sharp LEED
pattern was observed following the sputtering of the surface and annealing of the
sample for two hours at all five different temperatures. A representative pattern
at electron energies of 37-43 eV and 63 eV for each temperature is shown in Figure
7.6. It was found that the density of spots reduces with increasing temperature
at the same beam energy. The LEED patterns reveal the two-fold symmetry of
the surface. Three different types of LEED patterns (4x2), (2x1) and (1x1) were
observed depending on annealing temperature. At low temperature, (4x2) and
c(2x2) pattern were observed. At intermediate temperature a (2x1) pattern was
observed. At high temperature a (1x1) pattern was observed. These patterns are

described in detail below.
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Figure 7.6: LEED patters from the Ga3Niy(010) surface at five different temper-
atures at identical energy of 37-43 eV and 63 €V, respectively.

7.4 STM of the Surface at Different Annealing Tempera-
tures

To gain insight into the effect of the annealing temperature on surface properties
at the atomic structural level, the sample topography was studied using STM. The
(010) surface of crystal was annealed at different temperatures, and then the STM
images were obtained and compared with the atomic structure of the (010) plane
in the bulk model. The temperatures used for annealing the surface were 360 °C,
390 °C, 410 °C, 420 °C, and 430 °C for 2 hours. The Figure 7.7 displays STM
images of the surface taken at each temperature, showing the transition of sur-
face reconstruction forms with increasing annealing temperature until it reaches
structural composition (1x1). The STM images reveal four types of surface struc-
tures that occur on the surface with increasing annealing temperatures. The STM

images are consistent with the LEED patterns taken at the same temperature.
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Figure 7.7: 11 nm x 11 nm STM images from GagNiy(010) surface after annealing
at different temperatures at positive and negative voltage, (a) and (b) at T = 380

°C. (c) and (d) at T=390 °C. (e) and (f) at T = 410 °C (g) and (k) at T = 430
°C.

7.5 (1x1) Structure

7.5.1 LEED Pattern

A sharp LEED pattern was observed following cycles of sputtering for 30 minutes
and annealing the surface at 425 °C-430 °C for two hours. Figure 7.8(a)-(c)
depicts LEED diffraction patterns taken at beam energies of 42 eV to 63 eV. The
LEED spots are sharp, with a background low intensity indicating good crystalline
quality.

The LEED pattern shows rectangular symmetry. A white rectangle represents
the rectangle surface unit cell, and the two reciprocal lattice constants are labelled
|b| and |b3|. The reciprocal lattice |bj| to |b3| ratio is 1.14, which corresponds to
the unit cell’s lattice |as| to |aq| ratio in the model. The dimension of the unit
cell in the LEED pattern was determined by comparing it to the LEED pattern
of Ag(111) at the same energy using the k-vectors of Ag. The LEED pattern from
Ag(111) becomes observable around 63 eV and 100 eV. This does not leave many
coinciding energies where both Ag(111) and Ga3Niy(010) patterns are observed,
and precludes the use of the sharper LEED pattern, observed at an energy of
145 €V energy from GasNiy. Therefore, the energies of GazNiy were calibrated to
the 63 and 100 eV energies of Ag(111). It is found that the two lattice constants
in real space are |b;| = 0.39 £ 0.18 nm, and |be|] = 0.46 £ 0.3 nm. This value

is consistent with the lattice constant derived from the bulk value. The surface
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LEED pattern is thus interpreted as (1x1). We conclude from this that the atomic
structure of the (1x1) surface begins to appear after an annealing temperature
of 425 °C. Despite the increase in annealing temperature, the surface unit cell

remains constant.

Figure 7.8: LEED pattern for the surface at annealing temperatures = 430 °C,
The reciprocal surface unit cell is outlined. (a)-(c) beam energy of(40, 63, and
145) oV.

7.5.2 STM Result

The structure was deduced from atomic resolution STM images of typical areas
14 nm X 14 nm and 11 nm x 11 nm taken at both voltages V;, = -1.2 to + 1.2
V. Figures 7.9(a) and (b) show high-resolution STM images of the structure. Two
lattice constants were determined from line profiles. The two separations along
the [001] and [100] directions are |bs| = 0.46 + 0.2 nm and |b;| = 0.39 £ 0.2
nm. It was found that the two lattice constants of STM are consistent with the
inter-atomic spacing of GazNiy(010), which is 0.41 nm and 0.48 nm [121]. It is
concluded that the surface unit cell is (1x1).

The FFT of Figure 7.9(b) is depicted in Figure 7.9(c), which confirms the
periodic two-fold symmetry. The real-space unit cell parameters were determined
from the FFT pattern; |b;| = 0.4 £ 0.04 nm and |bs| = 0.45 £+ 0.04 nm. The unit
cell of the surface is marked with a yellow rectangle. There is a remarkable degree
of similarity between the FFT pattern of the STM image and the LEED patterns
at same temperature in Figure 7.8, as has been noted for previous systems. The
autocorrelation function calculated from the STM image in Figure 7.9(b) is shown
in Figure 7.9(d). Along the [100] and [001] directions, the periodicity lattices
are separated by |b] = 0.4 + 0.03 nm, and |by] = 0.46 £ 0.05 nm. The STM
observations, and FFT confirm the structure of surface is (1x1).

Dim defects with bright protrusions that decorate the edges of defects charac-
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terise the surface. It could refer to a group of atoms or a high density of atoms.
The locations of protrusions on the surface were independent of the bias voltage.
However, the protrusions are brighter at positive bias than at negative bias. This
suggested that atoms resolved on the surface consisted of one type of atom. The
surface unit cell is a rectangle that corresponds to Ga atomic positions in the (010)
plane and is represented by a black rectangle and labelled (1) in Figure 7.10(d).
The unit cell and its lattice parameters |b;|, and |by| are consistent. Overall, the

resultant structure is a non-reconstructed (1x1) surface unit cell.

Figure 7.9: (a) and (b) STM images showing atomic-resolution of (1x1) at both
bias voltages at 430 °C. (a) 14 nm X 14 nm STM image of the surface (V, =-0.53
V, I; = 0.137 nA). (b) 11 nm x 11 nm (V, = 0.57 V, and I; = 0.137 nA). (¢) FFT
pattern of the STM image in (a), showing two-fold symmetry. (d) autocorrelation
function calculated from STM image in(a), showing two-fold symmetry (8.8 nm
X 8.8 nm).

