Heterostructures of Cg)/C79 and Rotation of
C70-Au Magic Number Clusters on Au(111) and

Highly Oriented Pyrolytic Graphite

by

Yitao Wang

A thesis submitted to The University of Birmingham for the degree of
Doctor of Philosophy

Nanoscale Physics Research Laboratory
School of Physics and Astronomy
University of Birmingham

January 2020



UNIVERSITYOF
BIRMINGHAM

University of Birmingham Research Archive

e-theses repository

This unpublished thesis/dissertation is copyright of the author and/or third
parties. The intellectual property rights of the author or third parties in respect
of this work are as defined by The Copyright Designs and Patents Act 1988 or
as modified by any successor legislation.

Any use made of information contained in this thesis/dissertation must be in
accordance with that legislation and must be properly acknowledged. Further
distribution or reproduction in any format is prohibited without the permission
of the copyright holder.



Abstract

In this thesis, the nucleation, growth and mixing of Cso and C7 molecules are
investigated on Au(l111) and HOPG. The properties of (C70)m-(Au), magic

number clusters on Au(111) are also studied.

Similar to Ceo molecules, C70 molecules form close-packed multilayers on
Au(111), but with a different lattice constant. C70 molecules within the molecular
layers are able to rotate freely at room temperature. Several azimuthal
orientations have been found for C7o layers giving rise to the R30°, R0O° and
R14° domains. When C70 molecules are deposited on top of a Ceo layer, Cro
molecules occupy the three-fold hollow site and form a two dimensional (2-D)
lattice matching that of Cso. When Cso molecules are deposited on top of a Cro
layer, the Cso molecules tend to form a close-packed layer and that forces the
underlying layer of C70 to stand up. At elevated temperatures, significant
molecular diffusion takes place leading to mixing of Ceo and Cro from different

layers.

The stable magic number (C70)m-(Au)n clusters on the Au(l111) substrate are
fabricated in ultrahigh vacuum. These clusters are observed displaying
unpredictable rotational movements characterised by sudden change followed by
long interval of inactivity. During rotation, these clusters can maintain certain
configurations associated with structural polymorphism. The time durations
between two successive rotations of magic number clusters such as (C70)10-(Au)ss

and (C70)12-(Au)49 can range from minutes to hours.
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1. Introduction

Materials with multi-components have a wide range of properties [1-4]. There are
vast diversities of their properties with different synthesis procedure, component
and structure [5,6]. With the simplest structures, binary and ternary colloidal
crystals are introduced by Denkov et al. firstly [7,8]. A layer-by-layer assembly
method is used, and layers of two types of particles with a high degree of accuracy
are deposited alternately to grow colloidal crystals [9-11]. When two particles
with different sizes and shapes are mixed, the mixture is expected to have a
complex structure. In binary colloidal crystals, most nanospheres and nanorods
prefer to have phase separation. A particular case is the mixture of Fe;O4
nanospheres and NaYF4 nanorods investigated by Ye et al., in which a lamellar
phase, a bulk separating phase, and an AB:> binary nanocrystal shape alloy
(BNSA) co-existed. Among them, the BNSAs are stabilized mainly because of
short-range attractions [12]. However, in the previous research, building blocks
with sizes of the order of about one nanometer has rarely been studied. It is due
to the technological challenges in producing size-selected particles at this scale
and difficulty in operating the small particles with the conventional assembly

methods based on a colloidal suspension.

Fullerene molecules such as Cgo and C7o can be roughly treated as the smallest
type of “colloidal particles™ because of the speciality in their geometric structures.
One Ceo molecule has a spherical shape with the van der Waals diameter of 1 nm.
Each carbon atom of the molecule is bonded covalently with its three
neighbouring ones, and the bonding formed can be divided into two types: The
double bonds existing between two hexagons (6:6 bonding) and the single carbon
bonds existing between one pentagon and one hexagon (6:5 bonding). C7o has a
geometric shape of ellipsoid and more complex structures. Based on the
calculation of Hartree-Fock model, there are eight types of carbon-carbon

bonding existing in an C70 molecule, of which the bond lengths range from 1.356



A t0 1.475 A. The average bonding energy of carbon atoms in an C7o molecule is
7.42 eV/C, which is slightly larger than the 7.40 eV/C of an Ceo [13-15].
However, as ten extra carbon atoms are required to form an C7o, Ceo are still more
stable and are easier to be produced compared with C7. One C70 molecule
involves eight types of carbon bonding Unlike the two types of carbon-carbon
bonding, There are Interaction between these molecules is dominated by van der
Waals force. Thus layers of molecules form closed packing structure in the
corresponding molecular crystals, which is similar to the hard-sphere packing
mode in colloidal crystals of larger spheres [16,17]. Cso and C7o are thus good
candidates to illustrate the binary mixtures of small-sized particles. Several
experiments of the mixtures of Cso and C7o in solid solutions have been conducted
by Sauvajol et al., where the mixing of the molecules suppressing the orientation
transition temperatures of the whole system are observed [18,19]. Investigations
of Cso and C7o mixed crystals have found that the (Ceo)1-x(C70)x alloys tend to
form several bulk phases but maintain isolated single crystals of Cgo or Cro.

Between the two phases, a miscibility gap can be observed [20,21].

Due to its strong ability of imaging surfaces with atomic resolution, Scanning
tunnelling microscopy (STM) has been used widely to study the self-assembly as
well as the interaction of atoms and molecules on various substrates, such as
noble metals (Ag, Au, Cu) [22], molybdenum disulfide (MoS>) [23] and highly
oriented pyrolytic graphite (HOPG) [24]. As one of the allotropes of carbon,
HOPG is a useful solid-state material which consists of stacked graphene layers.
Interaction between the two adjacent graphene layers is rather weak. Within each
graphene layer, the carbon atoms are connected with the neighbouring ones by
strong bonding and weak m bonding [25-28]. The * of HOPG leads to a weak
interaction with other materials [28]. Hence HOPG is an ideal substrate to
illustrate self-assembly of atoms and molecules. When Cgo (C70) molecules are

introduced into close-packed layers of C7o (Cso) on HOPG, the Cso molecules are



expected to disturb the interactions between their neighbouring C70 molecules and
result in the new properties of the mixed layer. On the Au(111) surface, the
adsorption of fullerene molecules such as Cso has been well studied [29-39].
There is a strong tendency for the molecules to assemble into close-packed layers
on Au(l11). Several types of phases can co-exist in the close-packed layer
depending on their azimuthal orientations [30,31,36]. Compared with gold atoms,
adsorbed Ceo or C70 molecules are more electronegative, which results in charge
transferring from the substrate to the molecules. Different from HOPG, the gold
substrate has a relatively stronger interaction with close-packed Cso and Cro, and
hence the interaction in Ceo/C70 1s more complicated. Up to now, packing
structures and orientation and direct interaction close-packed layers of the two
types of fullerene molecules have rarely been studied on HOPG or Au(111) in
UHV. Hence how this type of bilayer accommodates the strain at the molecular

interface is an interesting problem and deserved to be investigated.

As one of the major pathways for the coarsening of homoepitaxial submonolayers
on metal substrates [40,41], Ostwald ripening can be described as the expansion
of large-sized clusters at the cost of small-sized ones. It is triggered by the
variation in the chemical potential of different sized clusters [42-44]. As have
been studied before, when gold atoms are deposited on Au(111) at low coverage,
they prefer to form two dimensional clusters with irregular shapes and monolayer
in height [45,46]. At low temperatures, most of the gold atoms nucleate at elbow
sites on the reconstructed gold surface [47]. Triggered by Ostwald ripening,
clusters at bulged elbows ripen slowly at the expense of the ones at pinched elbow
sites. This preferred type of ripening pathway is termed biased-Ostwald ripening

[46].

Mass transport during clusters coarsening is also affected by thermal activation
and can be modified by the presence of guest molecules [48,49]. When certain

amounts of Cgo molecules are added on the substrate before the increase of



temperature, these molecules tend to decorate the existing gold atoms and form
stable (Ceo)m-(Au), magic number clusters at 110 K, which has been reported by
Xie et al. [50]. On Au(111), the aggregated C70 molecules take upright orientation
with their long axis perpendicular to the substrate, leading to the weak interaction
between gold substrate and adsorbed C70 molecules. Formed on the same Au(111)
substrate, the (Ceo)7-(Au)19 clusters are stable up to 400 K, while most of the
(Cr0)7-(Au)19 clusters break apart after being annealed to 350 K. It indicates the
weaker thermal stability of (C70)m-(Au)n clusters compared with (Ceo)m-(Au)n
clusters. The gold islands as well as C70 molecules inside this type of clusters can

reshape or change their occupied positions more easily.

In chapter 2, detailed review of the literature including the properties of the
substrate (Au(111) and HOPG), fullerene molecules (Ceo and C70) and metal-
organic clusters ((Ceéo)m-(Au)n) are introduced. It is followed by self-assembly
nucleation and aggregation of several metals, organic molecules on the substrate
of gold and graphite in UHV. In the end, working principles of variable
temperature scanning tunnelling microscopy (VT-STM) and the two methods of

deposition are introduced.

In chapter 3, experimental equipment and sample preparing techniques used in
my experiments are introduced in detail. It includes the components of a variable
temperature scanning tunnelling microscopy, evaporators used for in-situ
deposition of molecules and atoms, and several sample cleaning methods in our

laboratory.

Chapter 4 and 5 mainly includes the experimental studies of self-assembled
nanostructures formed by fullerene molecules and gold atoms on the substrate
such as Au(111) and Highly Oriented Pyrolytic Graphite (HOPG). Various
amounts of pure C70 molecules are deposited onto the Au(111) surface at room
temperature, forming the RO° (In-Phase), R14° and R30° phases. It is then

followed by a co-deposition of Cso and C70 molecules. Both the two types of



molecules form close-packed layers with different lattice constants. At room
temperature, the close-packed molecules have freedom of rotating. When Cso
molecules are deposited onto a monolayer of C7o, these molecules can merge into
C70 and force C70 molecules around them to stand with their long axis is
perpendicular to the interface. Significant interlayer diffusion takes place at
elevated temperatures. When C7o molecules are added to a monolayer of Ceo,
there 1s a little evidence of C70 moving into the layer of Ceo. Instead, most Cro sit
on top of the first layer and form a lattice-matched structure by taking a uniform

upright orientation.

In chapter 6, the nucleation and growth of C70 molecules at room temperature on
HOPG have been introduced. Interaction between the substrate and molecules are
rather weak. When C70 molecules are deposited onto a monolayer of Ceo, the
strain at the interface can be minimized when all the C70 molecules stand upright.
When a layer of Cso molecules is placed upon a monolayer of C70 molecules,
orientation of the C70 molecules within a close-packed layer can be steered by
contacting the Ce¢o below. This phenomenon is potentially useful for exploring the

epitaxial growth of multilayer van der Waals molecular heterostructures.

In chapter 7, C70 molecules and gold atoms are co-deposited onto the Au(111)
surface at 110 K, in ultrahigh vacuum (UHV) environment. Magic number
(C70)m-(Au) clusters are formed at elbow sites or attached to step edges on the
gold surface. We introduce a type of clusters rotation mechanism which
demonstrates the self-reorganization and balance between metal bonding, metal-
organic coordination and van der Waals force between molecules. On the
Au(111) substrate at room temperature, thermal fluctuation results in the rapid
diffusion of gold atoms at the edges of islands inside clusters. These disturbed
clusters keep their overall shapes and change their azimuthal orientations after
thermal agitation, instead of disintegrating. Many of the orientations are not

aligned with primary crystallographic directions of the Au(111) surface. During



the process, the metal-fullerene, metal-metal and fullerene-fullerene interactions
coordinate to maintain clusters stable. External factors such as clusters’
adsorption sites, the bias voltage applied to the scanning tip, as well as the

temperature of the substrate affect the reshaping of clusters.

In chapter 8, the summaries of my research as well as the possible future work

can be done further will be introduced.
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2. Literature Review

2.1 Surface Structure of Au(111)

Lattice arrangement such as face centred cubic (FCC) and hexagonal close-
packed (HCP) have high efficiency of packing [1]. Bulk gold is known as the
only face centred cube (FCC) metal with herringbone reconstruction on its (111)
surface. Before the invention of scanning tunnelling microscopy, surface with
crystallographic orientations such as (100) and (111) have been already studied
by reflection high-energy electron diffraction (RHEED) [3], high-resolution
helium atom scattering (HRHAS) [4], low energy electron diffraction (LEED)
[5,6] and transmission electron microscopy (TEM) [7-10]. The first high-
resolution electron micrograph achieved by TEM intuitively identifies a 6.3 nm
long-range corrugation on the (111) reconstructed gold surface, which shows a
significant difference with the unreconstructed (1x1) gold surface [3,5]. When
STM was introduced into the research of the Au(111) surface, the real-space

images with atomic resolution have been observed [11,12].

2.1.1 The Features of Au(111) Surface

The Au(111) surface is one of the most studied metal substrates because of its
inertness and unique surface reconstruction [1]. Fig. 2-1 indicates a unit cell in
the FCC stacking gold crystal. The gold atoms occupying the corner sites of a
unit cell is represented by the grey balls, while the six atoms at the centre of each
face (or called face atoms) are represented by red balls. The grey triangular plane
marked in the unit cell represents the (111) plane of gold, which goes through
three face gold atoms and three corner atoms. To illustrate the adsorption sites on
this plane, a low index crystalline axes on this plane as well as the ball model are

demonstrated in Fig. 2-2.



Y/ : O : corner Atom

O: Face atom

Fig. 2-1 Schematic showing the bulk lattice structure of FCC crystal. In one unit cell, the atoms
sitting at the corners and in the centre of faces are marked with green and red colours
respectively. The triangular grey plane linked by three corner atoms represents the (111) gold

surface.

A diagram of the (111) plane together with the major crystallographic directions
is shown in Fig. 2-2 (a), in which six yellow spheres represent the gold atoms in
the top-most layer. The close-packing directions of Au atoms, shown by three
yellow solid double-headed arrows, are along one of the three equivalent <110>
directions. The dashed black line points to the <112> directions, which are
perpendicular to the atoms’ directions. The three-fold hollow sites appearing at
the interspace between three close-packed gold atoms can be divided as the
hexagonal closed-packed (HCP) and the face centred cubic (FCC) hollow sites.
The two types of hollow sites are marked with blue and green circles,

respectively.
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Fig. 2-2 (a) Low index crystalline axes of the Au(l111) surface, in which the major
crystallographic directions and two types of hollow sites are shown. (b) Ball model showing
the (1x1) Au(111) surface. An FCC hollow site, an HCP hollow site, a bridge site and a top
site on the unreconstructed gold surface are marked with purple circles. Gold atoms in the

crystal can be divided into three types, marked as A, B and C respectively.

A ball model of the unreconstructed (111) gold surface is demonstrated in Fig. 2-
2 (b), on which the four major adsorption sites are marked with purple spheres.
On the gold surface, FCC hollow sites appear slightly deeper than HCP ones.
Right over each close-packed gold atom in the top-most layer, there is an A-top
site. The purple sphere marked in Fig. 2-2 (b) represents one of the most common
bridge sites on the surface. Any sites located between the other three types of

adsorption sites could be named as bridge sites collectively [2].

2.1.2 The (22 X v/3) Unit Cell

Fig. 2-3 (a) shows a unit cell on the Au(111) surface described by the Frenkel-
Kontorova model [14], of which the ground state has been calculated by F. C.
Frank et al. [7]. In this model, the surface gold atoms are compared to the

connected springs. In the upper part, corrugation of the gold surface in the z
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direction is shown. The HCP and FCC regions have similar heights and are
marked as the region A and C, respectively. Gold atoms in between the two
regions sit on the bridge sites of the layer below and form the incommensurate
regions. In the STM images, these atoms are taller than the ones sitting on hollow

sites.

Spheres and crosses in the lower part of Fig. 2-3 (a) represent the gold atoms in
the first and the second layer respectively, which correspond to the successive
small wrinkles shown in the upper part. Gold atoms in the region A stack with
the model of ABABA (HCP stacking), while gold atoms in the region C show the
stacking model of ABCABC (FCC stacking) [15], which is in agreement with the
stacking-fault model interpreted by Hove ef al. in 1981 [2]. A unit cell marked in
a black rectangle includes one FCC region, one HCP region and two transition
regions in between them. In the unit cell, 23 gold atoms occupy the total 22 bulk
lattice positions in each line. It results in a 4.55 % uniaxial contraction of gold
atoms along one of the <110> directions. As shown in Fig. 2-3 (b), the DLs are

always perpendicular to the close-packing directions of gold atoms.

Fig. 2-3 (c) shows the Au(111) surface with atomic resolution. A unit cell is
highlighted in a blue box. The nearest neighbour distance (NND) of the surface
gold atoms is measured between 2.7 A to 2.9 A. It agrees with the previous
theoretical simulations, which showed a value of 2.7744 A [16]. Following the
close-packing directions, the lateral displacement of atoms is measured as 0.9 A,
It achieves a good agreement with the theoretical result of 0.83 A. Due to the
difference of the occupation sites, gold atoms in the transition regions are brighter
than the ones in the FCC or HCP regions. The bright patterns formed by these
atoms on the (111) gold surface are known as the well-known herringbone
reconstruction, which is also named as discommensuration lines (DLs). The DLs
run in the directions of <112> and are always perpendicular to the close-packing

directions of the gold atoms.
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Fig. 2-3 (a) Upper part: corrugation in the z-direction for 1, 2 and 3 sections. The amplitude is

enhanced proportionally. Bottom part: an atomic structural model of the Au(111) surface, in

which the (22 X +/3) unit cell is marked with a black rectangle. The circles and crosses refer
to the surface layer atoms and the second layer atoms, respectively. Gold atoms at the transition

regions occupy the bridge sites [4]. (b) STM image of the Au(111) surface with atomic

resolution, the (22 X v/3) unit cell is marked with the blue rectangle. The black arrow indicates

the [110] direction [16].

Marked in the blue box of Fig. 2-3 (b), each (23 X v/3) unit cell includes two
DLs, which separate one HCP region and two half FCC regions. Width of the
HCP and FCC regions on both sides of the DLs are measured as 22 A and 44 A
respectively. The difference of the width suggests a variation in the binding

energies of the two regions [15].
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The stressed domains on the (111) gold surface result from the long-range elastic
interaction force [17]. Gold atoms in the top-most layer of Au(111) has a lower
coordination number compared with those stacking in bulk and thus become
unstable. Due to the soft atomic potential in the crystal, surface gold atoms are
allowed to reduce atomic spacing by having a short distance shift from their
original positions. Meanwhile, these surface atoms still tend to occupy the three-
fold hollow sites. It results in the majority of atoms occupying the three-fold
hollow sites (FCC and HCP hollow sites) but some others occupying the
transition regions. For releasing the stress, the DLs bend periodically to make the
gold surface anisotropic. When atoms or molecules are deposited onto the gold
surface, the adsorbate-substrate interaction could change the surface elastic force

and lift the herringbone reconstruction [18,19].

2.1.3 Monoatomic Step Edges on Au(111)

Two types of monoatomic steps consisting of close-packed Au atoms on the
Au(111) surface are identified and are named as the A and B steps, respectively.
These steps influence the local surface strain and change DLs’ patterns. Type A
steps ascend along the [112] azimuth (or the equivalent [211] or [121] azimuths)
and present a {100} microfacet. The B steps descend along the [112] azimuth and
present a {111} microfacet. Both the microfacets of the {111} and {100} type

steps are illustrated in Fig.

Fig. 2-4 (a) shows the stacking model of the gold atoms at the two types of the
steps on the Au(111) surface. One {111} and one {100} types of steps exist
directly opposite the hexagonal close-packed island along the [211] azimuth. One
step is ascending while the other is descending. The microfacets {100} and {111}
in the figure are marked in a blue box and a blue triangle, respectively. Gold

atoms at a {100} step edge sit on the bridge sites of the layer below, while the
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atoms ata {111} step edge sit on the hollow sites. Compared with the {100} facet

step, the {111} step has higher atomic density and thus lower step energy [19,20].

2-4 [20].

{100}

90nm

{111}

(@ (b) o

Fig. 2-4 (a) Schematic top view of the two kinds of close-packed gold steps: one with {100}
microfacet (A step) and another with {111} microfacet (B step). Along the [211] azimuth, the
B step is descending while the A step is ascending [20]. (b) STM image showing the two types
of step edges on Au(111). A long plateau passes from the lower-left to the upper-right part of
the image. In the inset, the {100} and {111} type of steps are marked with the dashed and
dashed lines, respectively. Herringbone reconstruction close to the two types of steps have

different shapes [20].

As shown in Fig. 2-4 (b), patterns formed by the DLs on the Au(111) surface are
different around the two types of step edges. The DLs can run across a {111} step
without being interrupted. Atoms under the plateau stack with the
unreconstructed FCC structure, which allows the two layers’ atoms at step edges
to compress synchronously. When the DLs approach to the step edge, atoms in
the transition regions tend to switch to the FCC stacking. It behaves as an
expanding of FCC regions and a shrinking of the HCP regions globally.
Therefore, the DLs pass over the upper terrace of the {111} step instead of
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interrupting. On the contrary, when the DLs approach to a {100} step, they turn
back with a “U” shaped end. The FCC regions on the lower terrace of the {100}
step are sealed by an extra DL growing parallel to the step, which guarantees all

the gold atoms close to the step edges have the FCC stacking.

2.1.4 Elbow Sites and Rotational Domains

A typical topography of the reconstructed Au(111) surface is present in Fig. 2-5
(a), in which the periodic fluctuations shown as zigzag patterns are picked out by
STM. The pairwise DLs separate the narrow HCP and wide FCC regions, making

them arrange on the gold surface alternatively.

Marked by the white dashed lines, a pair of DLs on the two sides of one
commensuration (FCC or HCP) region maintain parallel between the two
adjacent bending points. In some previous research, heights of DLs are measured

between 0.02 nm and 0.08 nm [21,22].

In our scanning image, surface fluctuation along the black solid line AB is shown
in the line profile of Fig. 2-5 (b). It indicates that the DLs are measured ~ 0.2 A
higher than the unreconstructed regions, which corresponds to the previous
research. The DLs on the Au(111) surface bend systematically with a period of
25 nm, and the zigzag patterns are well known as the herringbone reconstruction.
Therefore, the Au(111) surface can also be divided into three types of domains
with the orientations differing in 120°. In each type of the domains, there is a

uniaxial contraction along one of the <110> directions [23].

Fig. 2-6 (a) shows the bending points of the DLs on Au(111). The DLs on the
gold surface can be divided into the type x and the type y DLs based on the
different elbow sites they contain. Elbow sites of the type x DLs have pointed
shapes, while elbows of the type y DLs have a more smooth shape. The pointed
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elbow sites on one type x DLs could either bend in the adjacent FCC or the HCP
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Fig. 2-5 (a) STM image showing the DLs on the Au(111) surface. (-1.61 V, 0.04 nA.
60 nm X 60 nm). These DLs separate the gold surface into the wide FCC regions and the
narrow HCP regions. (b) A line profile along AB showing the height differences between the
FCC regions, the HCP regions and the DLs on the Au(111) surface.

Marked in the yellow boxes in Fig. 2-6 (a), a series of pointed elbow sites bend
into the adjacent FCC commensuration regions on the Au(111) surface, which
are called bulged elbow sites. Meanwhile, the elbow sites called pinched elbow
sites are marked in the green boxes. These elbow sites bend into the adjacent HCP
regions [18]. Along the yellow or green arrow, it can be found that either the

bulged or pinched elbows pack in rows on the Au(111) surface.

The sketch image in Fig. 2-6 (b) indicates the atomic structures of the pointed and
rounded elbow sites in detail. As mentioned before, gold atoms in the DLs sit on

the bridge sites [4].
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Fig. 2-6 (a) Higher resolution of the DLs on the Au(111) surface. The bending points of the
DLs have either pointed or rounded shapes. The bulged and pinched elbow sites with the
pointed shape are marked with orange and green dashed boxes respectively (V =-2.0 V, I =
0.05 nA, 30 nm X 60 nm). (b) Sketch showing a possible atomic lattice of the pointed and
rounded elbow sites. Gold atoms on the two sides of the type x DLs occupy bridge sites with
different orientations, while the gold atoms in the type y DLs occupy bridge sites with the same

orientations [18].

For investigating the atomic lattice and the defects of the elbow sites, here the
Burgers vectors are used to mark the close-packing of the gold atoms on the two
sides of an elbow. Each Burgers vector is perpendicular to a corresponding
segment plane. Due to the different pointing directions of two vectors, Burgers
circle of type x DLs is opened. Marked with the orange arrows, the Burgers
vectors on the two sides of a bulged elbow point in two different directions. It
indicates the different orientations of the gold atoms on the elbow’s two sides.
The edge dislocation in this area results from an extra row of gold atoms
terminating at the pointed elbows. The extra row of gold atoms are marked with
a solid black line in Fig. 2-6 (b). At the terminal of this DL, one gold atom is
observed having reduced coordination compared with the adjacent ones. It thus

works as a single atom defect. However, on the two sides of a rounded elbow site,
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the two Burgers vectors point in the same direction. Therefore, gold atoms in the
type y DLs orient in the same directions. It results in a closed Burger circle of the
type y DLs and the smooth shape of the elbow sites. Compared with the pointed

ones, the rounded elbows on the gold surface are less strained.

2.2 Metal Adsorption on Au(111)

As introduced, the (111) gold surface has long-range periodicity and rich
structural features. It hence can be taken as an ideal substrate for the growth of
different kinds of nanostructures. In UHV, a series of metal atoms’ epitaxial
growth on the reconstructed Au(111) surface have been characterized by STM
[24-31].

There are mainly two types of nucleation behaviours of these metal atoms on the
Au(111) substrate at low coverage. In the first type, adsorbed atoms prefer to
nucleate epitaxially and grow as three-dimensional clusters at the herringbone
elbow sites. Due to the long-range periodicity of DLs, highly ordered arrays of

hexagonal clusters can be observed on the surface of gold.

Element Surface free energy (V) Heat of sublimation (eV)

Ag 0.50 295
Al 0.56 3.39
Cu 0.69 3.51
Au 0.72 3.79
Ni 0.90 4.45
Co 0.94 4.40
Fe 0.96 4.32

Table 2-1 The surface free energy and heat of sublimation for the metals Ag, Al, Au, Ni, Co
and Fe. Data is obtained from [24].
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In the second type, metal atoms nucleate as irregular islands and attach to the gold
step edges. When the coverage of atoms increases, growing of these islands in
the FCC regions are astricted by the herringbone reconstruction on the two sides.
The two kinds of nucleation can be explained by the different surface free energy

of atoms as well as heat of sublimation.

Surface free energy and heat of sublimation of some metal materials are shown
in table 2-1. On the surface of Au(111), metals such a N1 [24,25], Pd [26] and Mo
[27] have lower surface free energy and heat of sublimation than gold and prefer
to nucleate as islands and ripen at the elbow sites. However, metals such as Al
[28], Ag [31] have higher surface energy and heat of sublimation compared with
Au. After being deposited onto the gold surface, these atoms prefer to nucleate as
irregular islands and ripen on the flat terraces instead of nucleating at elbow sites

[24].

As introduced in Fig. 2-6 (b), the single atom defects at the pointed elbow sites
of DLs are easier to be replaced by the adsorbed metal atoms. Introduced by
Meyer et al., the nucleation and ripening of the metal atoms on Au(111) can be
divided into two steps. In the first step, some atoms firstly land on the gold surface
replace the gold atoms working as single defects. Then, these atoms work as the

new centres of nucleation and are able to capture the later deposited atoms.

As shown in Fig. 2-7 (a), 0.25 ML nickel atoms are deposited on the Au(111)
surface, most of which nucleate epitaxially as truncated triangular islands [24,25].
Due to the periodic reconstruction on the substrate, these islands are uniformly
spaced with similar distances and pack as highly ordered arrays on the gold

surface.
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Fig. 2-7 STM images showing the nucleation of the Ni, Pd and Fe adatoms on the Au(111)
surface. These atoms occupy the periodic elbow sites and form the monolayer islands in highly
ordered arrays. (a) 0.25 ML Ni atoms are deposited on the gold surface at 300 K (V=-04V,
I = 1.0 nA, 99nm X 90nm) [25]. (b) Schematic of 2-D Ni islands showing the
crystallography, the nucleation places of islands as well as the orienting relationship between
the two Ni islands sitting at two adjacent elbows [25]. (c) 0.14 ML Pd on the Au(111) surface
at room temperature (90 nm X 90 nm) [26]. (d) 0.25 ML Fe atoms on the Au(111) surface at

room temperature (80 nm X 80 nm) [30].

At higher coverages, the second layers of Ni appear even before the isolated

islands in the first layer merge and ripen as the larger ones. The Ni islands at the
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bulged elbow sites or the pinched elbow sites have similar sizes and shapes. After
being heated to 570 K for one hour, the free energy of the Ni atoms in the islands
is commonly enhanced. Some of them can replace gold atoms below and merge

into the substrate, forming a special Ni-Au alloy at the interface [29].

Schematic in Fig. 2-7 (b) shows the growing direction of the Ni islands as well
as the relationship between the islands sitting at bulged elbows and pinched
elbows. There is a polygonal Ni island occupying a bulged elbow site on the right
side of the image. The most preferred growing direction of the island is [121].
Main part of these islands occupy the FCC regions, while in the islands there are
also a few atoms observed sitting in the adjacent HCP regions and attaching to
the pinched elbow sites. The DLs on the surface do not affect the epitaxial growth
of N1 atoms. On the left side, another island originally nucleating at a pinched
elbow site has its most preferred growing direction of [121]. Some atoms of this
island are also observed sit in the adjacent FCC and HCP regions. Co-existing of
the two types of islands results from the energy difference required for forming
the two kinds of island’s steps [25]. Part of the DLs underlying the adsorbed Ni
islands has been lifted as there is no fluctuation on islands’ surface observed in

the STM images.

Apart from N1 atoms, elbow sites are also the preferential adsorption sites for
other atoms. Islands formed by 0.14 ML Pd [26] and 0.25 ML Fe [30] on the
Au(111) surface are respectively shown in Fig. 2-7 (¢) and (d), where the islands
also have similar sizes and truncated polygonal shapes and almost occupy all the
elbows on the gold terrace. Some of these islands at adjacent elbows have

combined and appear as short chains.
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Fig. 2-8 (a) STM image showing 0.25 ML Ag atoms deposited on the surface of Au(111). The
narrow Ag islands are defined by the herringbone reconstruction and extend along the DLs
(115 nm X 115 nm) [31]. (b) STM image showing 0.1 ML Au atoms forming the alignments
of islands on the Au(111) surface (115 nm X 115 nm) [33].

0.25 ML Ag on the Au(111) surface is demonstrated in Fig. 2-8 (a), in which
atoms initially nucleate as finger-like clusters and attach to the step edges. As the
coverage increases, Ag islands then ripen as long and narrow islands, gradually
growing onto the gold surface. Most of these islands prefer to pack in the FCC
regions and are defined by the parallel DLs on both the two sides [31,32]. When
gold is chosen as the deposited sediment, its adsorption mechanism on the gold
surface is affected by both the atoms’ deposition flux and surface diffusion rate.
As indicated in Fig. 2-8 (b), 0.1 ML Au form small atomic layer islands at elbows
sites on Au(111). Different from the islands of Ni, Pd and Fe, the size distribution
of these gold islands is not uniform. In STM images, most of the gold islands

have a preference of sitting in FCC regions [18,33].
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2.3 Highly Oriented Pyrolytic Graphite (HOPG)

2.3.1 Structure of HOPG

Highly oriented pyrolytic graphite (HOPG), belonging to lamellar materials, can
be treated as a highly ordered form of synthetic graphite. It has high purity and is
crystallographically stacked by the two-dimensional carbon films with atomic
layers. These films are well aligned with each other and are known as graphene
[34,35]. Diameters of the individual crystallites in HOPG are commonly thinner
than 10 pm [36]. Similar to other lamellar materials such as mica and
molybdenum disulphide, the force between the two adjacent layers of HOPG is
rather weak. Fig. 2-9 (a) shows the basic physical appearance of a HOPG crystal
with the dimensions of 10 mm X 10 mm X 1 mm. Its purity level can be
controlled on the order of 10 ppm ash. With high quality and less roughness of
the surface, and a smaller number of atomic steps appear on a freshly cleaved

surface under the microscopic.
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Fig. 2-9 (a) Physical appearance of one HOPG crystal. It has high purity and offers a flat surface
under the microscopic [37]. (b) Schematic illustrating the stacking structure of a bilayer
graphene in HOPG crystal. Carbons in the upper and lower layer are marked with dark and
light colours respectively. In each layer, the carbon atoms in blue sit directly over another atom

in the adjacent layer, while the carbon atoms in red sit over the centre of a hexagonal ring [34].
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High-quality graphene is known as a kind of material with rich properties. zero
bandgap material with strong thermal and electrical conductivity along the certain
directions [40,41]. It’s applied in a various fields [41], e. g., supercapacitors [42],
solar cells [43], and light-emitting diodes [44]. Graphene can be described as
chicken wire patterns formed by atomic-scale carbon atoms [38]. Each carbon
atom forms strong equivalent covalent bonds to its three neighbouring ones.

Therefore all the carbon atoms in graphene are equal to each other [39,40].

Once two or more graphene are overlaid and form bilayers or multilayers, carbon
atoms in a single layer are not necessary for the same environment anymore. Here
the most basic case is discussed. Packing structure of two layers graphene in
HOPG crystals is shown in Fig. 2-9 (b). For being distinguished conveniently,
carbon atoms in the upper and lower layers are represented by the spheres with
dark and light colours, respectively. Inside the upper layer of graphene, carbon
atoms could be divided into the A and B types averagely. The two types of carbon
atoms are represented by the red and blue spheres, respectively. In HOPG, each
type A atom with red colour stands directly over another type A atom in the
beneath layer, while type B stands over the centre of a hexagonal ring formed by
six atoms. In graphene, the two types of atoms are equivalent to each other in the

same layer.

The lattice structure of graphene is illustrated on the left side of Fig. 2-10, in
which one carbon atom has three lateral coordination. Each type A (type B)
carbon atoms forms strong covalent bonds (or called o bonds) with its three
coordinated type B (type A) atoms. In graphene, the NND of two carbon atoms

(one type A and one type B atoms) is ~ 2.46 A.
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Fig. 2-10 Schematic showing the crystal structure of HOPG. Left side: top view of the basal
plane of graphene. The schematic showing its surface structure packed by carbon atoms.
Middle: half of the HOPG’s unit cell. The dashed lines in the middle part represent the axes of
the bulk unit cell. Right side: Type A and B carbons in the same layer graphene represented by
the red and blue spheres [34].

By separating the two types of carbon atoms, a whole lattice of graphene consists
of two equivalent sublattices, and one sublattice can be treated with a rotation of
120° to the other. The NND of the same type atoms (type A or type B) is ~ 1.42 A
[45,46]. Half of the HOPG’s unit cell is shown in the middle of Fig. 2-10 [34], in
which the dashed lines in the middle part represent the axes of the bulk unit cell.
Introduced by Bernal et al., the carbon atoms in HOPG stack in the model of
ABABAB [34]. The spacing between two adjacent carbon layers is measured as
3.35 A [47]. The large distance between layers results from the interlayer van der
Waals force, which is much weaker compared with the bonds. According to the
Raman scattering data observed by Nicklow et al., the average force constant for
a pair of carbon atoms is measured as 900 N/m in the x-y plane while only 14

N/m in the z direction [48]. It makes HOPG a freshly cleavable material.
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Fig. 2-11 (a) sp? hybridised electron orbitals in one carbon atom. Three atomic orbitals s, py,
py in one carbon atom combine as three new sp? hybrid orbitals. One atomic orbital p, is left

for forming w bonds above and below carbon rings [50]. (b) o and @ bonds existing in a

hexagonal carbon ring [49].

Both the carbon bonding existing in HOPG and graphene are featured by the sp?
hybridisation. Fig. 2-11 (a) introduces the sp? hybridisation of carbon atoms in
HOPG. Each carbon atom contributes four valence electrons for forming
chemical bonding with its neighbouring ones. Due to the Pauli exclusion
principle, any two electrons of one atom are prohibited from having the same set
of quantum states. In an isolated carbon atom, two of its valence electrons occupy

the 2s orbital while the other two occupy the 2py and 2py orbitals respectively.

When the 2s orbital is combined with the 2p, and 2py, ones, three new hybrid
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orbitals are formed in XY plane and have a 120° to each other. When the two
isolated carbon atoms have extremely small spacing, each atom donates one of
the three sp? orbitals out. Then wave functions of the two orbitals overlap and
form a covalent o bond with a length of 1.42 A. This type of bonding is able to
lock the two carbon atoms tightly [45,51]. In HOPG, all the carbon atoms in the
same layer connect their adjacent ones by the stable o bonds and establish the
“honeycomb” patterns. Accompanying with each o bond, a weak antibonding
state (or called the o™ bond) will also occur and work for preventing the
combination of the two atoms and reducing the charge density between carbon
atoms. A pair of ¢ and o bonds exist at the two sides of a carbon atom but point

to the opposite directions.

When the stable o bonds have been formed between carbon atoms in each atomic
layer of HOPG, the left 2p, orbitals of carbon atoms are donated out to create a
particular type of dangling bond, known as the  bond. It exists above and below
each graphene layer and enhances the charge density between carbon atoms [52].
Each m bond also has a corresponding antibonding state (or called 7" bond). It
exists at the mirror position of the m bond if the carbon layer is taken as a
reference, and tends to offset the change of atoms’ charge density when
multilayer graphene stack together and form HOPG [45]. Fig. 2-11 (b)
demonstrates one hexagonal carbon ring consisting of six atoms, in which o

bonds and 7 bonds are built.

2.3.2 Surface Electronic Structure of Graphene and HOPG

Colour contract presented in the STM images reflects the difference of local
electron densities commonly on samples’ surface [54]. When an STM tip scans
over carbon atoms in the top-most layer of HOPG, carbon atoms with higher

electron densities lead to a higher tunnelling current between the sample and tip,
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which makes these atoms bright. On the contrary, the atoms with low electron
densities appear as dims in the scanning image [55]. One atomic image of
graphene is shown in Fig. 2-12 (a). Due to the variation in electron densities, all
the atoms are equal to each other and appear as the bright spots in the image,
while the voids of the carbon rings appear as dims in the image [53,56,57]. It
matches graphene’s “honeycomb” structure perfectly. It is compared with the
surface of HOPG scanned by STM with the same bias voltage and the tunnelling

current.

@ _

-

Fig. 2-12 (a) Surface electronic structure of (a) the graphene and (b) the HOPG recorded by
scanning tunnelling microscopy (STM), respectively. A “honeycomb” pattern and a three-fold
symmetry pattern are observed on the surface of graphene and HOPG, respectively. A model

of the underlying atomic structure is illustrated inside two images [53].

A three-fold symmetry pattern formed by the on HOPG surface in Fig. 2-12 (b),
in which the dims and bright spots in the image represent the type A and B carbon
atoms respectively. Distance between the two adjacent bright spots or dims is also
identical to the lattice constant of graphene. As already mentioned in Fig. 2-9, a

type A carbon atom sits over another same type atom in HOPG, then its p, orbital
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overlaps with the orbitals in the adjacent two layers. It reduces the local electron

density around this atom.

On the contrary, since each type B atom stands over a void of the lower layer,
local electron densities around these atoms are less reduced. In the same scanning
image, the type B atoms look brighter compared with the type A ones. In the real
process of producing HOPG crystals, the grain boundaries [58] and superlattices
[42,44,59] are able to be observed on the graphite surface occasionally. The
superlattice in the STM 1mage appear as large bright spots and have a common
periodicity of 38 A. Due to the surface deformation, some 7 bonds above carbon
atoms interact with each other, which changes the local charge density states of
HOPG [43]. For achieving the flat terraces with fewer atomic steps and less

contamination, graphite can be taped several times in air firstly before being used.

2.3.3 Molecules Deposited on HOPG

Due to the smooth surface and lower surface energy, HOPG is widely used as an
ideal solid substrate for studying the self-assembled metal atoms, molecules and
metal-organic frameworks. Compared with the materials such as mica and
molybdenum disulphide, HOPG guarantees the examined intact of both adsorbed
sediments and substrate during STM scanning [60-62]. The surface of HOPG can
maintain unchanged up to 300 °C in UHV. The high thermos-stability of HOPG
allows the adsorbed materials to be tested or analysed under a wide range of

temperatures.

In the ultrahigh vacuum chamber, sizes and distribution of diverse metal particles
[63,64] or metal-organic complexities [65,66] are already studied by STM at a
variety of temperatures on the HOPG surface. Especially when the aromatic
molecules with long chains are deposited, their orientations and the close-packing

packing structures are affected by the  bonds over the graphite surfaces [67,68].
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Fig. 2-13 (a) STM image showing the lying-down monolayer of pentacene deposited on HOPG
surface (V = 2.0 V, 30nm X 30nm) [68]. (b) STM image showing the pentacene layer on
HOPG surface. Each molecule stands upright with its long axis perpendicular to the substrate
(V=0.8V,20nm X 20nm). Schematic showing the packing structure of (c) lying-down and
(d) standing-up pentacene on HOPG, respectively [68].

Fig. 2-13 (a) shows a well-ordered packing structure formed by a monolayer of
close-packed pentacene on the HOPG surface. At low coverage, some pentacene
molecules lie down with an Tt-1t stacking mode, where all the molecules’ benzene
rings are parallel to the substrate [68]. Molecules look like small disks in the
scanning image. The proposed packing structure of the lying-down pentacene are
shown in Fig. 2-13 (c). In this stacking mode, molecules’ packing status are
dominated by the interfacial dispersion force between pentacene and HOPG. A
unit cell of this long-range supramolecular structure can be easily measured in

the scanning image.
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However, when the coverage of pentacene is more than 1 ML, most of the
pentacene molecules on the substrate take a uniform head-on configuration.
Influenced by both the intermolecular dispersion force and the attractive
intermolecular electrostatic force, most molecules form stable benzene-dimmers.
It gives rise to the repeated T-shaped patterns on the graphite surface. Under this
stacking mode, the interaction between the pentacene molecules and graphite

becomes dramatically weak.