Figure 7.10: (a) 67 nm x 19 nm STM image of the surface showing terraces with
step height 0.37 & 0.06 nm. (b) An enlarged area obtained from (a) showing the
defects on the surface in an 18 nm x 19 nm STM image at V, = + 0.53 V. (¢)
FFT of the STM image in (b), showing the unit cell of the surface is (1x1). (d)
A (010) plane showing the unit cell of surface (1x1). The Ga and Ni atoms are
coloured with blue and yellow dots, respectively. The surface unit cell of (1x1) is
marked with a black rectangle and labelled with number 1.
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Figure 7.10(a) shows an STM image obtained after the preparation cycle at the
same annealing temperature, T = 425-430 °C. It depicts a terrace arrangement
with a step height of 0.37 £ 0.06 nm. Figure 7.10(b) shows an atomic-resolution
STM image of the terraces, with defects distributed on the surface. The defect
appears in the image as a dim rectangle highlighted by a green rectangle and may
correspond to missing atoms. Although it is difficult to measure the two lattice
constants from the STM image, the FFT of Figure 7.10(b) is shown in Figure
7.10(c). The two lattice constants measured from the FFT are |b;| = 0.41 £ 0.01
nm and |bg| = 0.43 £ 0.03 nm, confirming the unit cell of the surface as (1x1).

7.6 (2x1) Structure

7.6.1 LEED Pattern

The LEED pattern of the surface was taken after several cycles of cleaning, sput-
tering for 30 minutes, and annealing the surface at 390 °C, 410 °C, and 420 °C for
2 hours each cycle, in separate experiments. The LEED patterns of the surface
are shown in Figure 7.11 (a-c) at beam energy of 41-44 eV. The observed LEED
patterns reveal additional superstructure spots. In addition, it was found that
the diffraction spots are more intense and sharp with a lower background at an
annealing temperature of 420 °C compared to 390 °C.

Figure 7.12 depicts the LEED obtained at an annealing temperature of 420 °C
and taken from the same area on the surface within a range of electron energies
from 45 eV to 150 eV. The surface unit cell is marked with a white rectangular
shape.

To find the surface unit cell at these temperatures, we compare the LEED
patterns in similar beam energy at 390 °C, 410 °C, and 420 °C to LEED pattern
of (Ix1) at 430 °C (Figure 7.8(a)). The primitive unit cell (1x1) is found to
match for the white rectangle marked in Figure 7.11(a), and the primitive unit
cell’s lattice constants are labelled |b3|, and |b5|. The new unit cell and two lattice
constants are marked and labelled with a small white rectangular shape and %, and
|b5] in Figure 7.11 (b). The density of spots in the LEED pattern increases with
the number of spots in a rectangular unit in the reciprocal lattice doubling along
the [100] direction. The new spots are observed to be located half-way between the
two substrate spots that are arranged along the [100] direction. It can be seen that
the size of the unit cell along the [001] direction is the same for both structures,
while the size along the [100] direction is half the distance. In the real space, this
distance is then doubled, revealing that surface undergoes (2x1) reconstruction.

The ratio of reciprocal lattice vectors % to b5 is 1.66, which is consistent with
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2|ay
|az]

of the surface are identified by calibrating to the LEED pattern of Ag(111), as
mentioned for the LEED (1x1) pattern. It is found that the two lattice constants
|2b1| = 0.83 nm and |by| = 0.51 nm.

the ratio of 2%l of the GasNi, (010) in the model. The two parameter constants

Figure 7.11: LEED patterns of the reconstructed (2x1) surface. (a) After anneal-
ing temperature at 390 °C and beam energy 44 eV. (b) After annealing at 410 °C
and beam energy 41 eV. (c¢) After annealing at 420 °C and beam energy 44 eV.

Figure 7.12: LEED pattern of the reconstructed (2 x 1) surface recorded at T =
420 °C, obtained at different electron energies.

7.6.2 STM Result

Three treatment cycles were carried out, with each cycle consisting of 30 minutes
of sputtering and 2 hours annealing at 390 °C, 410 °C and 420 °C for 2 hours.
Following that, LEED and STM images of the surface were recorded. Firstly, the
STM observations at 390 °C will be presented. An atomically resolved STM image

of clean surface was taken at both bias voltages.
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Figure 7.13 shows the STM images taken from the same area with voltages
ranging between - 1.7 V and 4+ 1.7 V and at an annealing temperature of 390 °C. It
is observed that the atomic structure of the terrace depends on the type of voltage.
At both bias voltages, the flat terrace is distinguished by bright protrusions aligned
in rows along the [001] direction. At a negative bias in the range of -0.5 V to -1.7
V and a high positive bias, the rows of atoms are aligned along the [001] direction
with a separation of 0.82 + 0.04 nm. A magnified area is highlighted by a white
rectangle in the inset of the first STM image in Figure 7.13. It displays the atomic
arrangement along the [001] direction with a separation of 0.46 nm at Vj, = -0.8
V.

Figure 7.13: A series of voltage-dependent STM images of surface. Bias voltages
from V, = -1.7 V to V, = +1.7 V. The STM images 20 nm X 20 nm show the
(2x1) reconstruction at 390 °C.

Figure 7.14(a) depicts an image taken from a different part of the surface at
negative bias. Figure 7.14(b), and (c) show a magnification of the area which is
highlighted by a black rectangle in Figure 7.14(a). The row structure is visible in
these images, and the visible protrusions are arranged along the [001] and [100]
directions. The periodicity was determined using line profiles, and it was found
that the row spacing is |2b;| = 0.82 £ 0.04 nm along the [100] direction, which
agrees with twice the constant lattice of |a;| in the bulk model. The periodicity

of the protrusion alignments along [001] direction is |bs| = 0.47 £+ 0.04 nm, which
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agrees with the |as| lattice in the bulk model. Overall, the results indicate that the
surface unit cell is (2x1), as highlighted with a black rectangle in Figure 7.14(c).

The FFT function of the STM image in Figure 7.14(c) is depicted in Figure
7.15(a), which shows it shows rectangular symmetry. In real space, the two lattice
constants are |2b;| = 0.81 &+ 0.04 nm and |be| = 0.47 £ 0.04 nm. The periodicity
can be better resolved in the two-dimensional image of the autocorrelation func-
tions calculated from the STM image. Figure 7.15(b) shows the autocorrelation
functions of Figure 7.14(c), with a separation between spots is |2b;| = 0.81 +
0.03 nm and |by| = 0.48 4+ 0.04 nm, along the [100] and [001] directions, respec-
tively. The STM images exhibited the same aspect as the LEED pattern at these

temperature, as shown in Figure 7.12.