2.3.4 Gold Atoms Deposited on HOPG

In the previous research, nucleation of the gold clusters on air-cleaved or vacuum-
cleaved HOPG has been studied with the help of the techniques such as scanning
electron microscopy (SEM) and transmission electron microscopy (TEM) [64].
After being deposited on the HOPG surface, most metal atoms nucleate and
aggregate to 3D crystals with a three-fold symmetry [64,69-72]. Particularly, the
gold and silver atoms commonly stack with FCC structure and have their (111)

plane face up for achieving the lowest surface energy [62].

A series of TEM images in Fig. 2-14 shows the growth of the gold crystals on the
air-cleaved graphite with the average thickness of 1.0 A, 7.8 A, 99 A and 250 A.
Deposition rate of the atoms is fixed at 0.1 A/s. Since the average thickness

reaches 1.0 A, plenty of small gold particles with irregular shapes have occurred
on the substrate. These particles then merge with the neighbouring ones and form

elongated islands, containing (111) nuclei and fibre textures [62].
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Fig. 2-14 TEM images showing the growth of gold films with a deposition rate of 0.1 A/s on
the air-cleaved graphite. Average thicknesses of gold films are: (a) 1.0 A, (b) 7.8 4, (c) 99 A,
(d) 250 A [62].

As the coverage of gold atoms increases, the isolated gold islands tend to have
larger sizes before ripening with higher thickness. It takes a longer time for them
to recrystallize and leads to the gold islands’ sequential coalescence. It
corresponds to the previous investigation did by Stowell ef al. [73]. Instead of
directly joining in the existing large islands, the gold atoms deposited latter on
the graphite choose to fulfil the gaps between islands, which increases the

diversity of atoms’ packing orientations.
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Fig. 2-15 TEM images showing the nucleation and aggregation of gold films on vacuum-
cleaved HOPG with a deposition rate of 0.1 A/s. The average thickness of gold from (a) to (d)
are measured as 1.0 &, 7.8 &, 99 A and 248 A respectively [62].

Fig. 2-15 (a) - (d) illustrate the growth of gold crystals on the vacuum-cleaved
graphite, in which h the average thicknesses of gold are kept the same as on the
air-cleaved one. For the vacuum-cleaved graphite, less contamination on the
substrate surface encourages the Ostwald ripening of gold atoms and thus leads
to the extremely low densities of the gold islands [62,74-77]. The small gold
islands then ripen as larger ones and have dendrite branches emanating the initial

nuclei. On the two sides of the primary branches, there are also smaller and
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shorter secondary branches growing out. Gold dendrite branches on graphite are
divided into two types, named as the type A and type B branches respectively. As
shown in the right side of Fig. 2-15 (b), a type A dendrite branch marked by the
blue arrow has its primary branches lying along one of the <112> directions. Its
secondary branches grow out from the primary branch and direct roughly towards
the dendrite centre. Therefore, this type of branches are also referred to as <112>
branches. In the left side of Fig. 2-15 (b), a type B dendrite branch is marked by
ared arrow. The axis of the primary branch lies along one of the <110> directions
while the secondary branches point away from the dendrite centre. Under
different conditions, gold atoms have a mainly special favour to the two types of
branches. For example, the formation of the type B branches is restrained, and
most of the gold branches orient in <112> directions when the substrate
temperature increases from room temperature to 373 K [62,78]. At higher rates
of deposition, dendrite branches belonging to the type B ones and growing in the
directions of <110> on the graphite surface can be observed easily. When the
average thickness of gold films increases from 7.8 A to 99 A, both the size and
the number of dendritic branches in Fig. 2-13 (c) have a noticeable rise. These
large islands maintain isolated from their neighbouring ones but have a tendency
of covering the graphite surface. With a further increase of average thickness,
branches of the adjacent islands finally impinge as Au(111) thin films. Long
straight or rows of triangular gaps exist between every two merged islands, which

could be fulfilled by the latter deposited gold atoms.

2.4 C¢o Molecule

Fullerene family includes a group of carbon allotropes with the shape such as
cages and tubes. Among them, the molecules with the shapes of hollow closed-

cages are commonly denoted as C,, where nrepresent the total number of carbon
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atoms a molecule contain. The famous carbon isomers including Czo, Cas, Cag,
Cs0, C70, C76 and Cgs have been obtained of macroscopic quantities by Kratschmer
and Diederlich et al. from the benzene-soluble materials produced by resistive
heating of graphite by the technique of gravity chromatography in inert
atmosphere. Atoms inside these molecules donate are connected with their
neighbouring ones with covalent single or double bonds, making the molecules
fully closed or partially closed meshes with rings of five, six or seven atoms

[79,80].

=5

Fig. 2-16 (a) Schematic showing the structure of a C¢o molecule. (b) DFT models showing the
three types of symmetry of a Cso molecule: Cs, C3 and Ca [90].

As the simplest fully closed fullerene molecules, Ceo and C70 contain the fewest
number of carbon atoms and have the simplest molecular symmetries. Apart from
the method mentioned above, these two types of molecules were also successfully
produced by from the combustion of hydrocarbon by Howard et al. [81]. The two

kinds of molecules have a wide range of applications in the fields of optic,
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electronics and semiconductor technologies [82,83]. Measured by the X-ray
Photoelectron Spectroscopy (XPS), the physical diameter of Ceo molecules in the
crystal is ~ 7.1 A [84,85] and the molecule’s van der Waals diameter is ~ 10.3 A
in the gas phase [86-89].

A Ceo cage has a sphere shape consisting of 60 carbon atoms [82,91]. A schematic
diagram of the Ceo is shown in Fig. 2-16 (a), which consists of 20 hexagons (six-
atom rings) and 12 pentagons (five-atom rings) [92]. Carbon atoms in the
hexagons and pentagons are connected by only two types of covalent bonding. A
carbon-carbon double bond exists (denoted as 6:6 bonds) between two adjacent
hexagons, which is deficient in electrons and has an average bond length of
1.45 + 0.015 A. Between a pentagon and a hexagon ring, there is a single carbon

bond (denoted as 6:5 bonds) which is rich in electrons. The average length of a

single carbon bond is 0.05 A longer than the double bond [82,93]. The weak
interactions between the fullerene molecules have been calculated by Wolf-
Dieter’s group, where 1D row and 2D layer of single Cso molecules within the

supercells have been achieved [90,94].

As shown in Fig. 2-16 (b), the structure of an Ceo molecule belongs to the full
icosahedral point group in three dimensions, which is labelled as I [95]. It
contains the order of 120 and includes a series of subgroups of symmetries and
all the symmetries exist on a sphere. It has an I symmetry including five-, three-
and twofold axes. For the Cs and C3 symmetries of a C¢o molecule, one hexagon
and one pentagon ring are observed respectively along the directions of rotation
axes. While for the C> symmetry, the Ceo molecule rotates by a mirror plane,
which is perpendicular to the three-fold axis and separates the molecule into two
equal parts. At room temperature, Cso molecules are able to show different
orientations sitting on the flat substrate such as HOPG, and the height change

during rotation could be ignored [90].
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2.4.1 Temperature Dependent Rotational Dynamics of Ceo

Molecules

Solid Ceo at room temperature commonly present as the small dark pieces of
crystals, where the molecules are dominated by van der Waals force. There is a
phase transition of Ceo stacking in crystal if they are annealed gradually and

slowly from an ultralow temperature to room temperature.

When the Ceo crystal is cooled down to 5 K, molecules contain low energy and
lose the ability to change orientations. Each electron-deficient phase in one
molecule is parallel to the electron rich (6:6) bonds of its neighbouring ones for

optimising the stability of all the carbon atoms in crystal.

14.1704+ T ST SR T LY S S W . | PR A 1 1 s
P Ll
] u" 1
14.150- Fullerene-Cg, . -
1]
i
14.1301 s -
<< ] i
2 ;
® i '
8 14.1101 v
] 1
8 P
.g 14.0901 Freezing transition, T=90 K -
£ ] - |
o
.S .-'
-
14.070" -™
-
] ,'-.-." Orientational ordering transition,
a8 T=260 K [
14.0501 » 8
o ) |
u-a
14.030 L T T Y e —r
0 50 100 150 200 250 300

Temperature (K)

Fig. 2-17 Point profile showing the lattice constant of Ceo in crystal with respect to the
temperatures. There are two phase transitions happening as the temperature increases from 5
K to above 260 K. The freezing transitions happen since the temperature reaches 90 K. At 260
K, there is a sudden increase of the curve due to the phase changing from SC to FCC [96].
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All the Ceo 1n the phases keep still at their original positions instead of rotating.
An overwhelming majority of the C¢o molecules in crystal form perfect simple
cubic (SC) structure. The lattice constant of the Cgo crystal doesn’t have a

significant change before being heated to 90 K [84,96-98].

As shown in Fig. 2-17, the freezing transitions appear once the temperature
reaches 90 K. From 90 K to 260 K Majority of the Ceo in crystal still form SC
structure. The lattice constant of Ceo keeps increasing slowly but is always below
14.110 A. However, some Cg molecules can rotate at their positions with an
increasing molecular spacing gradually, because the thermal energy gained by
molecules beyond their rotational barrier [96]. After being heated up to 260 K,
most of the molecules are able to rotate freely. Both the FCC and SC phases
coexist in the Cgo crystal. A sudden jump of the lattice constant as well as the
domain boundaries could be observed. When the temperature is above 260 K, all

the Cso molecules can rotate freely and stack with FCC structure.

2.4.2 Close-packing Structures of Ceo on Au(111)

When a low coverage of Ceo molecules are deposited on the Au(111) substrate at
RT, several close-packed structures could be formed. Each Cso molecule is
affected and stabilized by the van der Waals forces from adjacent ones as well as

the weak chemical interaction with the gold substrate simultaneously.

When temperature of the gold substrate is high enough, Cso molecules diffuse
freely on the smooth sample surface before attaching to the step edges or defects.
Then, these molecules nucleate as large close-packed islands. At high coverages,
Cso0 molecules are assembled by the van der Waals force and stack as multilayer

thin films [99].
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2.4.2.1 RO° Structure and (2v3 x 2v/3) R30° Structure

At room temperature, most Cso molecules form R0° (or called In-Phase) structure
on the Au(111) surface on account of the kinetics of the growth process. Ceo
molecules firstly pack densely as long chains along with the {111} steps and then
ripen as large-sized domains. Supposing there is no defect on the substrate,
orientations of the Ceo domains are commonly determined by the types of the gold

steps.

® Au2nd Layer ©  AuSurface O Ceo @ Au2nd Layer 2 AuSurface a Ceo

Fig. 2-18 Schematic showing the models of the (a) the RO°and (b) the R30° phase of Ceso
molecules on the unreconstructed the surface of Au(111). (a) Half of the unit cell of RO° phase
and (b) the intact unit cell of R30° phase are marked in a solid black triangle and a rhombus,

respectively [21].

Model of this packing structure is shown in Fig. 2-18 (a), where the Cso molecules
pack in the same direction with gold atoms below. Half of a supercell including
(38 x 38) gold atoms or (11 X 11) Ce¢ molecules are marked in a black
triangle. This close packing structure is also observed when Cego are deposited on
the other metal surfaces such as Cu or Ni [99]. The NND of Cso molecules in

the RO° phase is measured as ~ 1.0 nm, which is not the integral multiple of the

40



spacing of surface gold atoms [100]. Due to the lattice mismatch, some Ceo
molecules sit on three-fold hollow sites, while some others sit on the bridge or A-

top sites.

At high temperature, the Cso molecules on the Au(111) surface prefer to sit

uniformly on the three-fold hollow sites. It leads to a phase transition from
the RO° to the (2v3 x 2v/3) R30° [101]. All the Cso molecules in Fig. 2-18 (b)
occupy FCC or HCP hollow sites equivalently on the Au(111) substrate, where a
stronger interaction between Ceo layers and gold atoms are built. The close-

packed directions of the C¢o makes an angle of 30° to the gold atoms below, and

the NND of molecules is 2+/3 times the spacing of surface gold atoms. The R30°
structure 1s thus more favoured by Ceo molecules compared with RO° structure
thermodynamically. However, the Ceo molecules on the Au(111) surface can
change the gold surface. In the R30° phase, some molecules appear brighter than

the others. These brighter molecules have weaker interactions with the gold

substrate [91,102].

2.4.2.2 (7 X 7) R14° Structure and (3 X 3) R34° Structure

(7 x 7) R14° and (3 x 3) R34° Cso phases are also able to be observed on the
gold substrate occasionally. Structures of the two phases are shown in Fig. 2-19
(a) and (b), where the black crosses represent the surface gold atoms, while the
light and dark spheres represent the adsorbed Cso molecules. Close-packing
directions of the Ceo molecules in the images are marked with the thick black

arrows.

The R14° superstructure has been found firstly by R. Berendst et al., where the Ceo
molecules’ close-packing direction rotates 14° to that of the surface gold atoms
[102]. Highlighted by the solid black lines, this structure has a very large unit

cell, consisting of 49 molecules in total. Molecules in one unit cell sit on the
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random sites of the Au(111) surface and form a large (7 X 7) array. Compared
with R14°, the superstructure of R34° are less observed. As shown in Fig. 2-19
(b), this type of structure includes a unit cell of (3 X 3) molecules, where every
third Ceo molecule sits on the same type of sites on the gold surface [102-104].

7 x 7 R14° superstructure: [ 3 x 3R34° Hllpﬁl'-»'fl ucture:p g 0
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Fig. 2-19 Schematic showing the two superstructure of (a) (7 X 7) R14° and (b) (3 X 3) R34°,
respectively. The crosses represent gold atoms in the substrate, and the light and dark spheres
represent C7o molecules. The molecules’ close-packing directions in the two types of structures

are highlighted by the thick black arrows respectively [102].

Before the development of STM, all the four kinds of structures of Ceo molecules
that have already been studied by the techniques such as X-ray diffraction (XRD)
and low energy electron diffraction (LEED) [102]. Ceo structures such as
(2\/§ X 2\/§) R30° have also been observed on the other metal surfaces such as
Au(100) [21,100,105], Ag(111) [106] and Al(111) [107].

2.5 C79 Molecule

One C70 molecule consists of 70 carbon atoms. It has an ellipsoidal shape and
looks like a “rugby ball” [108]. The carbon atoms connected by covalent bonds
form 25 hexagons and 12 pentagons. In C7 molecules, the double covalent bonds

exist between two hexagons (6:6) while the single bonds exist between the
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adjacent hexagons and pentagons (6:5). Compared with Ceo, the ten extra carbon
atoms existing at the equator of a C70 molecule make a belt of 5 hexagons, which
are marked with the blue spheres in Fig. 2-20 (a). It not only distinguishes the
shapes of C70 from Ceso but also riches the diversity of C-C bonding in a Cro
molecule [101]. In Fig. 2-20 (a), one single bond and one double bond in a Cro
cage have been highlighted with yellow and green bars respectively. When these
bonds are formed, each carbon atom dominates all the electrons to interact with

the other three neighbouring atoms [106].

e

Fig. 2-20 (a) Schematic showing the structure of a C7o molecule. 5 hexagons coloured in blue

are made up of the carbon atoms at the equator of the molecule. (b) The Dsn symmetry of a Cro

molecule. The molecule has a fivefold axis and an axial plane [90].

Due to the difference of molecular structures and carbon-carbon bonds, there 1s a
significant difference between a C;0 molecule and a Ceo molecule in the
symmetries. As shown in Fig. 2-20 (b), one C70 molecule has the Ds, symmetry.

The point group Dun includes a five-fold axis of symmetry (C,), a mirror plane o,
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which is perpendicular to the C, axis [95]. This mirror plane also includes n two-
fold axes (C:). For the first type of rotation, the molecule rotates by a fivefold
axis, which is perpendicular to the two parallel pentagons. On the right side of
the figure, a C70 molecule rotates symmetrically by an axial plane (o plane). This
plane exists at the molecular waist and separates it into two equal parts. In the

crystal, the geometric length of a C7o molecule along the directions of the o plane

is measured as 10.4 A, while its length along the Cs axis is ~ 0.5 A longer [100].

2.5.1 Temperature Dependent Rotational Dynamics of Cro

Compared with Ceso molecules, phase transition of C70 crystal are more
complicated and are mainly studied in the air environment [109]. When the
temperature is above 350 K, C70 molecules stack in the mode of FCC, and all the
molecules in the crystal can rotate freely at their positions and could be treated
approximatively as spheres. At the temperature between 270 K and 337 K, some
rhombohedral and monoclinic phases are transferred by the FCC ones due to the

rotating limitation of molecules.

The FCC, (ideal (c¢/a=1.63) and deformed (c/a=1.82)) HCP, rhombohedral and
monoclinic phases coexist in the Cyo crystal [110]. The rhombohedral phases
contain C70 molecules rotating along the fivefold axes and tilting with certain
degrees uniformly [111-114]. It commonly appears with some disordered
rhombohedral phases, which has unequal vector lengths. When the temperature
is lower than 270 K, only the rhombohedral and monoclinic phases remain in
crystal, while the FCC and HCP phases have disappeared. With further cooling,
the thermal energy of C70 molecules is low enough, most of the molecules stop
rotating totally and orient in an ordered direction, and the crystal is dominated by

the monoclinic phases.
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2.5.2 Structures of Close-packed C7 on Ag(111)

The close-packing structures of C70 molecules on the gold and silver substrates
have been studied in the air [115-117] and the liquids [118,119]. Some previous
studies have indicated that the majority of C70 molecules on the (111) metal
substrates form close-packed structures and stack as molecular layers at room
temperature. Each molecule stands with its long axis perpendicular to the atoms
in the top-most layer of substrate. Molecules in the upper layers have weaker
interaction with the substrate compared with the ones in the layers below [117].
In our research, on Au(111), orientations of the C7o molecules are found having

angles such as 0°, 14° or 30° in respect to that of the surface gold atoms. However,

when C79 molecules are deposited on Ag(111), (\/ 13 x V13) R + 13.9° is the

most thermal favoured structure.
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Fig. 2-21 (a) STM image showing the close-packed C7o molecules on the Ag(111) surface. The
rotational angle of Cro lattice is 14° from that of surface atoms. Inset showing the area marked
in the black rectangle with higher resolution. (V=0.76 V, 1 =0.04 nA, 50 nm X 50 nm). (b)
Line profile along the line AB showing depths of the three types of molecular defects [122].

Fig. 2-21 (a) indicates that the close-packed monolayer of C7 on the Ag(111)
substrate at room temperature. The sample was heated up to 573 K for 20 minutes

and then cooled down to room temperature. Close-packing directions of Cro
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molecules (marked with the solid line) and the silver atoms below (marked with
the dashed line) has an angle of 14°. Some single or dimmer defects with greater
depths appear inside the C70 domain. These defects can be divided into three
types: weak dims (WD), middle dims (MD), and dark dims (DD), which are
measured respectively as 0.07 nm, 0.13 nm and 0.17 nm, shown in Fig. 2-21 (b).
Under the defects, one-atom or seven-atom atomic pits are created on the silver
surface. The inset shows one MD in the black box is shown in the inset with a
higher resolution, where the molecular defects show different electronic states

compared with the molecules around.

(a) 1. 042 nm

[011]
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Fig. 2-22 (a) Schematic showing the (\/ 13 x+ 13)R + 13.9° structure of C70 molecules on the
Ag(111) surface. All the C70 molecules take an upright orientation uniformly [122]. (b) Models
showing three possible types of molecular orientations on Ag(111). When the two adjacent C7o

molecules stand upright, their spacing agrees with the measured distance in the STM image

[122].

Fig. 2-22 (a) demonstrates a model of (\/ﬁ X \/ﬁ) R £+ 13.9° structure of Cro
molecules on the Ag(111) surface, where each blue spot represents a surface
silver atom. Each C70 molecule in this structure sits directly on top of one silver
atom. It is because that the evident charge transferring from the substrate to the

adsorbed neutral molecules (> 2.6 e per C70) enhances the Coulomb repulsion
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between adjacent molecules dramatically. Therefore, the total energy of the
monolayer C7o on the Ag(111) surface minimizes even though it requires higher
energy for C70 molecules sitting on the A-top sites instead of three-fold hollow
sites. The models in Fig. 2-22 (b) demonstrates that the two adjacent Cro
molecules in the phase have three possible orientations. When the two adjacent
C70 molecules stand upright with their long axes perpendicular to the Ag(111)
surface, the calculated molecular spacing is 1.04 nm + 0.02 nm, which agrees

with the NND measured in Fig. 2-20 [122].