Figure 7.14: (a) STM image of a large scale area (60 nm x 60 nm, V, = -0.543 V|
I; = 0.137 nA). (b) and (c¢) The zoomed section that is highlighted with a black

rectangle in (a), showing an atomically resolved image of the (2x1) reconstruction.
(b) 11 nm x 8 nm STM image at V;, =-0.34 V. (c¢) 0.88 nm x 0.63 nm STM image.

Figure 7.15(c) shows the proposed structural model for a (2x1) reconstruction.
The blue and yellow dots, as well as the dashed black circles, represent Ga and Ni
atoms, as well as omitted Ga atoms in the rich Ni-plane. This model is only used
as an illustrative example, as the DF'T calculation is typically used to determine
the type of reconstruction mechanism for this model. The Ga atoms were selected
to explain the (2x1) reconstitution, with a distance of [2b;] = 0.81 nm between
the first and third Ga atoms along the [100] direction, highlighted with blue dots.
The second Ga atom is missing and highlighted with a dashed circle. The distance
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between Ga atoms along the [001] direction is 0.49 nm. The (2x1) unit cell
is highlighted with a black rectangle, corresponding to the (2x1) reconstruction
observed in the STM.

Figure 7.15: (a) The FFT function of Figure 7.14(c) showing the two lattice con-

stants in real space labelled %, bs. (b) Autocorrelation function of Figure 7.14(c).

(c¢) The structural model built from the STM image of the (2x1) reconstructed
surface sample. The Ga and Ni atoms are marked with dark blue and yellow dots.
The omitted Ga atoms are marked with dashed black circles.

The rows observed in Figure 7.13 will be presented here. Figure 7.16 shows an
enlarged STM image obtained from the same terrace as shown in Figure 7.13, at
V=4 0.34 V. Due to the rows appearing between previous rows and aligned along
the [001] direction, these rows are not discovered in the terrace shown in Figure
7.15 which is obtained from different terraces. It was found that the new rows are
located at the centre between the previous rows, with the separation of close to |b|
= 0.4 £ 0.03 nm along the [100] direction, as shown in the inset of Figure 7.16(a).
Figure 7.16(c) shows the autocorrelation function obtained from Figure 7.16(a),
where the periodicity of the rows can be clearly seen. The two lattice constants
|b1|, and |be| have values of 0.402 £ 0.04 nm, and 0.46 + 0.041 nm, respectively.
The FFT pattern taken from Figure 7.16(a) is depicted in Figure 7.16(d), showing
a rectangular lattice. The values of the two lattice parameters, |b;| and |bs|, are
0.41 £+ 0.04 and 0.48 4+ 0.05 nm, respectively, therefore the values of two lattice
parameters in the STM image corresponded to two lattice parameters of the unit
cell in the bulk model. The colour contrast between the rows indicates that the

inner rows are not on the same surface level.
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Figure 7.16: (a) 16 nm x 16 nm STM image of the surface at (V, = +0.343 V, I
= 0.137 nA). (b) 5.7 nm x 5 nm STM image shows the enlarged area of (a). (c)
(c) The autocorrelation function of an area of (a). Size: (9 nm x 9 nm). (d) The
FFT pattern of (a) shows (1x1) structure. (e) LEED pattern taken at E = 118
eV shows two unit cells of surface, (2x1) and (1x1). The unit cells are marked
with large and small white rectangles. (f) A schematic diagram showing a ball
model of (1x1) surface unit cell. The blue and yellow dots represent Ga and Ni
atoms, respectively. The unit cell is marked with a black rectangle.

Figure 7.16(f) depicts the (010) plane model, with blue and yellow circles
highlighting the Ga and Ni atoms, respectively. According to the STM data,
there are two possible explanations: (i) the surface has two types of atoms, Ga
and Ni. In this case, the surface depends on the bias voltage, and it is possible
that one of the two types does not undergo reconstruction, resulting in the (1x1)
unit cell highlighted by a black rectangle and number(1). Alternatively, (ii) the
surface has only one type of atom, such as Ga, indicating that the missing row
of Ga atoms is transferred from the under-layer to the surface as a row along
the [001] axis with increasing annealing temperature. The black circles and blue
dots mark the Ga atoms at the under-layer and surface, respectively. In this case,
the (1x1) unit cell produced by the approaching of the missing Ga atoms to the
surface is highlighted with a green rectangle and number(2).

The surface was investigated after annealing at 420 °C for 2 hours using STM.
The STM images were taken from different areas at both voltages, as shown in
Figure 7.17. Figures 7.17(a) and (b) show a large flat terrace composed of well-
reconstructed (2x1), the rows running along the [001] direction at both biases. It

was found that the structure of some surface terraces is independent of voltage.
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On the other hand, the atomic structure of a few terraces was discovered to be
dependent on type of voltage. Large flat terraces, as shown in Figure 7.17(c) and
(e), are composed of well-reconstructed (2x1) rows running along the [001] surface
direction at a negative bias. Figures 7.17(d) and (f) show that atomic rows could
not be resolved on the surface when a small positive bias (= 0.57 to +0.743) V

was applied.

Figure 7.17: (a)-(f) A series of STM images shows bias dependence. (a) and (b)
(37 nm x 40 nm) STM image at V, = -0.71 V and V, = +0.61 V, respectively,
with I, = 0.137 nA. Both show that the structure of surface is (2x1). (c¢) and
(d) (47 nm x 49 nm) and (49 nm x 49 nm) STM images at V;, = -1 V, and V,
= +1 V, respectively, with I; =0.146 nA. (c¢) The atomic structure of the surface
is illustrated (2x1) at a negative voltage. (d) Exhibiting the surface’s atomic
structure is (1x1) at positive bias. (e) and (f) (58 nm x 58 nm) STM images
show that the structure is (2x1) at V, = -0.74 V and distorted at (V, = +0.74 V).
All enlarged view of the inset area are 7 nm x 7 nm.