For the substrate of Highly Oriented Pyrolytic Graphite (HOPG), each carbon
atom in the top-most layer achieves saturated electronic state by forming ¢ and
bonds with its adjacent ones. When C70 molecules adsorb onto substrates, the

interaction between the substrate and the adsorbed molecules are rather weak.

2.6 Election Properties of C¢ and C79 Molecules

The electronic properties of Cso and C70 molecules have been studied. With the
help of x-ray photoemission spectroscopy (XPS) [97,114], the gap between the
highest occupied molecular orbitals (HOMO) and the lowest unoccupied
molecular orbitals (LUMO) of a Ceo in the crystal is measured as 3.7 eV [103]. It
1s twice as the one of a C70 (1.6 €V) [123]. The Ceo or C70 molecules deposited
onto specific noble metal substrates, e.g. Au(111) or Ag(111) are able to work as
electron acceptors. It thus leads to a shrink of the molecules” HOMO-LUMO gap.
Proved by Modesti et al., fullerene films switch gradually from the metallic to the

semiconductor-like characteristic as the thickness increases [124].

As mentioned, the LUMO state localizes in the 6:5 single bonds (sp? bonds) of
one Ceo, which appears with a doughnut-like shape in the Fig. 2-23 [106,125].

When a pentagonal ring, a carbon atom or a hexagonal ring of one C¢o molecule
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faces down to the surface of Au(111), the bright patterns with one, two or three-

fold symmetry are shown in the STM images at low temperature.

» D

Fig. 2-23 STM topographies and schematic indicating the unoccupied and occupied molecular
orbitals of the (a) Ceo and (b) C70 molecules in the surface of the nanocrystals. (a) The top row
showing the schematic of one Cso facing the scanning tip with a hexagonal carbon ring (h), one
6:6 bond (h:h) and one 6:5 single carbon bond (h:p) respectively; The middle row showing the
STM topography and the corresponding DFT calculations of the LUMO orbitals (V =2V, [ =
20 pA); The bottom row showing the showing the STM topography and the corresponding
DFT calculations of the LUMO orbitals for the Cso molecule (V =-2.8 V, I =20 pA) (from
[90]). (b) The top row showing the schematic of one C7o molecule orienting with its pentagonal
ring (p), one 6:6 bond (h:h) facing the tip; The middle row showing the STM topography and
the corresponding DFT calculations of the LUMO orbitals (V = 3V, I = 20 pA); The bottom
row showing the STM topography and the corresponding DFT calculations of the LUMO
orbitals for the C70 molecule (V =-3 V, I=20 pA) [90].
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When Ceo or C70 molecules are deposited onto the Au(111) surface and nucleate
as close-packed domains, the hexagonal carbon rings of one molecule is deficient
in electrons and tend to face the electronic-rich 6:6 bond of another molecule. It
drives the rotation of Cso molecules in the domains and enables the distinguished
molecular orbitals to be recorded by STM tip during scanning. The lowest
unoccupied molecular orbitals (LUMO) and the highest occupied molecular
orbitals (HOMO) state of the Ceso and C70 molecules in the close-packed
monolayer on Au(111) have been studied by Dieter et al. using an LT STM [90].

Fig. 2-23 indicates the LUMO and HOMO of one C¢o molecule when a hexagonal
carbon ring of carbon, two hexagons and one 6:5 single carbon bond face up to
the STM tip. The corresponding models of these orbital states calculated by the
density functional theory (DFT) are put to the right of the image. At the same bias
voltage and tunnelling current, the electron-rich and electron-deficient regions of

a molecule appear bright and dark in the scanning image, respectively.

Fig. 2-24 demonstrates a redistribution of interfacial charge densities when one
Ceo sits on the Au(111) and Ag(111) surface. Electrons transfer from the gold
atoms to the 6:6 carbon bonds of the molecule. The regions in the figure with a
more significant number of the charge density are marked with blue colour, while

the regions with a decrease of charge density are marked in red

Sitting on Au(111), the Ceo-Au bonding mechanism could be treated as a “charge-
neutral” polarization and belong to the metal-ligand interactions [90]. The Ceo
molecule in Fig. 2-24 (a) faces to the Au(111) surface with one of its carbon
hexagons. Only a few numbers of carbon atoms close to the substrate have been
charged, while most atoms of the molecule still maintain as neutral. Under this
circumstance, the charge density at the surface-adsorbate interface has a

significant increase [126].

49



(a) Cg / Au(111) (b) C¢o / Ag(100)
ode of . 0.01 e/A?
° » 0.0 e/A?
< < < < =
-0.01 /A?

Fig. 2-24 DFT models showing the differential charge densities of Ceo molecule sitting on (a)
the Au(111) and (b) the Ag(100) surfaces, respectively. The regions coloured in blue have an
increase in the electron density while the regions having a decrease of electron density have

been marked with red colour [126].

The Ceo-Ag bonding mechanism behaves more like a combination of ionization
and polarization. As shown in Fig. 2-24 (b), when a Ceo molecule is adsorbed on
the Ag(100) surface, a net of electrons contributed by the silver atoms in the
substrate transfer to the adsorbed Ceso molecule directly, making the molecule
charged. At the interface of the molecule and silver atoms, the interface
polarization also appears. The difference between the two metal-molecule
systems could results from the lower work function of the Ag(100) surface
compared with that of Au(111) [127]. When the change of electron affinity is
ignored, the LUMO state of the C¢o molecules adsorbed on Ag(100) are reduced
and close to Er compared with on Au(111), which makes it easier for charge
transfer from the silver substrate to the adsorbed molecules. If Cso molecules are
deposited onto a more active metal substrate with a further lower working
function, molecular ionization would be more evident while the interface

polarization would be further limited [128,129]. Apart from the surface energy,
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the intramolecular Coulomb force also plays an essential role in influencing the

electronic properties of the adsorbed Ceo.

Most of the C7 molecules on the surface of Au(111) prefer to stand with their
long axes perpendicular to the substrate, and face up to the STM tip with their
pentagonal carbon rings, while a small number of C7o keep their long axis parallel
to the gold substrate. Two hexagonal rings of these molecules face up to the tip
during scanning. HOMO and LUMO of both the two types of Cro are recorded
[90]. Due to the variation in schematic structure and bond types, electronic states
of two hexagons in a C70 and a Ceo molecule are different at the same bias voltage

and tunnelling current constant.

Interaction type Energy range Bonding length Nature
van der Waals ~ 0.02—-0.1eV < 1nm Non-selective
Hydrogen bonding ~0.05-0.7¢V | =0.15nm — 0.35nm Selective and directed
Ionic ~0.05—-2.5¢eV Up to several nm Non-selective
Dipole-dipole ~01-05eV ~ 0.2 nm — 0.3nm Directed
Metal-ligand interactions | ~ 0.5 —2.0eV ~ 0.15 nm — 0.35nm Selective and directed
Reconstruction mediated ~ leV System dependent Covalent

Table 2-2 Typical interactions with the different interaction energies, bonding length and
character [90,91].

Table 2-2 exhibits the most typical interactions along with their energy range,
bonding lengths and characters used to study the different molecular structures
on metal surfaces [90]. Among them, hydrogen bonding, dipole-dipole force and
van der Waals dispersion force belong to intermolecular interactions. Van der
Waals forces exist between uncharged molecules and commonly have lower
energy and longer bonding lengths compared with the other two interactions.

Metal-ligand interactions exist between the interface atoms and one molecule or
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a group of molecules and the charge transfer is directed [90,91]. Compared with
van der Waals forces, this type of interactions have higher energy and lower

bonding lengths.

2.7 Magic Number (Ceso)m-(Au)n Clusters

In an ultrahigh vacuum chamber, when Ce¢o molecules and gold atoms are co-
deposited, at 110 K with a ratio of ~ 1: 2, gold atoms create arrays of clusters at
the elbow sites of the Au(l11) surface. The molecules fully or partially
encapsulate the Au islands via surface diffusion. When the sample is brought up
to room temperature, performed by STM, quite a number of the Cso molecules
around the gold islands have moved away or desorbed from the substrate, leaving
the rest gold islands and molecules to reorganise and form a series of well-defined
(Cs0)m-(Au)n magic number clusters. These clusters consist of specific numbers
of close-packed Ce¢o molecules, which sit around or on top of the single atomic
layer gold islands [130,131]. The smallest type of magic number clusters (Ceo)7
only includes seven molecules in total, where the six C¢o molecules encircle a 19-
atom island while another one sits on the island’s top. A simplified Formation
process of this type of magic number clusters in the ultrahigh vacuum is

demonstrated in Fig. 2-25.

Apart from the magic number clusters, there are some large gold islands with
circular shapes on the gold substrate, of which the edges are decorated by Ceo
molecules. However, there is no molecule sitting on the top of the islands. This
type of clusters is named as ring clusters. Fig, 2-25 (b) demonstrates the magic
number clusters and ring clusters scanned by STM. The magic number clusters
can be divided into different types according to their unique shapes, sizes and the
included molecules. As marked in the orange box of Fig. 2-25 (b), a row of (C70)7

magic number clusters located in the FCC regions and next to the elbow sites. In
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one of these clusters, the central Cso molecule sitting on top of the gold island is
measured ~ 0.21 nm taller than the six surrounding molecules and thus appears
brighter. For the magic number clusters with larger gold islands, two or more Ceo
molecules sit side-by-side on the top of the island.
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Fig. 2-25 (a) Schematic showing the formation process of a (C70)m magic number cluster and
a ring cluster on the Au(111) substrate. Gold atoms and Cso molecules were co-deposited at
110 K, and the sample was then heated up to room temperature. (b) STM image showing
(C70)m-(Au), magic number clusters, ring clusters and other clusters sitting on the Au(111)
substrate. All the clusters sit in the FCC regions and close to elbow sites (V= -1.8 V, I=0.03
nA, 105 nm X 105 nm) [131].
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Close to these (C70)7 clusters, a large size gold island of the ring cluster occupies
two adjacent elbow sites simultaneously. Its steps are decorated by a chain of
close-packed Cso molecules. The B and F type (or called (Ceo)7-1) clusters are
marked in the white boxes, which are similar to the (Ces0)7 ones but have one Ceo
molecule lost. Since the gold island is not covered by any molecule, the F type
cluster also belongs to a ring cluster. At room temperature, some perfect (Ceso)7
magic number clusters are able to capture diffusing Cso molecules. Marked in the
white circles and ellipse, A, C and D types can be treated as a (Ceo)7 clusters

adding one, four and five other Cso molecules.

The model in Fig. 2-26 (a) shows a single atomic layer of the gold island inside
a (Ce0)7-(Au)19 cluster. The island consists of 19 close-packed gold atoms and has
a hexagonal shape. All the atoms in the island occupy the three-fold hollow sites
on the Au(111) surface. The seven Ceo molecules in the clusters are added in Fig.
2-26 (b). Six of the molecules are located at the hollow sites on the substrate and
sit close to the 1sland’s step. There is one molecule sitting directly over the central

gold atom in the island.

In this system, interaction between the C¢o molecules and gold substrate achieve
a great balance with the intermolecular forces and result in high stability of this

cluster. Considering the space of molecules measured in the STM images, Ceo

molecules in one magic number cluster are found packing with (2\/§ X

24/3) R30° structure on the Au(111) surface [102,104,132].

In this model, gold atoms at the step edges have the distance of ~ 0.25 nm with
the nearest carbon of a Cso molecule, which agrees with the calculated value

[133].
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Fig. 2-26 (a) Ball models showing a single atomic layer gold island inside a (Cso)7-Aui9 magic
cluster consisting of nineteen gold atoms. The yellow spheres and one red sphere in the centre
represent the gold atoms in the island, while the dark purple spheres represent the surface gold
atoms of the Au(111) substrate. The gold atoms having a direct contact with seven Ceo
molecules are marked in red [134]. (b) Ball models of (Cso)7-Aui9 cluster consisting of both
the gold island and Ceo molecules. One Cso molecule sits on the island’s top, and the other six
attach to the island’s edges. Ball models showing the atomic structures of (c) a (Ceo)10-Auss
and (d) a (Ceo)12-Auao cluster, where two and three molecules sit side-by-side on the gold island.

Inset in (b), (c) and (d) show the corresponding magic number clusters scanned by STM [134].

In a magic number cluster, the gold-carbon distances are decided by the types of
gold steps. When a Cgo molecule sits close toa {111} or {100} gold facet, there
is a small discrepancy in the space and bonding energy between the edge atoms
and molecules [131]. Therefore, a global optimization process inside a magic

number cluster irons out the difference in the distance by allowing some
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molecules and atoms to change their positions from the theoretically predicted
ones. In UHV, one (Ce0)7-(Au)19 cluster can maintain stability up to 400 K, while
a pure 19-atomic gold island disintegrates beyond 200 K [134]. It indicates that
the molecules play a role in enhancing the stability of the atomic island and

prohibiting Ostwald ripening of gold atoms.

Fig. 2-26 (c) and (d) demonstrate the models of another two magic number
clusters: (Ceso)10-(Au)ss and a (Ceo)12-(Au)ag, respectively. The two types of
clusters consist of more atoms and molecules and thus have larger sizes compared
with (Ce0)7-(Au)19. In a (Ceo)10-(Au)ss cluster, eight Ceo molecules surround a
twin-hexagonal island consisting of 35 gold atoms. The island is large enough to

accommodate two molecules on its top simultaneously side by side.

A (Ce0)12-(Au)49 cluster includes 12 molecules, in which three molecules can sit
on top of the monolayer gold island. However, the bonding conditions between
molecules and atoms in the two types of clusters are more complexed compared
with that of a (Ce0)7-(Au)i9 cluster. For example, in one (Ceo)12-(Au)so cluster,
there are three Ceo molecules interacting with V-shaped step edges instead of the
straight ones [134]. Hence these larger-sized magic number clusters have weaker

stability.

2.8 The STM Apparatus

The first STM in the world was produced by G. Binnig ef al. at the IBM Ziirich
Research Laboratory in 1981 [135]. It provides real-space atomic resolution
images of material surfaces. Binnig and Rohrer were awarded the Physics Nobel

Prize in 1986 for their contribution.

STM was initially used for achieving the surface topography and electronic

structure of the conducting samples. The technique of scanning tunnelling
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spectroscopy (STS) was then introduced to study the information about the

surface’s local electronic structure.

After STM, some other microscopy techniques, including atomic force
microscopy (AFM), electrostatic force microscopy (EFM) and chemical force
microscopy (CFM) have been developed in succession and used for surface

analysis. Most of my research work is conducted with the help of a VT-STM.

2.8.1 1-dimensional Model

STM works by detecting the tunnelling current between the two electrodes
(sample and tip). It works based on a quantum mechanics phenomenon, which is
also known as electron tunnelling. The concept of electron tunnelling is
demonstrated by a 1-dimensional model. Fig. 2-27 shows 1-dimensional energy

model of the tip-barrier-sample junction.

In the 1-Dimensional model, there are two electrodes separated by a finite energy
barrier, of which the potential is U. For simplify, the two electrodes are assumed
to be are made of the same material. The work function of electrode is represented
as @. The Fermi levels of the tip and the sample are marked by the solid black
lines while the potential barrier has the width of z. In classical mechanics, the
Fermi levels of two electrodes are equal to each other when there is no applied
bias voltage, and the electrons in the electrodes are confined under their Fermi
levels. In quantum mechanics, electrons have wave-like properties and thus can

be described by a wave functions ¥ (z).
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Fig. 2-27 Schematic showing 1-dimensional energy model of the tip-barrier-sample junction.
(a) Assuming the tip and sample are made of the same material, their Fermi levels are equal
when there is no applied bias voltage, and all the electrons in the sample and tip are confined
under their Fermi levels. There is no tunnelling current passing through the energy barrier. (b)
When a bias voltage applied to the sample, its Fermi level rises by eV. Electrons with the energy
between the two Fermi levels have the possibility of tunnelling and form the stable tunnelling

current.

58



When the two electrodes approach each other with an extremely short distance,
there is a possibility a small number of electrons can tunnel through the energy
barrier. When an electron with energy E propagates in the +z direction towards

the energy barrier, the Schrodinger equation is used to describe the electron states:

L L)+ UDY (@) = E¥(2) (1.1)

As shown in Fig. 2-26, U < E on the left side of potential barrier. Therefore the
equation is:

L Ly = E¥() (1.2)

the wave function of elections ¥ (z) is written as:
Y, (z) = Ajetikaz 4 A, eikaz (1.3)
where k, is wave vector and given by:

hy =2 (1.4)

Inside the barrier, U # 0 and U > E. The equation becomes:

2L ) = (E-0)¥() (1.5)

2m dz?

and the wave function of elections is:
W, (z) = Byetike? 4 B,eke? (1.6)
where k, is decay constant and given by:

k, = ./Zm;U—E) (17)

On the right side of potential barrier, U < E. The wave function of elections is
similar to that on the left side of barrier, but there is only transmitted waves. Thus

the wave function ¥ (z) is written as:

W, (z) = Celka? (1.8)
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A;, A,, B1, B, and C in the equations are the coefficients and in terms of k; and
k,. It is due to the wave functions as well as their first order derivative are

continuous when the elections pass across the barrier.

Atx =0,
¥ (0) =Y, (0)
dlpl(x) — dl‘”Z(x) (1.9)
dx lIx=0 dx lx=0
also, x = z,
¥, (z) = ¥5(2)
dlpZ(x) — dlp3(x) (2.0)
ax lyx=z ax lyx=z
then the transmission coefficient T 1s calculated as:
_(w)?2  ccr (ek2z4e~kez)
I == = [ * 16(1-0)p e
When k,z > 1, the result can be written as:
~ __E f: -k,z
T =~ 16(1 U) e 2 (2.2)

It means that the transmission probability of elections decreases exponentially
when the barrier width z increases [136]. The electrons with energy between the
two Fermi levels have the same possibility of transferring the vacuum when there
is no bias voltage applied, thus there is no net tunnelling current detected under

this condition.

In a STM, the scanning tip and sample can work as the two electrodes, of which
the Fermi levels are named as Er; and Er respectively, and the vacuum between
the tip apex and sample surface works as the energy barrier. For simplify, Ep; and

Ers are equal to each other before the application of a bias voltage. When the
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sharp tip is brought extremely close to the sample surface with the distance of
~10 A, the total number of electrons passing across the barrier is strongly affected
by the bias voltage put on the sample or tip [137,138]. As shown in Fig. 2-27 (b),
the areas with shadow represent the occupied states of elections in the tip and
sample. A specific bias voltage V is applied to the sample making its Fermi level
an upward shifting of eV, where e represents the charge of electrons. Elections of
the sample with the energy between Ep; to Ep; + eV tunnel through the barrier

and form net tunnelling current. The current is given by:

2m elvV|
2z h—z(‘-p——

T St w(z)2 e =) (2.3)

By taking in account of the local density of states (LDOS) ps(Eps) of the sample

surface:

ps(Eps) « = Xk | ()2 (2.4)

Erp¢

where we can achieve that the tunnelling current / is exponentially related to the

barrier width z [136].

2z [P eVl
I & Vpy(Eps)e' N2 @72 2.5)

where z represents the gap distance between tip apex and the surface atoms of the

: h
sample, h represents the Dirac constant and equals to the value of 2> m the
effective mass of the electron and @ represents the work function of the sample.

By detecting the tunnelling current, the tip-sample distance can be achieved

sensitively(vice versa). For example, 1 A difference in tip-sample distance can
result in a difference of the tunnelling current by a factor of 10 [139,140]. For an

working VT STM in the ultrahigh vacuum environment, the highest image
resolution in the depth direction reaches 0.1 A and the highest resolution in the

lateral directions can reach 1 A [143,144]. Therefore, geometric surface features

in real space can be directly obtained with atomic resolution when the tunnelling

61



current is recorded continuously by STM. It enables scientists to understand their

research subjects on an atomic or molecular level.

Apart from the geographic information, an STM can also detect surface electronic
contour of the target sample. This technique is called Scanning Tunnelling
Spectroscopy (STS) [135]. By taking the derivative on the two sides of the

formula with respect to the bias voltage V, (2.5) is written as:

dl
E X ps(EFs) (2-6)

For probing the occupied and unoccupied election density states of the sample
surface, an I-V curve can be made by sweeping the bias voltage from a minus
value to a positive one and recording the corresponding current at the same time.
The Fermi-level LDOS are achieved by taking differentiation to a recorded I-V
curve [136,141].

As a powerful tool for surface science study, STM has a lot of advantages. It is
widely used in studying the three dimensional contours as well as the positions
of surface reconstructions and surface defects [144,145]. Before the development
of STM, it was known from LEED experiments that the unit cell has a six-fold
symmetry and is constructed by the original 49 cells of Si(111). With the help of
STM, a clean Si(111) surface with the detailed information of 7 X 7
reconstruction was obtained. Each unit cell were found including 12 adatoms and
a combination of two triangles. Therefore, the unit cell of Si(111) has a three-fold
symmetry. What’s more, by comparing with the unreconstructed surface, that the
original 49 dangling bonds in a unit cell were found reduced to 12 once the

surface reconstruction appear [145].

STM are versatile and can be used in ultrahigh vacuum (UHV), air and liquids.
The testing material can be scanned at different temperatures and will not be
damaged. For the VT STM operated in our laboratory, the variable temperature
operated in the microscope stage is in the range of 25 K to 1500K. The STM is
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also powerful tool for studying the surface dynamic process and electrochemical
reaction process [146,147]. The early studies measured the surface diffusion of
clean and oxygen-covered Si(111) surface. The feedback loop of STM was
suspended while the tip was kept still over a selected area during scanning. Then,
the continuous tunnelling current were recorded and analysed by the power
spectrum analyser. Fluctuation of the current caused by diffusion of adatoms

through the tunnelling area were separated and used to calculate the diffusion

coefficients [146,147].

However, there are also some disadvantages of STM. STM works based on the
principle of quantum tunnelling, it requires the testing sample and scanning tip to
have conductivity. For the materials of semiconductors or insulators, it is hard for
STM to achieve high-resolution of sample surface directly. The lateral developed
techniques such as atomic force microscopy (AFM) make up this deficiency
effectively. What’s more, the fluctuation shown in the scanning images not
necessary reflect the real physical height difference. It is because STM collect
both the electronic and geometric information at the same time during scanning.
The regions of the material surface with strong charge transfer to the tip could

appear brighter and be measured higher the areas with weak charger transfer.

The STM is strict with the experimental environment. The tunnelling current
created between tip are in the scales of picoampere and nanoampere. It is easier
to affected if there is any external noise. The highest resolution STM images of
atomic structures typically needs an UHV environment, with the pressure reach

—101% mbar. It makes STM fragile and expensive to be built.

Another disadvantage of STM is the limited scanning areas. For the time being,
the largest scanning magnifications are commonly micrometres in the x, y and z
directions. It only detects the local surface features and cannot be used to study

the overall properties of the materials.
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2.8.2 Two Scanning Modes of Scanning Tunnelling Microscopy

The two scanning modes of STM are the constant current imaging mode (CCI)
and the constant height imaging mode (CHI). Schematic of the two working

modes are demonstrated in Fig. 2-28 (a) respectively.
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Fig. 2-28 Schematic showing the two working modes of an STM. (a) For the constant current
mode (CCI), the tip-sample distance height is adjusted by the feedback circus while the
tunnelling current is fixed. (b) For the constant height mode (CHI), the tunnelling currents are

recorded by STM as the tip’s height is kept constant [148].

In the constant current mode (CCI), the tunnelling current is set as a constant
value during scanning [102] while the height of tip is adjusted with the help of a
feedback circuit. When the tip scans over an area with protrusions, the sudden
shrink of the tip-sample distance leads to the tunnelling current increasing. Once
the change of current is detected, a voltage is applied to the piezo. Then the tip
retracts back a few distances until the set-point tunnelling current achieves the
pre-set value again. In contrast, when the tip scans over the sunken areas, it will
move forward a few steps to the sample surface. During scanning, all the tip’s
motion curves are recorded by STM, and the sample’s geometric corrugation is

thus achieved. This mode is suitable for materials with rugged surfaces.
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On the other hand, the constant height mode (CHI) is introduced in Fig. 2-28 (b).
The feedback electric is employed to maintain the tip’s height at a constant value.
During scanning, fluctuation of the sample surface results in the change of the
sample-tip distance as well as the tunnelling current. Hence, the current at each
point is recorded by the controller and shows as different contrasts in the STM
image. The constant height mode is suitable for scanning a sample having been
studied before or already known with a smooth surface. If the sample surface is
extremely rough, the tip is easy to crash. In experiments, the two scanning modes

are usually combined to study the surfaces with different features [130].

2.9 Solution and Vacuum Deposition

At the laboratory, solution phase and vacuum phase deposition are the most
common methods for producing small particles, organic islands and successive
thin films on a series of solid substrates. The schematic diagrams in Fig. 2-29 (a)
and (b) demonstrate both the two preparation methods. The solution deposition
method is suitable for the mass production of MOFs, which have been developed
since the successive monolayers of palmitic, stearic and arachidic acids were
transferred onto the solid substrate from the liquid surface in the first time [149-

154,155].

Compared with other methods, solution phase deposition has the advantage of
simplicity and low-costing. The solution with a specific concentration of the
target molecules has to be prepared firstly. Then the solid substrate is fully dipped
into the liquid repetitively, and the molecules in the solution are possible to
transfer onto the solid substrate and form monolayers or thin films. The solution
phase method has been used to make Langmuir films or Langmuir-Blodgett films,
of which is each molecule consists of a hydrophobic headgroup and a hydrophilic

endgroup. The molecules’ endgroups in the solution have a specific affinity to
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water and attach to the surface of the liquid, while the hydrophobic headgroups
prevent all the molecules from lying down on the surface of solution [153,156].
As shown in Fig. 2-29 (c), when a solid substrate is put into the solution,
molecules are possible to transfer from the liquid to the solid substrate and contact
with their headgroups [150,155]. One of the drawbacks of this deposition method
is that the cleanliness of the solution is hard to be fully removed. Apart from the
target molecules, some impurities contained in the solution are also able to adsorb

on the substrate.
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Fig. 2-29 Overview of the two methods for preparing crystalline organic thin films or the self-

substrate

assembled monolayers (a) in solution or (b) in ultrahigh vacuum. Langmuir films are formed
by spreading amphiphilic molecules on the liquid surface. LB films are prepared by transferring
Langmuir films onto solid substrates. Organic molecular beam deposition (OMBD) uses
evaporation techniques in UHV. (c) Schematic of the self-assembled monolayer. Shaded

circles represent chemisorbing headgroups while the open circles indicate endgroups [155].

With the development of ultrahigh vacuum techniques, gas phase deposition has
become more popular gradually. The metal crystals working as the substrate can
maintain its top-most layers with high purity after being cleaned by ion sputtering

and thermal annealing. It offers the potential of building complex and oversized
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structures and can be measured by methods such as microscopy [157],
spectroscopy [158,159] and diffractions [160-162]. As introduced, fullerene
molecules do not have obvious hydrophilic headgroups and do not build a strong
chemical binding, but they can also work as electron acceptors after being
deposited onto the solid metal surface such as Au(111). These molecules are thus

able to have both strong abilities of adsorption and diffusion [157].

In UHV, there are some other deposition methods newly developed, e.g., organic
molecular beam epitaxy (OMBE). It is widely used for making aromatic
molecular crystals, the homoepitaxial and heteroepitaxial thin films [69,163]. The
working principle of this method is similar to molecular beam epitaxy (MBE),

which is mainly applied in the nonorganic systems [164].

Q Substrate
A

Quartz crystal 1
microbalance \

Deposition source

l
+'—

Fig. 2-30 Schematic of the PVD vacuum system with an quartz crystal microbalance (QCM)

working for monitoring atomic vapor density and mass flux during thermal evaporation.

All of my experiments have been carried out in the ultrahigh vacuum chamber.
The working pressure is always controlled lower than —101° mbar. The testing

samples measured in my projects are prepared with the technique of in-situ
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physical vapor deposition (PVD). It belongs to the vacuum deposition. Sputtering
and thermal evaporation are the two most common process of PVD. Here the
latter one are adopted. The schematic of the PVD system used in our lab is shown

in Fig. 2-30.

The deposition source is fixed directly under the substrate. When deposition
starts, the materials are firstly annealed to their melting points and switch from a
condensed phase to a vapor phase. Once the atoms land onto the substrate, they

diffuse, nucleate and aggregate as thin films with condensed phase.

An Quartz crystal microbalance (QCM) is fed back of the substrate and used for
measuring atomic vapor density and mass flux during deposition [165]. One
oscillating piezoelectric quartz crystal is included in the OCM, which is
extremely sensitive to the added mass and has high stability of temperature. The
crystal resonates at discrete frequencies once a voltage is applied. When the
evaporation starts, atoms landing onto the resonating crystal will reduce its
resonant frequency [165]. The frequency’s change Af is repeatable and has the

relationship with the added mass:

_A My (2.7)

where f; and M, represent the resonant frequency as well the mass of the
uncoated quartz crystal respectively. If Af is smaller than 2% of f,, the
thickness of the deposited thin films, named as dy, can be obtained by taking
into the Sauerbrey equation and written as:

Af Npq
de = ———% 2.8
f s fqz ( )

Where pf and p, represent the densities of thin films and quartz crystal,

respectively, while N represents the crystal’s frequency constant [165, 166].
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3. Experimental Procedure

3.1 Scanning Tunnelling Microscopy

The variable temperature scanning tunnelling microscopy (VT-STM) i1s fixed
inside an ultrahigh vacuum chamber known as the main chamber with the
pressure of 2 X 10710 mbar. A “Fast Entry Lock” (FEL) connected to the main
chamber in Fig. 3-1 is used for transferring the tips and samples into the main
chamber. Before opening the valve between the two chambers, FEL needs to be
pumped down to ~ 10™° mbar to keep the vacuum in the main chamber in the

~ 1079 mbar range during sample transfer [1].

1
1
1
1
1
1
1
1 Fast Entry Lock (FEL)
1
1
1
1
1
1
1

P T T .

‘ Sample Plate
(O °

Manipulator

Wobble Stick

e

Fig. 3-1 Diagram for the Omicron VT-STM. The manipulator is in the main chamber, which

!l l.

links the Fast Entry Lock on its left side. A carousel stage is put between STM and the
manipulator, used for storing the samples and the tips. STM stage is mounted on the right side

of the main chamber [1].
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In a VT-STM, both the carousel and the manipulator are located in the main
chamber. It makes easier for sample transfer. A cryostat system in the chamber 1s
able to change temperature of the testing samples. The samples on the
manipulator can be heated to 750 K with resistive heating and 1500 K with direct
heating. An Ar" ion sputtering system is connected to the chamber for cleaning
noble samples such as gold, silver and platinum. By controlling beam energy, the
sputtering system can also be used to create atomic defects with certain sizes on

the samples like graphite and silicon.

A wobble stick on the right side of Fig. 3-1 is half insert into the chamber. It has
a right angle at one of its terminal in the vacuum chamber and can be used to
transfer the sample between the STM stage, the manipulator stage and the transfer
rod inside the FEL. It can also be used to put samples on the carousel stage for

storing.

The STM is extremely sensitive to external vibrations during working. Therefore,
the STM has its own damping and vibration isolation system, which are set
surrounding the scanning stage. As shown in Fig. 3-2 (a), the scanner is fixed on
the eddy current damping stage, which is suspended with four soft springs. The
magnets around the STM stage is able to reduce the movement of copper plates
based on the damping principle and enhance the stability of the working system.
The springs in conjunction with the eddy current damping stage can significantly

block external vibrations getting into the STM stage.
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Fig. 3-2 (a) Product picture of a variable temperature scanning tunnelling microscopy (VT-
STM) with the eddy current vibration isolation system. The area marked in the black box is
magnified and shown in inset [1]. (b) Schematic of the eddy current vibration isolation system.
The whole STM stage is mounted onto the main chamber with 250 mm OD flange. A push-
pull motion drive under the base plate of STM is used for moving the STM up and down. A
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helium flow cryostat is connected to a thermal exchanger running through the flange as well as
the base stage. The cooling stage is set just over the sample stage supported by three ceramic
bars, in which there is a rectangular copper bar called cooling block. A connector plate cryostat
(CPC) is connected to the cooling block via a bunch of highly flexible copper braids. Liquid
helium and nitrogen agents can pass through the cryostat to the cooling block. When the
cooling block covers the sample, both the block and sample can be cooled down to low

temperatures [1].

As demonstrated in Fig. 3-2 (b), before scanning, a cooling block should be
moved using a high vacuum screwdriver to press tightly onto the sample holder.
This cooling block hangs over the sample stage on STM, which connects to a
connector plate cryostat (CPC) via highly flexible copper braids. These copper
wires work as the terminal of the heat exchanger by letting the liquid nitrogen or
helium agent transfer from external tanks to the cooling block and then reduce
the temperature of both the cooling block and the sample. There is a push-pull
motion drive (PPM) under the flange, supporting the whole STM stage. When the
STM is working, PPM needs to be pulled down, making the stage entirely carried
by four springs. After scanning, PPM needs to be pushed upward to park the STM
stage. It makes a convenience of the sample transfer and avoids some accidental

damage [1].

3.2 Heating and Cooling System

Our VT-STM can change the sample’s temperature from 25 K to 1500 K with its
heating and cooling systems. Fig. 3-3 (a) shows a specific sample holder used in
the VT STM. Its two sides are mounted two molybdenum contact brushes, which
touch the contact brushes on the STM stage and allow current to pass through the
sample. During the process of scanning, tip approaches from the bottom gradually

up to sample surface.
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Fig. 3-3 (a) A sample holder is mounted on the sample stage. It is made from a molybdenum
plate, a radiative heating shield and a yellow colour ceramic plate working for fixing sample.
A pyrolytic boron nitride (PBN) is set inside the radiative heating shield (from [1]). (b)
Nonconductive sample can be heated by radiative annealing. The heating current passes
through the contact brushes to the pyrolytic boron nitride (PBN) heater inside the sample holder
to heat the sample below. During the heating process, the cooling block needs to be away from
the top of the sample holder [1]. (c) In the direct annealing setup, the current passes through
the sample directly. It requires the sample to be conductive [1]. (d) In the cooling setup, a

cooling block is placed on the sample holder to cool down the sample [1].

The inset image in Fig. 3-3 (a) shows the sample plate made for radiative heating
to variable temperatures. It includes an additional ceramic plate mainly working
as a fixation for testing samples during scanning. Only one side of the ceramic
plate is coated with metal to prevent itself from being charged up. It allows this

sample holder to be used in applications such as electron spectroscopy. Inside the
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metal groove-like radiation shield, there is a small PBN plate which is set just
under the sample. Contact brushes fixed on the sample holder, and the STM stage

are made of the same materials to prevent local overheating.

3.2.1 Radiative Heating and Direct Current Heating

Omicron VT-STM has two different types of heating systems. One is radiative
heating, and the other is direct current heating. Radiative heating mainly relies on
the PBN plate integrated inside the metal shield. When a sample is put onto the
sample stage, contact brushes on the sample holder and stage touch tightly, which
forms a strong closed loop circuit between the sample and the heater. Current
passes through and warming PBN as well as the sample above. Under this mode,
the temperature of the sample can be increased up to 750 K. Direct current heating
mode is appropriate for samples having sufficient electrical conductivity.
Samples can be heated up to 1500 K in this mode. The two modes of heating are

demonstrated in Fig. 3-3 (b) and (c), respectively.

3.2.2 Sample Cooling

There are lots of advantages of scanning a sample at cryogenic temperatures.
Certain molecules can only be imaged at low temperatures because they have low
desorption temperatures. Low temperature can also suppress thermal diffusion

and lead to more stable images [1].

The sample cooling system works based on a clamping mechanism and is shown
in Fig. 3-3 (d). A cooling stage is supported by four spacers over the sample, on
which a cooling block is fixed. When the cooling system starts working, this
block is pushed down to contact the sample tightly. The cooling block is used to
conduct heat away from the sample. Liquid nitrogen or helium is chosen

commonly as a cooling agent, which flows through flow cryostat tube, CPC and
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finally the cooling block. The sample can be cooled down to 110 K by using
liquid nitrogen. A much lower temperature of 25 K can be achieved if liquid

helium is used.

3.3 ISE 5 Ion Gun

In UHV, ISE 5 ion gun is used to sputter and clean the sample, where ions of
argon are commonly chosen to sputter the sample surface [1]. One ISE 5 ion gun
has an optimum working pressure between 5 X 10~ mbar and 8 x 10™> mbar.
At the working pressure, it can offer beam energy ranging from 250 eV to 5 keV
and the maximum discharge current of 1 mA. External view, interior view and
operation principle of an ISE 5 ion gun are shown in Fig. 3-4 (a), (b) and (c)

respectively.

(C) Anode (Beam energy)

v ——
Magnetic field - — |
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Fig. 3-4 (a) External view of an ISE 5 cold cathode sputter ion gun. It demonstrates the main
components including a permanent magnet covering gas cell, feedthrough of the high voltage
anode, cathode and beam focus and a gas inlet. (b) Interior structure of the ion gun. Argon gas
flows through the white tube inside the earth cover and get into the gas cell. (¢) Diagram
showing the operation principle of the cold cathode source ion gun. The ion flight tube is at

cathode potential while the earth cover outside is at earth potential [2].

Both external and interior view of an ISE 5 sputtering ion gun is shown in Fig. 3-
4 (a) and (b), in which a magnet covers the gas cell. The ion flight tube is at
cathode potential while the earth cover outside is at earth potential. Argon gas is
let into the 1on gun via a leaking valve. Then the discharge applied between the
cathode and anode makes the noble atoms 1onized and confined in the gas cell.
The magnet covering the cell offers magnetic field and The size of the ion beam

can be controlled and limited by a pair of focus plates [2].

3.4 Tip Preparation

3.4.1 Electrochemical Etching

Quality of the STM tip directly decides whether high-resolution STM images can
be achieved. The ideal tip commonly has only one or few atoms at its terminal.
The tip is made by electrochemical etching of tungsten wire with a diameter of
0.4 mm and 99.9 % purity. It is made by electrochemical corrosion using 2 M
NaOH solution. For making a solution with this concentration, we dissolve 40 g

NaOH pellets into the 500 ml distilled water with slow stirring.

Fig. 3-5 (a) and (b) shows a tip etching mount and its basic schematic diagram.
A circumscribed electronic control is connected to the etching system, providing
and controlling the etching voltage and threshold current. A piece of clean

tungsten wire with its one side bent as a circle is put into the solution and the
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other side connected to the cathode power supply. Then, another piece of tungsten
wire with a length of around 3 cm to 4 cm is cleaned in distilled water several
times before being inserted into the tip holder and trapped using clamps on the
etching stage. Tip and tip holder are connected to the anode of the power supply.
Before etching, we have to make sure the tungsten wire is located over the
solution surface and points directly to the platinum ring’s centre. Its vertical

position can be adjusted by using the handwheel on top of the etching stage.

(b)

cathode

-

1 W| |anode

,(m

- >

Fig. 3-5 (a) Tip etching mount with adjustable height, etching voltage and threshold current
setting [2]. (b) Schematic diagram showing tip etching in a solution of sodium hydroxide.
Tungsten fixed on the tip holder is connected to the anode of power supply, and a platinum

wire connecting cathode power supply is inserted into solution with its terminal bent as a circle

[3].

When the etching process starts, tungsten is immersed into the solution gradually
by rotating the handwheel, leaving 2 mm to 3 mm distance between the solution
surface and the tip holder. Then, 10 V is applied directly onto the tungsten wire

to start chemical etching. The reaction at the anode can be written as:

W(s) + 80H™ - WO0,%™ + 4H,0 + 6e~
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During the process, tungsten reacts with OH™ and creates WO,%~. Solution
surface forms a meniscus at the interface between the wire and the solution. It
makes a gradient of OH™ concentrated at this place. Therefore, when etching
finishes, the terminal of tungsten wire remaining on the tip holder is sharp with a
quasi-circular cone shape. At the cathode, there are H, bubbles appearing. The

chemical reaction can be written as:
6H,0 + 6e™ —» 3Hy) + 60H™
The overall reaction process of tip etching is thus written as:
Wsy + 20H™ + 2H,0 - WO,*™ + 3H,(y

After the first etching, the power supply needs to be switched off immediately
[3,4]. The tip is taken out of the solution and cleaned with distilled water again.
The new tip are commonly checked with an optical microscope before being put
in the UHV chamber. The tip with a very long terminal results in strong vibrations
during scanning. However, when the tip is too short, its terminal would be thick.
It leads to a low resolution of the scanning images. In most cases, for achieving
a tip with perfect shapes, twice or more times of etching is required. Apart from
STM, this device can also be used to make tips for other applications, such as

Field Ton Microscopy (FIM) and Field Emission Microscopy (FEM) [3-5].

3.4.2 Tip Insert and Heating

Before scanning, the newly etched tip needs to be heated to over 1073 K for over
1 hour inside an ultrahigh vacuum chamber for removing all the metal oxide,
water and NaOH solvent on the tip. These attachments reduce the quality of
scanning images as it reduces the stability of the tunnelling current between the
tip and the sample. After heat treatment, the tip can be inserted in a tip holder and

transferred onto the scanner tube of the STM.
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The etched tip is inserted into the chamber and transferred onto the STM stage
using a wobble stick. Diagram of a scanning system is shown in Fig. 3-6 (a), in
which tip is fixed onto the top of the STM scanning tube with the help of a
permanent magnet. Therefore, controlled by the sensors, tungsten tip fixed in the
holder can move in x, y, z directions by the scanner tube. The tip holder is
magnetically coupled to the scanner tube, making it easy for changing the tip. A
round shape radiation shield separates the magnet and scanner tube, aiming at

protecting the piezo scanner from being heated radiatively during sample heating.
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Fig. 3-6 (a) Schematic diagram showing the components of an STM scanner. Tip holder
holding a tungsten tip is attracted using a magnet, which is placed on the top of a piezoelectric
ceramics scanner tube. A radiation shield is used to protect the scanner tube from being heated
during the process of sample annealing (from [1]). (b) Side view of a molybdenum tip holder
used in the VT STM. The supporting tube is placed on a large plate working for loading STM
tips. The three short bars with magnets inside are stick under the plate, which can be attracted
by the large magnet on the scanner tube. One of the three bars is connected to the supporting
tube using a short metal bar on the plate, which enables the current detected by the STM

scanner [1,3-5].