Figure 7.18(a) presents the area marked with a black rectangle in Figure
7.17(d). It reveals new rows are appearing between the main (2x1) rows at posi-
tive bias. Therefore, the new rows (inner rows) could be very close to the surface,
leading to the noise in the STM image. Figure 7.18(c) depicts the FFT of Figure
7.18(a). Bright spots in the FFT pattern, which are indicated by the yellow cir-
cles that show (1x1) structure. The two real space distances between two-high
contrasting intensity spots are |b;| = 0.41 nm and |by| = 0.45 nm. The dim spots
refer to |by| = 0.81 nm, which is marked with a blue circle. The autocorrelation
function of Figure 7.18(a) is shown in Figure 7.18(b). It was found that the two

separations between the new rows along [100] and [001] directions are |b;| = 0.41
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+ 0.03 nm and |be| = 0.48 £ 0.06 nm or 0.42 + 0.05 nm. The lattice constants
obtained from the FFT pattern and autocorrelation match the two lattices in the
bulk model and confirm the structure as (1x 1). These results in the voltage range

+0.5 and +0.7 confirm the same previous observation (1x1) in the STM image at
390 °C.

Figure 7.18: (a) 12.5 nm x 4 nm STM image at V;, = +1 V. It shows the inner
rows between the rows of the (2x1) along the [100] direction. (b) Autocorrelation
function of (a). (c¢) The FFT pattern taken from (a), showing the two lattices
constants in real space match (1x1).

We propose two possible explanations. The first is that two types of surface
termination planes are observed. The first type, is not affected by the type of
applied voltage, and its structure is (2x1). The second type of terrace depends
on the bias of the applied voltage. Thus, its atomic structure may consist of two
elements, Ga and Ni. The second explanation is that Ga rows could move from
bulk to surface.

The LEED pattern was taken from different areas on the sample surface after
annealing at 425 °C, as shown in Figure 7.19. It shows two types of structure (2x1)
and (1x1) that may support the types of surface structure of a terrace that were
observed at 388 °C. In addition, the unit cell of surface (1x1) that was forming
on step height is 0.36 &= 0.03 nm is still being observed at higher temperatures.

Figure 7.19: LEED pattern taken from different parts of sample at annealing
temperature 425 °C for three hours and E= 40 eV.
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7.7 (4x2) Structure

7.7.1 LEED Pattern

Figure 7.20 (a) shows the LEED pattern taken after sputtering for 30 minutes and
at the annealing temperature of 360 °C for 2 hours. The observed LEED image
shows the density of additional superstructure spots increasing with decreasing
annealing temperatures. The unit cell of the superstructure and the two lattice
parameters are marked and labelled with a small white rectangle and % and %2
in Figure 7.20(a). To find the primitive unit cell, we compare the LEED patterns
at 368 °C and 430 °C with the same energy. The primitive and new unit cells are
highlighted with a large white rectangular shape in Figure 7.20(a). The unit cell
(1x1) represents the brightest spots. Three dim spots are found between the two
bright spots along the [100] direction, and one dim spot is found between the bright
spots along the [001] direction. The superstructure spots on the row appeared at
the position of (1/4) x [bj] and (1/2)x [b5]. In real space, the periodicity is 4
times the |a;| and twice |ay| along the [100] and [001] directions, respectively.
These findings suggest that the structure of the surface is (4x2).

The LEED patterns reveal that the structure of the surface transfers from
reconstruction to (1x1) with increasing temperature, as shown in Figure 7.20.
The transfer occurs at three specific temperatures: 366-380 °C, 380-420 °C, and
above 425 °C. The surface structure remains the same with increasing annealing
temperatures above 430 °C, forming the (1x1) surface. This indicates that the

surface atoms have the lowest potential energy.

Figure 7.20: (a) LEED pattern displaying the reconstructed (4x2) surface at T =
366 °C. (b) LEED pattern showing the reconstructed (2x1) surface at annealing
temperature = 410 °C. (¢) LEED pattern showing the (1x1) surface unit corre-
sponding to the bulk termination at annealing temperature = (425-435) °C.
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7.7.2 STM Result

STM images were taken after the LEED patterns at specific temperatures indi-
cated that the surface was suitable for STM investigations. STM images that
are consistent with the LEED results were obtained. The sample was cleaned
with two separate cleaning cycles, annealing for 2 hours at 366 °C, and 388 °C.
STM images with higher resolution are presented in Figures 7.21(a) and (b). The
atoms are nearly resolved at both bias voltages in the range of -0.5 V to +1.5
V, and thus we can say that T = 388 °C is the temperature where the surface
becomes ordered. Further analysis of the surface in these two images is presented
below. Large flat terraces are formed as a result of annealing for a longer time.
The atomic structure of the surface at both annealing temperatures, 366 °C and
388 °C, consists of rows along the [001] direction, and the distance between two
consecutive rows along the [100] direction is 1.62 £ 0.06 nm and 1.63 + 0.05 nm,
respectively. That suggests the structure of the surface is the same for both.

We will now discuss the STM observations taken at an annealing temperature
of 388 °C. The STM images of the surface annealed at T = 388 °C show step
terrace structures, as shown in Figure 7.22(a) and (b). In some areas, the step
edges form rectangles. The step edges of the terraces are parallel to the [001]
direction, while the depressions are parallel to the [100] direction. The terraces

show no atomic resolution.

Figure 7.21: (a) 53 nm x 53 nm STM image of a surface after annealing at 366
°C for 2hours (V, = -0.8 V, I; = 0.175 nA). (b) 63 nm x 63 nm STM image of
the same surface obtained after annealing at 388 °C for 2 hours (V}, = -1.548 V,
I, = 0.149 nA).
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Figure 7.22: (a) 65 nm x 65 nm STM images of the surface at (V, = 0.59 V, I,
= 0.145 nA), showing step-terrace structure. The sample was annealed at T =
380 °C for 2 hours. (b) 25 nm x 38 nm STM image showing the step/terrace
morphology of surface V, = -1.7 V, I;= 0.145 nA. (c)A histogram of step heights
in (b), showing flat terraces are separated by steps of 0.37 £+ 0.11 nm. (d) A
side view of planes along the [120] direction, showing that the (010) planes are
separated by dpi109)= 0.35 nm. .

The step heights and stacking relations of adjacent terraces were determined in
order to identify the surface atomic structure. The step height of terraces between
two consecutive terraces in the [100] direction is determined using a histogram, as
shown in Figure 7.22(c). The average step height is found to be 0.37 & 0.11 nm, in
agreement with the spacing d(19) = 0.35 nm between adjacent isostructural (010)
lattice planes in GagNiy in the [010] direction, as shown in Figure 7.22(d).

Two types of terraces observed are illustrated in Figure 7.23(a), labelled as A
and B in Figure 7.23(b). The A terrace is characterised by atomic rows, while
the B terrace is characterised by the absence of atomic rows. The step height
of A terraces is 0.47 £ 0.05 nm, while for B terraces this is 0.36 4+ 0.03 nm.
The histogram of the distributed step height of Figure 7.23(a) is shown in Figure
7.23(c). The histogram shows a step height difference of 0.62 nm between terraces
A and B. The two types of terraces are observed again at various step heights, as
shown in Figure 7.24(a). The terraces are labelled A and B. The inset of right
Figure 7.24(a) displays a zoomed area highlighted with a black dashed rectangle
in Figure 7.24(a).
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Figure 7.23: (a) 113 nm x 103 nm STM images of surface at (V, = 0.8 V, I; =
0.145 nA), showing the step/terrace of surface. (b) Derivative of STM image in
(a) showing two types of terraces, labelled with A, and B. (¢) A histogram used
to calculate the height of the terraces in (a).

The atomic structure of terrace type A has been resolved, whereas that of terrace
type B has not. The step height between these two terraces is dpig) = 0.12 &
0.04 nm, as shown in Figure 7.24(b), which presents the step heights measured
using the line profile. This step height is consistent with the lattice constant of
(d(010)/3) in the [120] direction. Both types of terraces discussed here.

The atomic structure of terrace A was obtained for voltage bias ranges of V,
= (-0.4 V, +1.5 V). Figures 7.25(a), and (b) show STM images at a negative
bias of -0.714 V and a positive bias of +0.8 V, respectively. The STM images
taken at different voltages revealed the periodic row structures running along the
[001] direction. Figures 7.25(c), and (d) show an enlarged area of Figures 7.25(a),
and (b). The average separation between the centres of rows is 1.62 + 0.06 nm
along the [100] direction. This spacing between rows is four times that of the
bulk model’s lattice constant (Ja;| = 0.41 nm). In positive bias, the row atomic

structure is a column, whereas it is a zigzag structure in negative bias.
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Figure 7.24: (a) A large scale STM image of a clean surface prepared after an-
nealing temperature T = 380 °C at (V, = +1 V, [ = 0.149 nA, 90 nm x 90 nm).
Magnification of the area indicated by the black rectangle inset in right figure (a).
(b) The line from inset right Figure (a) indicates the origin of the line profile.

Figure 7.25: (a) 60 nm x 60 nm STM image (V, = 0.8 V, I; = 0.12 5nA). (b)
60 nm x 60 nm STM image of surface (V, =-1.4 V, I; = 0.149 nA). (a) and (b)
show that the bright rows form the (4x2) reconstruction. (c¢) and (d) 11 x 11 nm
STM image showing the enlarged area from (a) and (b). They show near atomic
resolution of the rows.

An enlarged view of the row structure at a negative voltage is shown in Figure
7.26(a). The structural details of the row are shown in Figure 7.26(b). Meanwhile,

adjacent zigzag structures had an antiphase arrangement, so that the zigzag struc-
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ture had a head-to-head orientation along the [100] direction. The average distance
between the zigzags in the [100] direction is |4b;| = 1.62£ 0.07 nm, which is four
times as large as the |a;| distance in model. In addition, the bright spots of zigzag
structure are oriented along the [201] and [201] directions, with an average length
of 0.98 + 0.06 nm and 0.95 £+ 0.04 nm, respectively. The distance between the
head-to-head of the zigzag structure rows along the [001] direction is |2by| = 1.01
+ 0.1 nm, which is twice the lattice constant |as| (0.48 nm). As a result, the
rectangle cell, which is highlighted in Figure 7.30(b) with a green rectangle shape,
is the surface unit cell, corresponding to a (4x2) superstructure.

Figure 7.26(c) shows the FFT pattern of Figure 7.26(a), which confirms two-
fold symmetry and reveals that the unit cell of the surface is a rectangle. The two
lattice parameters in the FFT pattern are labelled with % and %2 The two real
space lattices in the FFT pattern are |4b,| = 1.62 £ 0.06 nm and |2b,| = 0.99 +
0.09 nm. It was found that the lattice parameter |4b,| is 4 times larger than the
lattice |a;|, and that |2bs| is twice the lattice |as| of bulk. The surface unit cell is

correspond to the unit that is highlighted with a green rectangle in Figure 7.26(b).

Figure 7.26: ((a) Atomically resolved STM image (25 nm x 25 nm, V, = -0.714
V, I; = 0.149 nA). (b) Enlarged area from Figure (a), showing the bright rows
in the [001] direction, and the structure of the rows is zigzag. The unit cell is
indicated. (¢) The FFT function of (a) showing the rectangular unit cell. The two

b b
parameters - and = are labelled.

As shown in Figure 7.27(a), the width of the row appears wider at positive bias
than at negative bias. The results suggest one type of atom is resolved at both
voltages. The FFT function indicates that the unit cell is a rectangle with real
space parameters of [4b;] = 1.62 £ 0.03 nm and |2by| = 1.01 £ 0.03 nm, which
are labelled with % and % in Figure 7.27(b). The FFT function at positive bias
is similar to that at negative bias. The inverse FFT, shown in Figure 7.27(c),
reveals that the structure of a row is composed of small dots separated by four

times the lattice constant |a;| and twice the lattice constant |as| along the [100]
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and [001] directions, respectively. The positions of the bright spots coincided with
the locations of one type of atom in the (010) plane, which is compatible with a
(4%2) reconstruction highlighted with a blue rectangle in Figure 7.27(c). Figure
7.27(e) shows the autocorrelation function of Figure 7.27(a), confirming that the
surface unit cell is a rectangle with two lattice constants of 1.01 4+ 0.07 nm and
1.63 £ 0.05 nm. Figure 7.27(f) depicts the LEED pattern at low energy, which

corresponds to the FFT pattern, and in both patterns, the lattice constants match

Figure 7.27: (a) 11 nm x 11 nm STM image enlargement of Figure 7.24(a) at
positive voltage, showing row alignment along the [001] direction. (b) The FFT
function of(a). (c¢) 12 nm x 12 nm inverse FFT of (a), showing the surface unit cell,
labelled with a white rectangle. (d) 11 nm x 9 nm STM image at V, = + 0.8 V. (e)
An autocorrelation function of the STM image in (d) showing showing the surface
unit cell is (4x2). (f) LEED pattern recorded for E = 18.6 €V, corresponding to
the FFT pattern in (b).