In Fig. 3-6 (b), an etched tungsten tip is fixed on top of a tip holder, which is
made from molybdenum. The tube used for holding the tip (supporting tube) is
long and settled on the middle of a round holding plate. Three short bars hold the

plate up, and one of them is connected to the supporting tube. It allows the

88



tunnelling current created between the sample and the tip to be detected and
amplified. In each of the three metal bars, there is a piece of permanent magnet.
When a tip holder is placed on the magnet shown in Fig. 3-6 (a), it can be attracted

tightly and moves with the scanner tube.

For the VT STM, the tip moves near the sample surface with a coarse
approaching. The coarse motion device set under the scanner tube has a maximum
moving distance of 12 pm X 12 um, in the x-y plane and ~ 1.5um in the z
direction respectively. In the z-direction, the motion device has a resolution of
better than 0.01 nm, which protects the tip’s terminal from crashing on the sample
surface. After the coarse approaching, the tip-sample distance is reduced to tens
of nanometers. During scanning, the tip is driven by four pieces of piezo electrode
on the outer shields of the scanning tube and can travel as far as 10 nm in x, y and

z directions. The calibrated resolution of the tip is 0.1 A [1].

3.5 Source Evaporator of Fullerene

Fig. 3-7 (a) and (b) demonstrates two homemade Knudsen cells (K-cell)
containing respectively Ceo and C70 powders. The K-cell is made from tantalum
foil of 99.9 % purity. A pair of metal electrodes sitting on the two sides of cells
provide direct current heating of the cell. We open a small hole on one side and
allow molecules to come out after being heated. The temperature of the cells is

measured using thermocouples.

K-cells need to be preheated to ~ 500 K for a short time to remove impurities
inside. Then the K-cell is slowly heated to 630 K and the molecules inside are
evaporated with a stable flux. At this temperature, Ceo and C70 molecules
sublimate directly from solid crystal to molecular gas. By counting evaporation

time, the total amount of molecules deposited can be controlled precisely.
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Fig. 3-7 (a) A thermal evaporator is protected by a ceramic cylinder. A flat Knudsen cell (K-
cell) made of tantalum foil is fixed on top of the electrodes. It contains pure Cso powders inside.
There is a small hole in the middle of the cell, which enables Cso gas to be evaporated out. The
feedthrough of thermocouple attaches the bottom of the cell for measuring temperature. (b) A
Knudsen cell containing pure C7o powders is trapped by a pair of copper bars working as
electrodes. A small leaking hole is opened on the left side of the cell shown in the image. (c)
Setup of the high-temperature cell (HTC). It works for evaporating gold atoms in ultrahigh
vacuum (UHV) at temperatures up to 2273 K. An Al,Os3 crucible is used for evaporating metals

such as cobalt and gold [6].

For in-situ evaporating gold atoms, a piece of gold wire needs to be cut and put
into an effusion cell containing a Al,Os crucible. The gold wire used in our system
is of 99.9% purity. As shown in Fig. 3-7 (c¢), a conventional High-temperature
Cell (HTC) working for depositing metals at low vapour pressure such as gold
are divided as a UHV section and an air section. The UHV section of the
evaporator is protected by a cylinder made from tantalum and tungsten, in which

an Al>Os crucible with gold wires is placed. A mechanical shutter is used to open
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and close the atomic beam [6]. For removing impurities, the gold wires inside
crucible are degassed at 873 K for over 10 minutes before deposition. Then we
move the shutter away and let gold atoms evaporated out. The shutter is closed

once the evaporation is finished.

3.6 Sample Preparation and Cleaning

The three most common methods for cleaning the substrate in my experiments
are cleavage, thermal heating, and ion sputtering. The method of cleavage is
suitable for cleaning the samples which grow layer by layer and has weak
interactions between the adjacent layers. When the materials such as HOPG and
MoS; are taped with scotch tapes continually, most impurities adsorbed on their
surface could be removed. However, with this method, it is difficult for the
sample surface to be touched by the tape evenly. Therefore, some residual debris

of the layers removed is possible to remain and result in surface fluctuation.

The Au(111) substrate used in my experiments are created by depositing gold
atoms on HOPG with the technique of physics vapour deposition (PVD). HOPG
used for supporting gold films is firstly cleaned by cleaving several layers away
before being transferred into an ultrahigh vacuum chamber. An evaporating boat
holding gold wires are placed just under HOPG. The temperature of the
molybdenum boat is raised to 1273 K gradually, which melts gold wire and
evaporation starts [1]. The thickness and the depositing rate of gold are measured

using an inserted quartz crystal oscillator.
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Fig. 3-8 Methods for cleaning substrate used in our research experiments. (a) Cleavage; (b) lon
sputtering; (c) thermal annealing. Light colour spheres are the atoms of sample material while
the dark colour ones denote the foreign species mixed in the bulk of sample or adsorbed onto

the material surface [7].

The Au(111) surface in UHV can be cleaned with the methods of ion sputtering.
As shown in Fig. 3-8 (b), Argon gas is ionized and has high energy inside an ion
gun, which hit Au(111) surface with a strong force. During the process, most of
the adsorbed impurities, metal oxide and a few layers gold can be removed. After
ion sputtering, the gold surface is partly damaged. The sample needs to be heated
at 873 K in order to remove the remaining impurities from the surface.
Meanwhile, high temperature annealing accelerates the diffusing of the surface

atoms, which contributes to the self-healing and smoothing of the sample surface.
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4. Nucleation and Growth of Close-packed C
Molecules on Au(111)

4.1 Introduction

In this chapter, I mainly investigate the nucleation and growth of pure C7 on
Au(111) in UHV environment. At extreme low coverages, most of the deposited
C70 molecules pack along the step edges and form narrow single layer islands on
the lower terrace. With increasing coverage, C70 molecules can grow onto both
the upper and lower terraces on both sides of the step edge. When the coverage
approaches one monolayer, adsorbed molecules can form large size close-packed
domains with a uniform lattice constant of ~ 1.05 nm. The second layer Cro
islands occur before the gold substrate is fully covered by the first layer. The

formation of the second layer does not need step edges.

Then one close-packed monolayer of C7o is formed on the clean gold substrate.
After being annealed at 673 K for one hour, the close-packed C70 domains have
R30° structure. By depositing extra C;0 molecules onto the pre-formed Cro
monolayer, the isolated second layer islands are formed. On either the R30° phase
or RO° phase, these islands show similar sizes, shapes and surface patterns. After
being annealed from 423 K to 473 K, molecules are able to jump upward from
lower layers and form multilayer islands. When annealing the sample to over 473

K, most of the C7o in the upper layers desorb.

4.2 Experimental Procedure

In the first experiment, 0.3 ML, 0.5 ML and 0.8 ML of C7 molecules were
deposited on Au(111) at room temperature in the UHV chamber. In the second
experiment, we first deposited 1.2 ML C7 and anneal the sample to 673 K for

one hour to create one compact C70 monolayer on the gold substrate. An extra
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0.65 ML of C70 molecules were deposited on top of the monolayer after the
sample was cooled to room temperature. The sample was then annealed at 423 K,
473 K, and 523 K respectively for one hour and then scanned by STM 1n order to

study the temperature dependence of the molecular layers.

4.3 Growth of C7 with Different Coverages on Au(111)

Fig. 4-1 shows one STM image of the Au(111) sample with 0.3 ML of Cro
molecules. Long and narrow single layer islands attach to the lower terrace with
the step edge as the nucleation site. C70 molecules in the image appear as bright
spheres and are 0.7 nm above the gold substrate, which is slightly shorter than its
real physical size as measured previously [1-3]. Difference of the charge transfer
between gold and Cro is probably the main reason leading to a reduced apparent

height of the molecules.

As marked in the white rectangle of Fig. 4-1 (a), there are two small Cro islands
sitting on both the upper and lower terraces of the gold step edges, respectively.
The gold step edge is contoured by the black dashed lines. C7o molecules in the
two islands have the same packing structure, which is due to the consistent

stacking way of gold atoms on the two sides of the step [4,5].

When 0.5 ML C70 molecules are deposited on Au(111), molecular islands sitting
on both the upper and lower terraces of the step edges merge as larger ones, as
shown in Fig. 4-1 (b). The islands keep capturing and losing the freely diffusing
molecules at room temperature. Some isolated molecules are also observed close
to island edges, indicating that the island edges keep losing and capturing
molecules at room temperature. In addition, the C70 molecules can also modify

the gold substrate underneath.
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Fig. 4-1 (a) STM image showing 0.3 ML C7 molecules deposited on the Au(111) surface at
room temperature (255 nm X 255 nm, -2.5 V, 50 pA). C70 molecules aggregate to long and
narrow single layer islands and attach to gold step edges. (b) STM image showing 0.5 ML C7o
molecules deposited on the Au(111) surface at room temperature (255 nm X 255 nm, -2.5
V, 50 pA). C70 molecules attach to gold steps and form islands on both the upper and lower
terraces. The gold step edge marked in the blue rectangle has a zigzag shape due to the

modification of C79 molecules.

As shown in the blue rectangle in Fig. 4-1 (b), the C70 molecules sitting in the
vicinity of the step edges tend to keep their packing directions the same as in the
islands. The gold steps are thus affected by the molecules and grow in a zigzag
form. As introduced in the first chapter, close-packed Ceo can lift the DLs on the
Au(111) surface and drive gold atoms below to form the perfect (1x1) structure
[6]. However, the DLs remain unchanged under a single layer of Cro fullerene,

shown in Fig. 4-2, which suggests a rather weak Co-gold interaction.
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Fig. 4-2 (a) STM image (200 nm x 200 nm, —2.5 V, 80 pA) showing Au(111) covered with 0.8
ML of C79 at room temperature, which form R30° Cy¢ large domains. One of the C70 molecules’
close-packing directions is parallel to the discommensuration lines (DLs). The second layer
islands appear before the completion of the first layer. One area of the image is treated with
contrast enhancement and shown in the insert. (b) 0.8 ML deposited C7 forming only R0° C7o
domains. Inset shows a magnified view of the edges of the R0° Cy islands, which is marked
in the red rectangle. Neither C7o monolayers with R0° or R30° phases on Au(111) lift the

herringbone reconstruction underneath.

With the coverage of 0.8 ML, C7 molecules aggregate to large close-packed
islands and cover most of the Au(111) surface, as shown in Fig. 4-2 (a). There
are several C70 molecules appearing darker in the molecular islands, which could
be attributed to the change of the gold-molecule interface. In the upper left of the
image, there are a few patches of second layer Cro. The second layer is ~ 0.8 nm
taller than the first layer. Edges of the first layer Cro are found not as sharp as the
second layers. It is due to the freely movement of gold atoms around the islands’
edges. Edges of the first layer islands are continually changing by capturing or
losing molecules, and there is expected a low concentration of free moving
molecules in the vicinity of the edges. For the second layer island, little activity

1s observed at the edges of the island, indicating a much higher diffusion barrier.
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One fraction of Fig. 4-2 (a) is treated with contrast enhancement and
demonstrated in the inset. It can be seen that C7o molecules are close-packed in
with the direction parallel to the reconstruction lines on gold surface. Therefore,
the molecules’ close-packing direction makes a 30° angle to the close-packing
direction of Au atoms. This Co structure is called R30° phase. Fig. 4-3 (b) shows
another area of Au(111) covered by close-packed C70 monolayer which is called
R0° phase. Different from (a), islands with this structure have sharp zigzag edges,
and the close-packing direction of C70 molecules is the same as that of Au atoms
underneath. The inset of the image shows a magnified view of the islands’ edge,
where C70 molecules form several pieces of straight chains. Molecules in these
chains also pack in the same direction as in the main body of islands. Thus, it can
be concluded that, vapour deposited C7o on the Au(111) surface can form at least

two types of phases with different azimuthal orientations, which is similar to Ceo.

4.4 R0°,R30° and R14° Close-packed C7p Structures

The R0°, R30°, and R14° C7o phases can coexist on Au(111) and are separated
by domain boundaries. The R0° C70 phase demonstrated in Fig. 4-3 (a) has its
similarity to the R0° Ceo phase having been introduced in the second chapter. Fig.
4-3 (a) also shows a high-resolution image of the R0O° C7o phase, where all the Cro
molecules are close-packed perpendicular to the direction of the DLs. However,
compared with the R0O° Cgo phase, the nearest neighbour distance of C7o is
measured as ~ 1.05 nm, which 1s 0.05 nm larger than that of the R0O° C¢o phase
[6]. Also, the herringbone reconstruction remains unchanged after deposition of
C70. According to our observation, the R0O° C7o phase appears most frequently at
room temperature. It is mainly because the preferential attachment of Cro

molecule to the close-packed Au steps during the initial phase of the growth.
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The R14° C7o phase is observed in the lower part of Fig. 4-3 (a), which is from
the RO° phase by a sharp and irregular boundary. In this structure, the close-
packing direction of C7o 1s 13.9° rotated from the close-packing direction of gold
atoms. It was observed by Guo ef al. in 2004 after the confirmation of the R14°
Ceso phase by Sakurai and by Zhang et al. [6-9]. Due to the technique limitation,
it 1s difficult to judge if a unit cell of the R14° Cr phase also includes the same
(7 x 7) superlattice as the R14° Cso phase [10].

Fig. 4-3 (a) STM images of the R0°, and 14° C7o packing phases. There is an irregular sharp
boundary separating the two types of domains. (b) STM image of one domain boundary
growing from the bottom-left part to the top-right part of the image, which separates the R0°,
R30°, and R14° Cy phases. The white arrows in the two images show the close-packing

directions of C7o molecules (40 nm X 65 nm, -2.5V, 100 pA).

In Fig. 4-3 (b), the majority of the gold substrate is covered by the R0O° Cro

domain. A narrow C79 domain with the R30° structure can be seen in the image.

As described earlier, in the (2v/3 X 2v/3)R30° Ceo phase, all the molecules sit on
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three-fold hollow sites, and the nearest neighbour distance of molecules is ~ 2v/3
times the nearest neighbour distance of gold atoms in Au(111) [6]. However, the
structure of the C70 domain here cannot be named (2v/3 x 2v/3)R30°, because the
substrate below remains its reconstructed form. From the bottom to the top of Fig.
4-3 (b), molecules’ packing direction gradually rotates 16°. Thus an R14° Cyo
phase is formed on the top left side of the image, which does not form any obvious
boundary with the R30° phase. However, the boundary between the R0° phase
and R30° (R14°) phase can be observed clearly, which passes across the image
and contains several uniform triangular gaps. It is due to the mismatch of the

close-packing directions of molecules.

4.5 Changes of the Close-packed Fullerene Layer Due to

Thermal Annealing

In this section, we examine how the C7o layer is affected by thermal annealing.
Fig. 4-4 illustrates an STM image from (a) a Ceo layer (R30°) and (b) a C7o layer
(R30°). These two images are both acquired after thermally annealing the sample
to 573 K for one hour. In the R30° Cgp monolayer, some of the molecules appear
0.05 nm higher than others and form bright short-chain patterns. These brighter
Cso molecules have weaker bonding with the gold below and are easier to be

replaced by other incorporated molecules. The herringbone reconstruction is fully

lifted.
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Fig. 4-4 (a) A compact layer of 30° Cso (33 nm X 45 nm,+2.5V, 50 pA). (b) A compact
layer of 30° C70. Both Cgo and C70 molecules are deposited on Au(111) at room temperature
(75nm X 75nm,+2.5V, 50 pA). Inset in (b) manifests the defects of 30° Cro result from
some C70 molecules lying down and rotating. Most C7o molecules stand upright with their long

axis perpendicular to the substrate surface.

R30° C70 monolayer shows a different morphology compared with R30° Ceo.
After sample annealing, the underlying gold substrate below the close-packed C7o
molecules is still in its reconstructed form, and the width of HCP regions doesn’t
have obvious changes. However, compared with clean Au(111) surface, the
average width of FCC regions have broadened and become 2.5 times of the
original ones. It could be treated as an initial sign of lifting surface reconstruction.
Compared with the sample surface before annealing, though most of the Cro
molecules take an upright orientation, some others can still rotate or lie down on
the gold surface with their long axis parallel to the sample surface, forming
irregular shaped dim defects. Depths of these defects range from 0.05 nm to 0.15
nm. Inset in Fig. 4-4 (b) shows one group of these molecular defects with higher
resolution. C70 molecules in these defects tilt or lie down with their long axis

parallel to the gold surface. Under these molecules, there are probably various
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sizes of atomic defects in Au(111) substrate. These atomic defects are attributed

to the interface strain.

4.6 Multi-layer C7 Islands

In this section, I study changes to C70 multilayers as a result of thermal annealing.
In this work, 1 ML C7o was firstly deposited on top of the gold substrate at room
temperature. Some areas show the R30° structure while some others show R0O°
structure. Then, 0.65 ML C70 was deposited on this full monolayer at room
temperature. It leads to the growth of C70 multilayers: mainly two layers and three
layers. The sample was then annealed progressively to 423 K, 473 K and 523 K,
for one hour at each temperature. The STM images were obtained after each

annealing step.

The first layer of Cr in Fig. 4-5 (a) has an R30° structure and the first layer of
C7o in Fig. 4-5 (b) has the RO° structure. Each C70 molecule stands up with long
axis perpendicular to the metal substrate, which is affected by both the van der
Waals forces from adjacent molecules and the chemical interactions from the

gold substrate below.

C70 in the second layer choose to grow as isolated islands. The molecular defects
with different depths only exist in the first layer, while all the molecules in the
second and third layers pack densely and appear as the same brightness.
Therefore, in the first layer Cro, the defects cause a switch from freely orientating
to uniform upright standing. The third layer forms well before the completion of
the second layer. It shows that C70 on Au(111) does not take a layer-by-layer

growth mode.
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Fig. 4-5 0.65 ML C7o deposited onto one C7o monolayer on Au(111). Sitting on the first layer
with (a) the R30° and (b) the RO° structures, the second and the third layers of C7o show similar
shapes and sizes. Molecules in the two layers form close-packed structures with single dim
defects. Both (a) and (b) are scanned under the same bias voltage and tunnelling current
(150 nm X 150 nm, -2.5 V, 100 pA). Inset in (a) shows the close-packed molecules in the
third layer with a higher resolution. (c) and (d) show the first layer of C7o in (a) and (b) with
colour contrast, respectively. (e) Magnified view showing one of the second layer islands
sitting on the RO°® C7o monolayer. A third layer island with quasi-hexagonal shape sits on top
of the second layer (80 nm X 80 nm, -2.5 V, 100 pA). (f) A further enlarging of the third
layer island shown in (c¢). Each molecule occupies a three-fold hollow site in the lower layer
(40 nm X 40 nm, -2.5 V, 100 pA). (g) Line profiles demonstrating the second layer and the
third layer of C7o deposited on the R30° C79 monolayer with the heights of 0.78 nm and 0.75
nm respectively. (h) Line profiles demonstrating the same heights of the second and the third

layer C70 deposited on RO° C70 monolayer [11].

With increasing temperature, some C;0 molecules in the second layer can
overcome the potential barrier and jump upwards, leading to further growth of
the third layer. The third layer C;o islands are mostly found in the middle of
second layer islands, well away from the edges of the second layer islands. Fig.
4-5 (c) and (d) show the high resolution Cy first layer of (a) and (b) with high
resolution. By comparing Fig. 4-5 (a) and (¢), a large number of molecular defects
are found forming irregular dim groups and existing in R30° C7o phase in the first

layer. In the second layers, on the contrary, these dim groups are not found at all.
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It indicates that the molecules under the second layer have been driven by the
second layer molecules to stand upright and form close-packed R0° phases. When
the adding C70 form multilayer islands on R0° C7o phase, as shown in Fig. 4-5 (b)
and (d), they follow the clos-packing structure of the first layer and also form R0O°
phase. Line profiles shown in Fig. 4-5 (g) and (h) indicates that, the second, third
layer Cyo sitting on the first layer are measured with ~ 0.75 nm and ~ 0.78 nm,

which are very similar and not affected by the packing structure of the first layer.

As demonstrated in Fig. 4-5 (e) and (f), both the upper and lower Cro layers have
numbers of the same single, dimeric and trimeric defects which have depths
ranging from 0.05 nm to 0.10 nm. The solid white lines are shown in Fig. 4-5 (f)
are used to measure the close-packing directions of Cro in the second and third
layers, while the crossing points of lines mark the positions of C7o in the third
layer. It illustrates that in both the two layers, all the molecules share the same
close-packing directions, and each of them occupies a three-fold hollow site on
the layer below. The growth of C7;0 on Au(111) also follows the ABCABC
stacking mode, which is similar to the stacking of C7o in crystals. However, the
nearest-neighbour distance (NND) of the molecules here is 0.02 nm to 0.05 nm
wider than in crystals, due to the interaction between the first layer C70 and the

gold substrate [12].