The terrace B, as shown in Figure 7.23(b) is also, present in Figure 7.28(a).
The step height was measured using a histogram is 0.36 + 0.03 nm. Although
the atoms were not resolved, the FFT pattern of the area marked with a black
rectangle in Figure 7.28(a) is shown in Figure 7.28(b). The lattice constants a
and b are 0.41 4+ 0.01 nm and 0.43 + 0.04 nm, respectively, with an angle of 90°
between the two vectors being which confirms the structure as (1x1). The inverse

FFT, which reveals the rectangular unit cell of (010), is shown in Figure 7.28(c).
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Figure 7.28: (a) 70 nm x 70 nm STM image shows flat terraces of type B, with
step height of 3.74 + 0.05 nm. (b) FFT function of (a) showing the (1x1) unit
cell. (¢) 11.2 nm x 11.2 nm inverse FFT of (b), showing the surface unit cell.

Discussion

We now discuss a possible explanation for the features observed in the STM
image. We will not determine the mechanism of surface reconstruction, but will
instead try to find a relationship between the atomic positions of the (010) surface
and STM features. The results of XPS were used to understand and support
the interpretation of (4x2) structure. Shedwick et al. [129] studied the XPS of
(100) GagNiy, revealing a Ga to Ni ratio of 50% to 50% after sputtering, which is
different from the bulk composition of 60% Ga and 40% Ni. At a low annealing
temperature of 310 °C, the concentration of Ga atoms increases by 60%, and is
the same as the bulk composition. The amount of Ga increased from 60% to
80% as the annealing temperature increased from 350 °C to 400 °C, with the
surface composition being higher than the bulk. After annealing at 400 °C the
concentration of Ga increased to 83%.

First, an explanation of the step heights will be presented. Figure 7.29 shows
the side view of the arrangement of the (010) planes along the orthogonal [120]
direction. The distances between two terminated planes, Ga-rich and Ga-Ni are
0.12 nm and 0.59 nm, respectively. These two separations corresponded to the
step heights d(g19p = 0.12 &£ 0.04 nm and 0.62 nm that were observed in STM
images. In addition, these two planes are different in chemical composition, which
could be consistent with the STM observations that show the two surfaces differ in
atomic composition. The Ga-Ni terminated plane is separated by two distances:
0.47 nm and 0.59 nm. These two separations are close to the step height of (4x2)

in A terraces in STM image.



Chapter 7. Characterisation of the Surface Structure of an Intermetallic
Compound Catalyst-GazNiy 148

Figure 7.29: The side view of the perpendicular arrangement of the (010) planes
along the [120] direction.

In cleaning cycles after sputtering, the surface will be rough, and some Ga
atoms will leave the surface. After annealing at 360 °C, the Ga atoms on the
surface rearrange to lower the surface energy. Figure 7.30(a) depicts a hypothetical
reconstruction-structure model of (010)-(4x2) constructed based on the observed
STM features. The Ga, Ni, and omitted Ga in Ga-Ni plane are marked with blue,
yellow, and black dots, respectively. The terminated plane contains Ga and Ni
atoms. The Ga atom positions are used to construct the (4x2) reconstruction,
while the Ni atom positions are ignored. It is found that the spacing between the
fifth and the first Ga atoms along the [100] direction is 0.8 nm, which corresponds
to the width of the bright rows in the STM data. Meanwhile, the dark rows in
the STM image are consistent with missing one row of Ga extending in the [001]
direction, highlighted by a column of black circles. Therefore, it is suggested that
three rows of Ga atoms form one of the bright columns depicted in the STM image,
marked with a black dashed box. The missing row corresponds to the faint column
in the STM image. Additionally, the width of a faint column is smaller than that
of a bright column, as shown in Figure 7.30(c). It is clear that the centre of the
bright protrusions forming the columns in the STM image does not lack an atom.
By comparing with the model, it can be observed that the center of the bright
protrusion column in the STM image corresponds to the second atom column of
the wide column marked with a black dashed box in the model. This suggests
that the Ga sites in the second atomic column might not have been removed from
their [001] sites. The distance between the centers of the columns is 1.6 nm,
which corresponds to the STM observation marked with a black arrow in Figures
7.30(a) and (b). In addition, half of the Ga atoms on both sides of the row are
alternately removed. As a result of alternately removing the Ga atoms, two Ga

sites are arranged in a zigzag structure along the [201] direction, as indicated by a
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green arrow in Figure 7.30(a). Figure 7.30(b) shows the omitted Ga atoms in the
column, which are marked with a black circle and are removed from Figure 7.30(a)
for clarity. The four Ga atoms form an oblique shape, marked with a black oblique
in the model. The geometry and orientation of oblique feature corresponds to the
bright protrusion shape in the zigzag column in the STM image. The surface unit
cell (4x2) is identified in the bulk model and is highlighted with a black rectangle.
The separation between the first and fifth Ga atoms along the [100] direction is
1.62 nm. Moreover, the separation between the first and third Ga atoms along
[001] direction is 0.98 nm. The separations between bright and dim protrusions
and their orientations correspond to the morphology of the row structure in the
STM image.

Figure 7.30: (a) Schematic diagrams of the (4x2) model reconstruction. The Ga,
Ni, and omitted Ga atoms are marked with blue, yellow, and black dashed circles

in the bulk model. (b) same model in(a) after removing the Ni and black circled
Ga which do not contribute to the model (4x2). (c¢) Inverse FFT of(b), with black
and red zigzag lines overlaid on bright rows.

7.8 c¢(2x2) Structure

7.8.1 LEED Pattern and STM Result

STM images are shown in Figures 7.31(a) and (b), which were obtained after
sputtering for 20 minutes and annealing at 340 °C for 1:30 hours. The two types
of structures revealed are as follows: The first is (4x2), which was previously
discussed. The second type of structure is ¢ (2x2), as shown in Figure 7.31(c). The
FFT and autocorrelation functions of Figure 7.31(c) are shown in Figures 7.31(d)
and (e). The FFT and autocorrelation functions confirm the surface unit cell is
c(2x2). The two lattice constants a and b are measured from the autocorrelation
function: 1.036 + 0.04 nm and 0.8 £ 0.03 nm, respectively. Figure 7.32 shows the
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LEED pattern taken at an annealing temperature of 360 °C. It confirms the two

types of structures that were shown in STM images.

Figure 7.31: (a) 80 nm x 80 nm the STM image at V, = -1.4 V, displaying both
types of structure (4x2) and ¢(2x2). (b) 80 nm x 80 nm STM image at V, = 1.2
V. (c) An enlarged area of (b) showing the surface unit cell is the centred rectangle.
(d) The FFT pattern of the STM image is shown in (c). (e) The autocorrelation
function shows centred rectangle unit cell. Two lattice constants are labelled. (f)
A schematic model of atom sites, indicated by red dots. Ga atoms are indicated
by dark blue dots.

Figure 7.32: LEED pattern taken at annealing temperature = 360 °C and E =
107 eV, showing (4x2) and ¢(2x2), are labelled.

In order to determine the relationship between the STM image and the (010)

plane model, the two have been compared. It was found that the position of
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the protrusion in the STM corresponds to a position located in the centre of a
rhombus. The rhombus and the protrusion site are marked with a blue rhombus
and a red dot in Figure 7.31(f). The surface unit cell is a centered rectangle,
marked with a green rectangle. The distance between the sites along the [100] and

[001] directions is 0.8 nm and 0.99 nm, respectively.

7.9 Dependence of Surface Quality on Annealing Time

The surface was investigated using LEED to study the effect of annealing time
on structural transformation. LEED was obtained after sputtering in Ar™ for 30
minutes and annealing the surface for 90 minutes at T = 360 °C. Annealing was
employed to reconstruct the surface of the sample with the aim of obtaining a
good crystalline structure. To improve the LEED pattern, we further annealed
the sample in 5 cycles using increasing higher temperatures of 380 °C, 400 °C, 420
°C, and 440 °C for 20 minutes. The LEED patterns were obtained for a variety of
energies at a range 40-60 eV after each annealing cycle. Figure 7.33 (a-f) depicts
the most important LEED patterns.

Figure 7.33: LEED patterns of the surface after sputtering for 30 minutes and
annealing at (a) annealing temperature = 380 °C for 2 hours. (b) annealing
temperature = 400 °C for 20 minutes. (c) and (d) annealing temperature = 420
°C for 20 minutes. (e) and (f) annealing temperature = 440 °C for 20 minutes,
LEED pattern, showing the reciprocal space is constant with annealing time after
20 minutes. The surface unit cell is (4x2).
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Figure 7.33(a) represents the LEED pattern of the sample annealed at 360
°C. It can be seen that the surface has a (4x2) structure. Figure 7.33(b) to (f)
represent the LEED pattern obtained after annealing the sample at 380°C-440 °
C for 20 minutes. It was found that the (4x2) pattern of the surface has not
changed, and therefore the reconstruction of the surface is preserved. Thus, we
conclude that after 5 annealing cycles for 20 minutes, the quality of the surface
has not improved and that we have to anneal more than 20 minutes at higher
temperature to obtain a visible change of the surface.

The experiment was repeated with a long annealing time at a higher tempera-
ture. The sample was sputtered in Art for 40 minutes, then annealed for 2 hours
at 400 °C. The LEED pattern was observed at two electron energies, 44 eV and 60
eV. The surface has the structure of (2x1) as expected at this annealing temper-
ature, as shown in Figure 7.34(a). A second annealing at 430 °C for 40 minutes
further changes the structure of the surface. The superstructure spots become
weaker in the LEED pattern and the structure (1x1) in the reciprocal space ap-
pears, as shown in Figure 7.34(b). However, dim spots are observed at a high
electron energy, which indicates the surface is (2x1), as shown in Figure 7.34(c).
As a result, we suggest that annealing for 40 minutes may partially change the

structure of the surface, but it is not enough to create a complete (1x1) structure.

Figure 7.34: LEED pattern of the surface showing (2x1) in the reciprocal space
after sputtering for 40 minutes and annealing at (a) T = 400 °C for 2 hours. (b)
and (c¢) The LEED pattern taken after annealing temperature at T = 430 °C for
40 minutes at two beam energies. They show the additional spots are dimmer
with a long annealing time.

The LEED pattern shown in Figure 7.35(a) is obtained after annealing tem-
perature at 420 °C for 2 hours. It illustrates the (2x1) structure. Figure 7.35(b)

is taken after annealing for 1 hour and 20 minutes. The LEED pattern shows
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(Ix1). This experience confirm that the annealing time for the surface transfer

from (2x1) superstructure to (1x1) is 1 hour and 20 minutes .

Figure 7.35: (a) and (b) LEED pattern showing after annealing temperature =
460 °C for lhour and 20 minutes the structure is transfer from (2x1) to (1x1),
both LEED pattern at 38 eV.

7.10 Effect of High Annealing Temperature

The effects of annealing time on surface structure were investigated. Figures
7.36(a)-(d) show STM images taken after annealing for 2 hours at 410 °C and 425-
430 °C, respectively. The STM image in Figure 7.36(b) shows the clean surface
with an atomic structure of (1x1). STM images obtained at the same annealing
temperature of 425-430 °C but for a longer annealing time of 3 hours are shown in
Figures 7.36(c) and (d). These STM images reveal the appearance of metal clusters
growing on the surface, and their size increases with each repetition of the same
treatment cycles at the same annealing temperature. However, these clusters were
observed only at annealing temperatures higher than 430 °C. The STM images
of these clusters are not present here. Therefore, both the annealing time and
temperature have an effect on the surface form, structure, and appearance of
the metal clusters. However, the LEED patterns taken at annealing temperatures
higher than 430°C confirm that the (1x1) surface structure remains constant with

increasing annealing temperatures.
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Figure 7.36: STM images taken after increasing annealing time on several treat-
ment cycles. (a) Top: 100 nm x 100 nm STM image taken after annealing tem-
perature 410 °C for 2 hours. Bottom 46 nm x 46 nm STM image no atoms resolve
on surface. (b) Top: 80 nm x 80 nm STM image taken after annealing temper-
ature 425-230 °C for 2 hours. Bottom: 50 nm x 50 nm STM image showing the
structure (1x1). (c) Top: 80 nm x 80 nm STM image after annealing 3 hours.
Bottom: shows no atoms resolved and little material on the surface, 130 nm x
130 nm. (d) Top: 100 nm x 100 nm STM image taken after annealing for 3 hours
showing this material increasing with increasing annealing time. Bottom: 50 nm
x 50 nm image.