As shown in Fig. 4-6 (a), after annealing at 423 K for one hour, most close-packed

C70 domains in the first layer have switched from the RO° phase to

(23 x 2v/3)R30° phase. The first, second, third and fourth layer of Cro
molecules are marked, respectively. On the flat terrace of Au(111), C7o islands in
the second layer grow in size as a result of ripening. As shown in Fig. 4-6 (a), one
of the islands includes a large main body. Molecules in the body stack with the
R30° phase. The later deposited C70 molecules adsorb to the edges, nucleate and
homoepitaxially grow as the finger-shape islands. There is no domain boundary

between the main body and the finger-like islands. The shape of islands 1s due to
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the aggregation of small islands. Around step edges of the gold substrate, there
are also some smaller sized second layer islands, most of which grow along the
step edges and do not have finger-like islands. Inside the second layer islands, all
the C70 molecules take an upright configuration and form the close-packing

structures.

2" Jayer Cyy

1stlayer C,,

© o

Fig. 4-6 (a) STM images of 1.65 ML C7o on Au(111) after being annealed at 423 K for one
hour. The gold substrate is covered by a closed-packed C7o monolayer with R30° structure.
There is a significant increase in the average size of the second and third layer islands. On top
of some third layer islands, fourth layer islands with tiny sizes have appeared
(270 nm X 270 nm, -2.5 V, 100 pA). Inset shows the fourth layer of C70 with a higher
resolution. All the molecules in this layer are close-packed and sit on the hollow sites of the
third layer. (b) Indication of a third and a fourth layer C;o island with high resolution
(100 nm X 100 nm, -2.5V, 100 pA). (c) Magnified view of the quasi-hexagonal fourth layer
island already shown in (b). All the molecules in the island occupy the hollow sites in the third

layer (65 nm X 65nm, -2.5V, 100 pA) [11].
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On top of the second layer islands, the coverage of the third layer islands has
increased from 0.04 to 0.12 ML. It suggests that a significant number of C7o
molecules have moved upwards from the second layer. In addition, there are
newly formed fourth layer small islands observed, most of which sit on the middle
of the third layer islands and have quasi-hexagonal shapes. C70 molecules in this

layer are dominated by the van der Waals force and grow epitaxially.
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Fig. 4-7 STM image showing C70 on Au(111) after annealing for one hour at 473 K. (a) The
fourth and most of the third layer islands have disappeared (165 nm X 165 nm, -2.5 V, 100
pA). (b) Image showing the magnified morphology of Cro islands in the second layer
(150 nm X 150 nm, -2.5 V, 100 pA). (c) Magnified view showing the area marked with the
rectangle in (b). C70 Molecules in the close-packed island occupy the three-fold hollow sites in

the first layer (50 nm X 50 nm, -2.5V, 100 pA) [11].

Because all the four layers are formed by only one type of molecule, it is hard to
judge if there is any molecular exchange between the adjacent layers. However,
the appearance of the fourth layer, as well as the expansion of the second and

third layer islands indicates that during annealing, molecules tend to jump from
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lower layers to higher ones, triggered by a typical coarsening effect. As
calculated, there 1s few difference in the total coverage of the C70 molecules on
Au(111) before and after annealing at 423 K. It agrees the that thermal energy
gained by C70 molecules during the process is smaller than the heat of sublimation

per molecule (195 KJ/mol) from a Cyo crystal [13,14].

@

2md Jayer Cy,

Fig. 4-8 STM images showing two layers of C70 on Au(111) after being annealed at 523 K for
one hour. (a) The second layer C7o have reorganised as larger islands, and have covered most
flat terraces of the substrate (260 nm X 260 nm, -2.5 V, 100 pA). (b) Magnified scanning
image showing three domain boundaries on a newly formed second layer Cro island

(120 nm X 120 nm, -2.5 V, 100 pA) [11].

Annealing at 473 K leads to a further ripening of the second layer C7o. All the
fourth layers and most of the third layers have now disappeared, due to thermal
desorption or diffusion. For the remaining C7 on the gold surface, higher
temperature annealing gives molecules extra thermal energy to reorganise. In Fig.
4-7 (a), Cro 1slands in the second layer continue to ripen into larger sized ones.
For large islands sitting on flat terraces, several finger-like islands attaching to
the main bodies have merged and become thicker. For the smaller size islands
sitting around the gold steps, their shapes have a tendency to be six-fold

symmetric, which is due to the homoepitaxial growth mode of molecules. These
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second layer islands have continuous growth when passing over gold step edges.
The region in the blue rectangle has been magnified and shown in Fig. 4-7 (c), in
which all the C70 molecules maintain in an upright orientation and form the close-
packed structure. Driven by thermal annealing, island’s edges have been modified

by the moving of C7 molecules and become smoother.

Fig. 4-8 (a) shows an image acquired after annealing the sample to 523 K. The
large islands sitting on flat terraces have incorporated with the small sized ones
sitting at step edges, showing a tendency to form close-packed monolayers on the
Au(111) surface. DLs lying under C7o layers haven’t been fully lifted, proving
the weak bonding condition between C70 and Au(111) substrate. A domain
boundary can exist when two adjacent islands with different molecular
orientations merge as one. As shown in Fig. 4-8 (b), there is a boundary between
the C70-R30° phase and C70-R0° phase, which has the same morphology as the
ones forming at room temperature. For achieving the average coverage of
molecules each time deposited, fifty scanned with the sizes of (50 nm X 50 nm),
(100 nm X 100 nm), (200 nm X 200 nm) and (400 nm X 40 nm) were
selected after each round of scanning. Then, the total area of molecules covering
gold substrate in each image were calculated. The covering area achieved in each
image was then divided by the area of scanning image in order to get a ratio. In
the end, all of these ratio numbers were averaged and the accurate coverage of
C70 during experiment were achieved. Then I C7o molecules on Au(111)
maintains a total coverage of 1.55 ML before and after annealing at 473 K and
523 K, respectively. Therefore, similar to Cso molecules, there is a much higher
energy requirement for the desorbing of the second layer C70 molecules compared

with the ones in the third or fourth layers [8].
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4.7 Summary

At room temperature, vapour-deposited C7 can grow into the R30°, RO° (In-
phase), R14° and R34° phases on the Au(111) substrates in an ultra-high vacuum
system. The former two phases are more commonly observed during our
scanning. In these phases, interactions between C7 molecules are optimized with
the chemical interactions between the C7o and gold substrate. It drives all the Cro

molecules to take an upright orientation and form close-packed structures.

At considerably lower coverage, C70 molecules on Au(111) firstly aggregate at
gold steps or grain boundaries. In our scanning, most of the C7o islands grow
along the lower side of gold step edges and form single layer islands. As the
coverage of molecules increases, C7o monolayers grow out of the gold step edges
and sit on both the upper and lower flat terraces. Islands at the two sides of one
step edge keep the same packing structures. A further increase in the coverage of
molecules leads to the appearance of larger sized islands, and domain boundaries
due to merging growth fronts are observed. Domain boundaries separating
domains with different packing structures have different shapes. When the
coverage of molecules is higher than 1 ML, the second layer start to appear before
the gold surface is fully covered by the first layer C7o, due to the weak interaction
between gold and absorbed C70 molecules. All the molecules in the upper layers
occupy the three-fold hollow sites in the lower layer and form perfect close-

packed structures.

Multilayer C70 molecules on the Au(111) surface can be achieved by massive
deposition. By annealing over 1 ML Cro at 423 K for one hour, most of the
molecules in the first layer pack in the R30° phase. The molecules in lower layers
achieve enough thermal energy to jump upwards in order to form the third or
fourth layer islands. In these upper layers, molecules are dominated by van de
Waals force while interaction coming from the substrate can be roughly ignored.

After being annealed at 473 K or a higher temperature, only the first and part of
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the second layer C70 remain due to their stronger interaction with the gold

substrate below.
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5. Two-component Molecular Layers (Ceo/Cr0)

Assembled on Au(111)

5.1 Introduction

In this chapter, we mainly study the mixing of Cso and C70 molecules on the
Au(111) substrate with STM. The two types of molecules were deposited on
Au(111) sequentially and annealed at various temperatures in order to study the
structural interactions. To analyse the packing structure of fullerene molecules on
Au(111), a “hard ball” model was used by considering a spherical and ellipsoidal
shape for Ceo and C7o molecules, respectively. The aspect ratio of the ellipsoidal
C70 molecules 1s ~ 0.89, with the shorter axis of the oval cross section the same
as the diameter of Ceo [1-3]. Moreover, the adsorption of fullerene molecules on
Au(111) has been studied in details, where molecules tend to assemble into large,
close-packed layers due to the weaker chemical interaction between fullerene and
Au(111) substrate than between two fullerene molecules. Also, different
annealing temperatures change the azimuthal orientations of C70 and lead to the
formation of different structures [4-14]. By depositing the two types of molecules
onto the Au(111) surface, rows of dislocations appear at the C¢o and C70 domain
boundaries. The mixing of the two types of molecules in the same layer 1s only
favoured at elevated temperatures. When Ceo are deposited onto a Cro layer, Ceo
molecules can push their way into the C7o layer and force the C7o molecules below
to sit with their long axis perpendicular to the Ceo/C7o interface. Significant
interlayer diffusion also takes place beyond a certain temperature. If the
deposition sequence is reversed, Ceo before Cro, the second layer C7o take the
upright orientation in order to reduce the lattice constant to match the Ceo in the

first layer [15].
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5.2 Experimental Procedure

The experiments are performed using an Omicron variable-temperature scanning
tunnelling microscope (VT-STM) with a working pressure of 5 X 10719 mbar. A
clean Au(111) surface was obtained with a thermal deposition of gold thin films
in UHV on HOPG and cleaned by repeated exposure to Argon ions of 1.5 keV in
energy. Ceo and C70 molecules are deposited on Au(111) sequentially at room
temperature. Afterwards, the sample was annealed at a series of temperatures for

one hour and was then scanned at room temperature.

In the first experiment, 0.3 ML Ceo and 0.3 ML C70 molecules were deposited on
the Au(111) surface at room temperature with Ceo being deposited first. The
sample was then heated at 573 K for one hour and the surface topography was
scanned by STM at room temperature. In the second experiment, 1.2 ML Cyo
molecules were firstly deposited on Au(111) and annealed at 523 K for one hour,
in order to form a close-packed monolayer film. Then 0.65 ML Cso molecules
were added on to the C70 monolayer. The multilayer sample was then annealed at
423 K, 473 K and 523 K respectively for an hour to achieve the interlayer
diffusion of Ceo or C70 molecules while preventing the two types of molecules
desorbing from the Au substrate. In the third experiment, 0.65 ML Cgo molecules
were deposited on top of the 1 ML Ceo. The sample was also annealed at 423 K,
473 K and 523 K for an hour, respectively, in order to provoke the merging of the
two layers’ molecules. All the STM scanning were performed after the sample

has been cooled to room temperature.

5.3 Results and Discussion

5.3.1 Mixed Ce¢o0 and C70 on Au(111) At Room Temperature

0.3 ML Ceo molecules and 0.3 ML C70 molecules were successively deposited

onto Au(111) at room temperature. Fig. 5-1 (a) shows an image from the sample
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with only 0.3 ML Cgo. Both the close-packed periodic R30° and uniform R0° (In-
Phase) phases form on the gold substrate. In the domains with uniform RO°
structure, Ceo molecules stack in the same direction as the gold atoms underneath.
As shown in the white rectangle, boundaries of the this type of domains and
include scratch-like lines and look fuzzy. It is due to the continuous freely moving
of molecules around the island’s edges during scanning. As for the R30° domains,
Cso molecules in this type of phase pack in one of the <112> directions, and there
is an 30° angle between the packing directions of molecules and gold atoms [9].
The R30° phase can be divided as the uniform and periodic phases, which are
separated by the white dashed lines. In the uniform phase, Cso molecules form
close-packed structure and are in the same brightness. It looks similar to the RO°
phase. In the periodic R30° phase, there are two types of Cso molecules with
different brightness. The darker molecules sit on the three-fold sites on the gold
surface while the brighter molecules sit on random sites. As marked in the green
rectangle, most boundaries of the R30° phase are sharp and are parallel to the

DLs on the herringbone reconstructed Au(111) surface [9].

Fig. 5-1 (a) STM image of close-packed 0.3 ML Cgo molecules sitting on the Au(111) surface
at room temperature. The (2\/§ X 2\/§)R30° and RO° structures are formed by molecules.

One of the close-packing directions of the Csp molecules in R30° structure is parallel to the

discommensurate lines (65 nm X 65 nm, -2.5 V, 100 pA). (b) STM image of 0.3 ML Ceo
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molecules and 0.3 ML C7 molecules successively deposited on the Au(111) surface. The
uniform RO° Ceo, the uniform R0O° and the periodic R30° C70 domains have been found.
Between the R30° C79 and R0O° Ceo domains, there are a series of voids. Each voids has the size
of single molecule and exists in the centre of a pentagon. Voids at the boundary between R30°
C70 and R0O° Cso domains have the shape of an acute triangle. There are no voids between the
R0° C70 and R0° Ceo domains. It has the same boundary shape as the one separating the R30°
C70 and R0O° Cgo domains. The dashed lines highlight the boundary gap separating the R0° Cro
and R30° C70 domains (60 nm X 60 nm, -2.5 V, 100 pA).

As illustrated in Fig. 5-1(b), when 0.3 ML C70 molecules are deposited onto the
Cso monolayer in the presence of pre-deposited Ceo, they form close-packed
domains with R30° and R0° structures and attach to the existing Cso domains.
The height difference between single Ceo and C70 molecules is measured as
around 0.10 nm. It indicates that in the close-packed domains on Au(111), Cro
molecules are assumed to have approximately an upright configuration with their
long axes perpendicular to the substrate. There are very few molecular voids
existing at the boundary between the R0O° C70 and R0° Ceo phases, marked by the
dashed purple lines. It is due to the perfect lattice match of molecules in the two
domains. The boundary between R30° phase of C79 and RO° phase of Ceo includes
a series of voids, which are marked by the green dashed lines. Each of the voids
has the size of a single molecule and is surrounded by five Cso molecules. The
boundary between the R30° phase of C79 and R0° phase of C7o exist on top of the
Fig. 5-1 (b). Voids at the boundary have the acute triangle shapes and the sizes
smaller than single molecules. The stacking voids are mainly caused by the
mismatch between the two structural phases. The NND of C7 in the close-packed
domains is measured 0.05 nm larger than the Ceo. Before annealing, both Ceo and
C70 molecules remain in their phases with no mixing, and there are only few Cro

molecules observed crossing the boundary and trapped in the Ceo domains.
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5.3.2 Mixed Ce¢o and C70 on Au(111) at 573 K

Annealing the sample at 573 K for one hour desorbs all the molecules except
those in the first layer [4]. During annealing, molecules can move across the
boundary leading to mixing of Ceo with C70. As demonstrated in Fig. 5-2 (a),
during the cooling process, the two types of molecules do not form a
homogeneous layer. Instead, they are phase separated into Ceo-rich (Cro-rich)
domains with trapped C7o (Cso) molecules. In the R30° Cso domains, most of the
C70 molecules present aggregate into single, dimeric or trimeric bright spots. The
height difference between the C70 and Ceo is measured as 0.10 nm, which is in

accordance with the Cgo-C70 height difference when C70 molecules take an upright

configuration on Au(111) [16].

Height (nm)

Height (hnm)

Height (hm)

Distance (nm)

Fig. 5-2 (a) STM image demonstrating the co-existing Cso and C7o phases on Au(111) after
being annealed at 573 K for one hour, where there is no obvious change of the boundaries
between R30° Ceo, RO° Cso and R30° Cyo phases. The two types of Ceo molecules in an R30°
Ceo domain can be distinguished. Some single C70 molecules are seen in Cgo regions, appearing

as bright spots measured 0.10 nm higher than all the Cso molecules in the RO° domains and the
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brighter C¢o molecules in R30° domains. Cso molecules mixing into C7o domains aggregate to
small islands. (b) Most C70 molecules penetrate in (2\/§ X 2\/§) R30° Ceo islands and
aggregate to monomers or dimers. These trapped C7o molecules prefer to sit next to the bright
Cso molecules as they have weaker interactions with the gold substrate. (30nm X 30nm, -2.5
V, 100 pA) (c) C70 molecules joining RO° Cgo islands aggregate to larger molecular islands
which sit close to the domain boundaries. (35nm X 35nm, -2.5 V, 100 pA) (d) A large
number of Cso molecules penetrate R30° C79o domains and form islands with different sizes. In
these regions, Cso molecules show the same packing structure as the surrounding Cso.
(40nm X 40nm, -2.5 V, 100 pA) (e) Line profile along A-B line showing the mixed C7o
molecules are 0.10 nm higher than the brighter C¢o in R30° domains and 0.15 nm higher than
the darker ones. The height difference between the bright and dark Ceo in R30° domains is
measured as ~ 0.05 nm. (f) Line profile along C-D line showing the height difference between
Cso in R30° domains and trapped C7o as 0.10 nm. The depth of the molecular defects in this
domain is greater than 0.05 nm. (g) C7o surface shows fluctuation. Line profiles along E-F line
showing large size Cqo islands squeezed in R30° C79 domains. Ceo molecules are measured to

be 0.15 nm lower than the surrounding C7o molecules [17].

Fig. 5-2 (b) indicates that most C70 molecules trapped in the R30° Cgo-rich
domains commonly sit next to one or two bright Ceo molecules. It implies that the
guest C70 molecules take over the positions used to be occupied by the brighter
Cso molecules. However, inside R0° Cgo domains, molecular spacing are smaller
and all the molecules are equal, making it less favourable for C7o molecules to
penetrate the structure. To the contrary, guest C7o molecules may migrate from
Cro-rich domains to the Ceo-rich domains and aggregate to islands at the boundary
(Fig. 5-2(c)). The R30° C7o-rich domains with guest Ceo molecules are observed
in Fig. 5-2(d). After being annealed, Ceo molecules aggregate into islands or
irregularly shaped chains and sit in R30° C70 domains. In these domains, the
joined Cgo molecules also form the R30° structure and show the bright and dark
patterns. The presence of the two types of Ceo suggests a nonuniform bonding

between molecules and Au(111), which could be caused by the varieties of
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surface atomic vacancies. Squeezing of R30° Cgo islands in Cro-rich domains
results in a more complicated condition of the atomic vacancies below fullerene
molecules. Thus, as shown in Fig. 5-2 (g), the C70 monolayer between two Ceo
islands has a fluctuated surface. Due to the height difference of Ceo and C7o in
scanning image, boundaries between the Cgo 1slands and C7o around are sharp and

easy to recognise.

The incorporating of the two types of molecules can be explained in three aspects:
(1) Cso molecules have a relatively long diffusion length due to their perfect sphere
shape, resulting in a higher mobility than C70 on Au(111) surface, making them
more favourable to aggregate into large islands [18]. (i1) Gold atoms in the
substrate have stronger interactions with the darker Ceo in the R30° phases
compared with Cro [19]. It triggers some C7o to move away from their original
sites and leaves enough space for the guest Cso molecules to form small islands.
Meanwhile, after being heated at the same temperature, the C70 molecules can
also mix into the R30° Cgo domains and mainly replace the brighter molecules
with weaker bonding to the gold substrate. The arrangement of the bright and
dark Ceo forces these Cro to sit as single ones or only aggregate into dimmers. (iii)
Another possible explanation is that van der Waals force between two adjacent
Cso molecules is stronger than the one between two C7o molecules, thus it is more

difficult for Cso molecules in the close-packed domains to be replaced.

Fig. 5-3 (a) shows a very straight and sharp boundary between R30° Cso and R30°
C70 domains. It appears after the sample has been annealed at 573 K for one hour
and then cooled down to room temperature. The boundary between Cso and Cro
phases are straight, while the two types of molecules having been found passing

across the boundary.
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Fig. 5-3 (a) STM image showing the adjoining C70-R30° and Cs0-R30° domains with straight
domain boundary. (85 nm X 85nm, -2.5 V, 100 pA) (b) Higher resolution image of the
domain boundary. The total length of 21 rows of close-packed Cqo is equal to the length of 20
rows Csyo, indicating a larger nearest neighbour distance of close-packed Cro. (c) Lattice
mismatch at the Ceo-rich and Cro-rich domain boundary. Ceo and C70 molecules have weak

coupling across the boundary [17].