7.11 Conclusions

For the first time, the (010) surface of GagNiy sample was investigated using STM
and LEED. Three surface reconstructions were found, and corresponding models
were proposed. The type of surface structure depends on annealing temperature
and time. The surface structure changes from (4x2) to (1x1) as the annealing
temperature rises. The three types of surface reconstructions were identified at
specific annealing temperatures. The initial surface reconstructions (4x2) c¢(2x2)
are formed between annealing temperatures of (366 and 390)°C. The surface with
structure (2x1) forms at 390 °C to 420 °C. When the annealing temperature
exceeds 430 °C, the final surface structure is (1x1) formed and remains constant
with increasing annealing temperature.

High resolution STM images of the three types of structures was obtained. The
non-reconstructed (1x1) structure was observed at a voltage range of +0.5 to +1
V after annealing above 420 °C. At annealing temperatures higher than 440 °C,
metal clusters grew on the surface.

We demonstrated that for a well-formed (4x2) and ¢(2x2) structure, annealing
at 366 °C for at least 60 minutes is required. The lowest annealing temperature
at which the superstructure appeared was 340 °C. Additionally, the three surface
structures (4x2), (2x1), and (1x1) were observed on GagNiy(100) using LEED

patterns, as shown in Appendix C.



Chapter 8
Summary

The aim of this thesis was to expand the understanding of pentacene (Pn) ad-
sorption on two high-symmetry (two- and three-fold) surfaces of the i-Ag—In-Yb
quasicrystal, using scanning tunnelling microscopy (STM). The two projects were
successful in producing quasicrystalline Pn films. Pn molecules were adsorbed on
Yb sites. This is in agreement with the adsorption Pn on the five-fold i—Ag-In—-Yb
quasicrystal [7]. This is attributed to electron transfer from Pn to Yb site, as well
as the comparability of the size of Pn molecules with the distance between Yb
atoms.

Pn adsorption on a two-fold surface created the diamond features, which are
characteristic of substrate symmetry. Triangular motifs, on the other hand, were
observed in the Pn film deposited on a three-fold surface. The Fast Fourier Trans-
forms (FFT) and autocorrelation functions of the distribution of Pn molecules
showed a two- and six-fold pattern that were located at 7-scaling distances (where
7 is the golden mean), indicating the molecules’ quasicrystalline order.

The surface of the Au-Al-Gd 1/1 approximant was also investigated in this
thesis. The surfaces revealed step/terrace morphology after sputter-annealing cy-
cles. A approximant bulk structures were formed by the same (RTH) clusters that
form their parent icosahedral Ag-In-Yb quasicrystals. It was found that the sur-
face is bulk-terminated, and it forms at the bulk planes that cut each icosahedron,
an atomic shell of the RTH cluster. Surface of i-~Ag-In-Yb quasicrystal is also
found to bulk terminated. STM images of the surface revealed the structures of
various crystallographic orientations, whereas the Ag-In-Yb surface revealed only
one surface orientation. The unit cell and step heights in STM images were used
to identify various structures in the 1/1 approximant model.

The final project presented in this thesis was the study of GagNiy(010) surface.
The objective was to determine the surface preparation condition and investigate

the effect of annealing temperature on surface structure. The surface was in-
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vestigated using low-energy electron diffraction (LEED) and scanning tunnelling
microscopy (STM). The STM and LEED images confirm four structures occur at
specific annealing temperatures. These structures were ¢(2x2), (4x2), (2x1), and
(1x1). The three superstructures were observed at low temperatures, annealing
at less than 410 °C. In the temperature range 360-390 °C, ¢(2x2) and (4x2) struc-
ture were obtained. The (2x1) structure was found at the 400-420 °C annealing
range. Finally, the (1x1) structure was obtained after annealing at a temperature
higher than 430 °C.

Future Studies

The work on the GasNiy crystal project will be expanded to include STM and
LEED studies of the interaction of oxygen with the surface. An XPS study of the
GagNi, surface under different annealing conditions revealed that the concentra-
tion of Ga at the oxidised surface is significantly greater than that of Ni relative
to the values of the bulk. STM and LEED studies on the oxidised surface would
be helpful to further understand the oxidation behaviour. Furthermore, density
of states calculations and STM simulations from GagNi; would be beneficial in

confirming whether the surface is Ga-terminated or Ga/Ni-terminated.
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Appendix C

LEED Observation of
Ga3Niy(100)

LEED Pattern

The experiment was repeated on a new sample (100)GagNiy in order to in-
vestigate the existence of different types of surface reconstructions that had been
previously observed in the sample (010)GasNiy. The three LEED patterns that
were observed in the sample (010) have been observed in (100)GasNiy. The three
LEED patterns obtained were: (4x2), (2x1), and (1x1).

A (2x1) LEED pattern was observed after annealing temperature of 460 °C
for 2 hours, as shown in Figure C.2. Following this, the surface was annealed at
a temperature of 500 °C for 1 hour and 20 minutes at pressure 8 x10~? mbar.
The LEED pattern shown in Figure C.3 reveals the LEED pattern (1x1). The
pressure in the RT-UHV equipment was higher than in the VT-UHV, which may
have caused the annealing temperature to rise. However, after annealing at 450
°C and 460 °C the under reduced pressure, (2x1) and (1x1) LEED patterns
were obtained, respectively. It is clear that as pressure is reduced, the annealing
temperature required for surface reconstruction decreases.

The sample was sputtered for 30 minutes before being annealed for 1 hour
and 15 minutes at 388 °C. The LEED pattern a (4x2) surface reconstruction was
obtained, as shown in Figure C.1. This annealing temperature for the appearance
of the (4x2) surface is the same as that observed for the previous (010) sample.
As a result, the LEED confirms the (4x2) reconstruction, which appears at 390
°C.
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Figure C.1: LEED patterns of the reconstructed (4 x 2) surface after annealing
temperature at 388 °C and beam energy (12, 14, 15, 35) eV.

Figure C.2: LEED patterns of the reconstructed (2 x 1) surface after annealing
temperature at 460 °C and beam energy (38, 44, 59, 85) eV.

Figure C.3: LEED patterns of the (1 x 1) surface after annealing temperature at
500 °C and beam energy (34, 100, 121) eV.
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Figure C.4: Left LEED pattern showing after annealing temperature = 460 °C for
2 hour and right LEED pattern after annealing temperature = 500 °C for 1 hour
and 20 minutes. The structure is transfer from (2 x 1) to (1 x 1), both LEED
pattern at 38 eV .
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