A magnified view of this boundary is demonstrated in Fig. 5-3 (b) where we find
that for the same distance that is covered by 20 rows of C70 can accommodate 21
rows of Ceo molecules. There is an extra row of Ceo molecules that terminates at
the boundary between C70-R30° and Ceo- R30° domains, which gives rise to an
edge dislocation. The NND of C7o is measured to be 1.05 times of that for Ceo,
and the Cso molecules in R30° phase are observed having a larger nearest
neighbour distance than in R0° phase. Fig. 5-3 (c¢) demonstrates a small piece of
an R30° oriented Ceo-C70 domain boundary. Six white dashed lines are used to
mark the packing directions of molecules and to show the positional relationship
between the Ceo and C7o rows separated by the boundary. As one moves from line
1 to line 6, the distance offset between the rows of Cso and C7o gradually increases,

indicating the lattice mismatch between the two types of molecules.
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5.3.3 0.65 ML Cgo Deposited on 1 ML C7

The STM image in Fig. 5-4 (a) exhibits the formation of a second layer Ceo on
top of a C70 monolayer. ~ 1.2 ML C molecules are first deposited on Au(111)
annealed at 623 K for one hour to create close-packed C7o monolayers.
Afterwards, ~ 0.65 ML of C¢o molecules are deposited onto the C7o monolayer
and form isolated Ceo islands. The Cgo forms quasi-hexagonal shaped, isolated
islands, most of which attach to the step edges of the sample or domain

boundaries in the first layer.
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Fig. 5-4. (a) STM images showing 0.65 ML Ceo on a compact R30° C;p monolayer
(95 nm X 95nm, -2.5 'V, 100 pA). (b) Cso molecules trapped in the first layers of R30° Crg
forming dark rows or small size islands (35 nm X 35 nm, -2.5 V, 100 pA). (¢) STM images
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Sgshowing Ceo islands with quasi-hexagonal shapes on C7o monolayer. The dark bands and
single molecular defects on the second layer Cg islands. The inset (40 nm X 50 nm) enlarges
the dark bands inside the C¢o islands. (100 nm X 100 nm, -2.5 V, 100 pA) (d) Line profile
along J-K line showing the depth of the dark bands of 0.08 nm to 0.10 nm. The heights of the

Ceo in the island are averagely 0.65 nm taller than the C70 molecules in the first layer [17].

In the second experiment, about 1.2 ML C70 molecules are firstly deposited on
Au(111) and annealed at 623 K for one hour in order to form compact Cro
monolayer. Then, ~ 0.65 ML of Ce molecules are deposited onto the Cro
monolayer. The later deposited Ceo either form isolated islands or incorporate into
the C70 monolayer. Fig. 5-4 (b) shows a region where Cso mixing into R30° C7o
domains on an Au(111) substrate. It can be seen in the figure that some molecules
appearing darker than surroundings, which can be associated with Cgo molecules
(as height lower than C70) or Cro defects. From the packing structures, it is
possible to identify the dimmer molecules, since most of Ceo in the first layer
packs as rows or small islands, while C7o defects appear as singlets, dimers and

trimers.

A case of Ceo islands sitting on C70 monolayer is demonstrated in Fig. 5-4 (c), in
which the long and narrow dark bands have the depth of ~ 0.10 nm and the width
of one to two molecules. These bands are magnified in the inset image. Most of
these dark bands share the same packing direction as C¢o molecules. It is triggered
by the intrinsic lattice mismatch between Ceo and Cro. Inside close-packed
domains, Ceo has a smaller nearest-neighbour distance compared with that of Cro
(Introduced in chapter 1). As a layer of Ceo 1s placed on a layer of Cro, both the
two layers of molecules are affected by interface strain, which causes the
compression of C79 and tension in Ceo. Apart from the dark band networks, there
are also few molecular defects on the islands with the depth ranging from 0.02

nm to 0.30 nm.
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Fig. 5-5 (a) STM image (75 nm X 75 nm, -2.5V, 100 pA) showing the Cep islands sitting on
monolayer of Cyg after one-hour annealing at 423 K. The Dark band networks separate the Ceso
islands into different sized domains. The bright spots identified as C7o molecules appear on the
islands which are measured to be 0.10 nm higher than the surrounding Cso molecules. (b) After
one hour annealing at 473 K, the larger size Ceo islands are formed at step edges. Cro prefer to
enter certain domains instead of others (55 nm X 45 nm, -2.5 V, 100 pA). (c) After being
annealed at 523 K for one hour, there are super-large irregular Ceo islands appearing. Cro
molecules join in Ce islands and form a close-packed structure (90 nm X 90 nm, -2.5 V, 100
pA). (d) Line profile along L-M line showing the characteristic height of a single C7o, which is
measured 0.10 nm higher than the surrounding Cso molecules and 0.15 nm higher than the dark

bands.
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In Fig. 5-5 (a), the sample has been annealed at 423 K for one hour. The dark
bands tend to grow in random directions instead of following the orientation of
the second layer of Ceo. This indicates that after being annealed, the interfacial
strain between the first layer C7o and the second layer Ce¢o has changed, which
triggers the reformation of the second layer Cgo islands. Annealing also
accelerates the molecules translocation between the upper and lower layers,
leading to isolated guest C7o molecules merging into the upper layer of Ceo. In the
recorded STM images, most of these C70 molecules appear as bright spots and are
0.10 nm taller than the C¢o molecules around. Most of these C7o molecules sit far
from the islands’ edges and the dark bands mentioned above. Compared with Fig.
5-4 (c), there 1s no Ceo defect appearing in the second layer after annealing. These
defects are thus attributed to the vacancies which are occupied by guest Cro

molecules after annealing.

After being annealed at 473 K for one hour, the small isolated Ceo 1slands in the
second layer have aggregated to larger ones with sharper boundaries. The dark
bands growing in random directions remain and separate Ceo islands into several
sized irregular domains. Molecules in these domains maintain the same
orientation. There are more C7o molecules from the first monolayer merging as
bright dimers or trimers inside the covering Ceo islands. These C70 molecules
prefer to sit in certain domains and leave the others empty. As shown in Fig. 5-5
(b), there is a greater number of C70 molecules in domain 1 and 2 compared within

domain 3. It is probably due to the variation in the stress in these domains.

Some C70 molecules in the first layer are observed passing over the interface and
join the islands in the second layer, some molecular vacancies in the first layer
have been created. However, these vacancies are not observed in the scanning
images, and there is almost no change in the coverage of islands during annealing.
It implied that once a C7o jumped up, the vacancy it left might have been occupied

quickly by other C70 molecules in the same layer.
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Fig. 5-5 (c) illustrates the sample at room temperature after being annealed at 523
K for one hour. Most Ce¢o from the sample have desorbed or dropped into the
vacancies on the first layer. Thus there is a dramatic decrease in the number of
the second layer Ceo islands while the remaining Ceo islands have a further
aggregation. At the same time, there are more C7o below squeezing into these Ceo
islands. Remarkably, there are few narrow dark bands formed by rows of Cro
molecules appearing on the islands, which separate an island into several irregular
domains. In these domains, self-assembled structures of the transferred Cro
molecules in the upper Ceo layers are observed after annealing. While in other Ceo

domains, C70 molecules are hard to be found.

Here we can conclude that C70 molecules in the first layer can pass across the
interface and join the Cgo islands in the second layer during the process of
annealing at 423 K, 473 K and 523 K. These C70 molecules take an upright
configuration in second layer islands and keep their spacing with the adjacent
ones same as lattice of close-packed Ceo. In addition, annealing at higher
temperatures increases thermal energy of the molecules, which can both
accelerate the intra-layer transfer of the two types of molecules and trigger a

rearrangement of Cego/C70 mixture in the same layer.

5.4 0.65 ML C Deposited on 1 ML Ceo

Here we switch the molecular species in the first and the second layers. As shown
in Fig. 5-6 (a) and (b), one compact ML Ce are firstly deposited on Au(111),
followed by 0.65 ML C70 molecules. As shown in Fig. 5-6 (d), the height of one
layer of Cy sitting on top of an R30° Cso monolayer is measured as 0.88 nm,
which is ~ 0.2 nm higher than sitting on a C70 monolayer also with the R30°

packing structure. It indicates that in the close-packed domains, the interaction of
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a Ceo and its adjacent C7o is weaker than that of two Cr7o with a standing up

orientation.
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Fig. 5-6 (a) and (b) showing 0.65 ML C7o molecules deposited on a close-packed monolayer
of Cso with the R30° and RO° structures, respectively. (a) C70 molecules on R30° Cso domains
form dendritic shaped islands. On these islands, some brighter molecules are 0.02 nm - 0.03
nm higher than the darker ones in the background. Ce islands in the third and the fourth layers
have smaller sizes and irregular shapes, in which all the molecules demonstrate uniform
heights. Bright and dark molecules are magnified and shown in the insert. (80 nm X 80 nm,
-2.5 V, 100 pA) (b) Cyo sitting on R0° Ceo domains also grow into three layers which have
similar shapes compared with sitting on R30° Ceo domains. C7o in all of these layers pack
closely. (120 nm X 120 nm, -2.5V, 100 pA) (c) Higher resolution image showing the second
and the third layer C7o islands on monolayer R0° Cso domains. (d) Line profile along O-P line
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showing one layer of C7 deposited on top of an R30° C¢o monolayer with a height of 0.88 nm.
The height difference between the bright and dark C7o is measured as ~ 0.05 nm [17].

Sitting on both R30° and R0° Cso domains, C7o aggregate to two to three layers
of close-packed islands with similar dendritic shapes. On the R30° Cgp domains,
some bright patches appear in Cr islands with various shapes and sizes. As
indicated in Fig. 5-6 (d), C70 molecules in these patches are measured ~ 0.05 nm
taller than the dim molecules around, which is equivalent to the height difference
between the bright and dim Ceo in the layer underneath. It implies that the uneven
surface of the Cr islands results from the bonding between the C7o and Ceo layers.
In reverse, the close-packed C70 molecules in the second layer are also possible
to affect the packing structure of the Ceo layer underneath [20]. Compared with
the ones in the first layer, bright molecules in the second layer tend to
aggregate. When C;0 are added on top of the first layer Ceo, the interaction
between the two layers weakens the interaction between molecules in the first
layer and gold substrate, which allows the atomic vacancies to change positions.
On top of the R0° Ceo domains, all the C70 molecules take an upright configuration
and form close-packing structures to reduce interfacial strain [21]. Thus most of
the C70 molecules in the islands demonstrate uniform brightness. The Insert in
Fig. 5-6 (a) and (b) enlarge highlights two C7o islands landing on the R30° and

RO° phases, respectively.

Fig. 5-7 (a) indicates that C7o islands merge and form larger ones with sharp and
straight boundaries after being heated at 473 K for one hour. The top-left part of
this island appears darker than the other regions because they stand on the lower
terraces of the gold step. The brighter C70 molecules in the island remain 0.5 nm
higher than the dim ones and are marked by the red triangles. Moreover, these
special C70 molecules further aggregate into large bright patches and tend to

attach to the edge of islands, which are marked in the blue rectangular box. After
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heat treatment, darker molecular defects with a depth greater than 0.08 nm in the

Cro 1slands occurs on the islands.

Fig. 5-7 STM images showing a Cyo island sitting on Cso monolayer molecules after being
annealed at (a) 473 K and (b) 523 K for one hour. (90 nm X 90 nm, -2.5 V, 100 pA). (a) C7o
molecules sitting on top of Cso monolayer formed larger islands with straighter and sharper
boundaries. Dark defects with a depth of 0.10 nm appear randomly on Co islands. The bright
C70 molecules aggregate and move to the edges of the islands (90 nm X 90 nm, -2.5 V, 100
pA). (b) C70 molecules forming large islands with irregular shapes on Cgo monolayer. There is
a noticeable increase in the number and density of monomer and dimer defects in the second
layer. Bright patterns tend to move towards and gather at the islands’ edge (80 nm X 80 nm,

-2.5'V, 100 pA) [17].

When the sample was further annealed at 523 K, as demonstrated in Fig. 5-7 (b),
most of the islands have agglomerated, and a higher density of the molecular
defects are observed in the C7o islands. In between these defects, there are small
protruding C7o trimers formed by C70 molecules, and the bright patches at the
edge of Cy 1slands have ripened. A recessed, incomplete boundary separates the
two islands which have merged after being annealed. The defects appear due to
the orientation difference of the two C7o phases with a packing structure of R30°

and R0O° before merging. In conclusion, (i) During the process of annealing, Cro
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islands sitting on top of Ceo thermally aggregate. (i1) The second layer of C70 can
affect the packing of Ceo in the first layer. (ii1)) When supporting C7o islands above,
Cs0 molecules do not jump up to the second layer islands during annealing due to

their strong bonding with the gold substrate.

5.5 Change of Bias Voltage for The Mixed Cso and Cr

Charge state information of the fullerene molecule-gold interlayer and gold
substrate are convoluted as the STM tip scans over the surface with certain bias
voltages. Fig. 5-8 shows a series of STM images scanning the same area scanned
with a bias voltage of +2.0V, +0.7V, —0.7 V and —2.0 V respectively. The
tunnelling current is fixed at 100 pA. In the selected region, some isolated C7o
molecules are found squeezing in 1 ML periodic (2v3 x 24/3)R30° Ce phase on
the Au(111) surface and keeping their positions unchanged. The guest Cro
molecules are shown as the brightest spots in the scanning images. In the R30°
phase, Ceso molecules sitting close to and far from the guest C70 molecules show
the same brightness. As the bias voltage sweep from +2.0 V to —2.0 V, the Ceo

molecules are found having a stronger voltage dependence compared with Cro.

The highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) of Ceo for monolayer are —1.7 eV and +1.0 eV on
Au(111) surface [22]. Previous research has shown that, for the close-packed Ceo
in the periodic R30° phase, if assuming all the molecules face the gold substrate
with their carbon hexagons, the adsorption energy difference of molecules on
hollow sites and bridge sites is ~ 0.05 eV [23]. By applying the bias voltage of
+2.0V (> +1.0V) to the gold sample during scanning, electrons transfer from
both the occupied orbitals of Ceo molecules as well as the gold substrate to the
scanning tip. The variety of adsorption energy leads to different charge

distributions of Ceo molecules, which make some of them brighter than the others
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in the scanning images. When the bias voltage decreases to +0.7 V (< +1.0 V),
the contribution from molecular orbitals is minimized. Therefore, the tunnelling
current detected from each Cgo molecule is similar, which makes their brightness
tending to be uniform.
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Fig. 5-8 STM images showing bias-dependent contrast of the R30° Cso domains with trapped
C70 molecules (35 nm X 35 nm, = 100 pA). The bias voltages are set as (a) +2.0V, (b)
+0.7 V, (¢) —0.7 V and (d) —2.0 V, respectively.

When the bias voltage is set as minus values, electrons transfer from the scanning

tip to the sample. When —2.0 V is applied to the sample, both the unoccupied
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orbitals of Ceo and the gold substrate below receive the elections, making an
obvious brightness contrast for the Ceo sitting on the hollow and random sites.
When the bias voltage changes to —0.7 V, there are very few elections
transferring from tip to the unoccupied orbitals of molecules. The image then
shows a contrast reduction for the bright and dim Cso molecules. It is similar to

the condition where +0.7 V is applied.

Height of the guest C70 molecules in Fig. 5-8 are measured larger than Ceo and do
not change even the bias voltage value decreases to 0.7 V. The main reason
behind this is the different geometric shapes of Ceo and Cro. All the guest Cro
stand upright with their long axes perpendicular to the substrate, and are
~ 0.05 nm taller than the surrounding Ces. What’s more, weak interaction
between gold and Cro also contributes to this phenomenon. According to the
previous research, For monolayer the average bonding energy of Cro-Au is
smaller than that of C70-Au (1.9 eV) [24]. This different spectroscopic response

can be used to differentiate the two types of molecules.

For the periodic R30° C70 phases with Cgo mixed in, the two types of molecules
are harder to be distinguished compared with the conditions C7o trapped in Ceo
phases. It is due to the existing of molecular defects in the R30° C7o phases, which
has already been introduced in Fig. 4-4. These defects result from the complicated
interface between molecules and gold atoms as well as the tilting or even lying
down of C70 molecules on the gold substrate. It has been found, the C70 molecules
around Ceo islands do not show the uniform brightness, which is probably due to
the change of gold-fullerene interface. In this type of mixture, both the guest Cso
as well as the C7o defects appear as dim spots in the scanning image. As shown
in Fig. 4-4, most C7o defects in R30° phases appear as single dim spots or nucleate
as small dim islands with the sizes smaller than 10 molecules, while most guest

Ceo tend to form single chains or merge as large islands with the sizes of more
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than 10 molecules. However, it is hard to judge whether these Ceo islands include

one or few C7o defects without the help of spectroscopic test.
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Fig. 5-9 STM images showing bias-dependent contrast of the R30° C;o phases with trapped
Cso molecules (20 nm X 20 nm, I = 100 pA). The bias voltages are set as (a) +2.0V, (b)
+0.7V, (c) —0.7 Vand (d) —2.0 V, respectively. The black dashed lines highlight the contours
the Ceo island trapped in the R30° C7o phase.

Fig. 5-9 shows the 1 ML periodic R30° C7o phase on the Au(111) surface with
Cso molecules squeezing in, where rough contours of an imbedding Ceo island is

highlighted by the black dashed lines. Ceo 1n these islands pack with the periodic
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(23 x 2v/3)R30° structure. Once small Coo islands appear in the R30° Cro
domain, the single C70 molecules are also able to penetrate through these Ceo
islands and show as the brightest spots. When +2.0 V (or —2.0V) is applied to
the sample, C7o standing upright have an obvious colour contrast with the Ceo in
the figure. Under this condition, the electronic contribution of both Ceo and C7o
molecules can be detected by the STM tip, which are more influential compared
with that of gold substrate. Hence the Cso molecules can be distinguished from

the C70 molecules as well as molecular defects in R30° C7o phase.

Thus the individual Ceo islands can be distinguished easily from the brighter Cro
molecules nearby. By changing the bias voltage to +0.7 V (or —0.7 V), most
electrons only transfer from the gold substrate to the unoccupied orbitals of Cro
(Or from the occupied orbitals of C7o to the tip). Therefore, brightness of
molecules mainly depends on their geometric sizes as well as the molecule-atom
interface, while the contribution from molecular orbitals has been filtered out.
Some C7o outside of the dashed lines gradually become as dark as the trapped Ceo
molecules, which makes the contours of Ceo island not clear anymore. Compared
with the isolated C70 mixed in R30° Ceso phase, the close-packed Cr7o with guest
Ceo 1slands are more voltage dependent. In other words, the guest Cso molecules
strongly change the molecule-gold interface in this system. It could be explained
by the strong electron affinity of Ceo molecules, 2.65 + 0.05 eV [25]. However,
by applying high bias voltage, differences in molecular spectroscopic response
can always leads to a comparable clear contrast between Cso and Cro in the two

types of binary systems.

5.6 Summary

We found that C70 molecules are not as mobile as Cego after being deposited on

Au(111). With sufficient thermal energy, Ceo molecules can pass across domain
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boundaries and transfer from Ceo-rich domains to Cro-rich domains. These
transferred Ceso molecules aggregate into different sized islands. The larger
nearest-neighbour distance between C70 molecules in close-packed domains and
the weak Van der Waals bonding between Cso molecules also accelerate this
transfer process. Moreover, the stronger bonding with the gold substrate makes
Ceo harder to desorb or jump onto molecules around. Thus inside the close-packed

Cso domains, there are fewer molecular vacancies left for C7o to occupy.

Cso molecules deposited on a close-packed C70 monolayer can form isolated
single layer islands. Triggered by the lattice mismatch between the two layers,
dark bands develop on the second layer and separate Ceo islands into various sized
domains. Under heat treatment, C70 molecules can desorb from the first layer and
join the Cep islands as “guest” molecules. All these guest C7o form close-packed

structures with their long axis perpendicular to the surface.

C70 molecules on the surface of Cso monolayer remain in an upright configuration
and occupy the three-fold hollow sites on the first layer. During the process of
annealing, C7o molecules can also merge and reform as larger islands. Compared
with Cy islands landing on C70 monolayer in chapter three, when C7 islands sit
on a Ceo monolayer, molecules in the first layer cannot jump up and enter the
second layer islands under the same annealing conditions. The extent of
molecular exchange is strongly limited, indicating that the close-packed Ceo
sitting on Au(111) are more stable than C7o. At high temperature, C70 molecules
in the second layer are also able to affect the packing of Cso molecules in the first
layer. Driven by the van der Waals force, Cso molecules with weaker interaction
to the gold substrate are forced to aggregate together and sit underneath the edge
of the second layer islands in order to keep the lattice constant in the upper and

lower layers matched.
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6. Orientational Epitaxy of Van der Waals

Molecular Heterostructures

6.1 Introduction

Van der Waals force is a general term defining the weak and short-range
electrostatic forces existing between molecules [1]. It results when electrons in
the two adjacent molecules form temporary dipoles [1]. Dipole-dipole forces and
London dispersion forces are the two most typical van der Waals forces. The
London dispersion force is the weakest intermolecular force with the bonding
energy ranging from 0.02 eV to 0.1 eV [2]. In this chapter, I report findings from
a recent study of the intermixing of Ceo and C70 on the HOPG substrate using
STM under ultrahigh-vacuum (UHV) conditions. We study the mixing process
with different fullerene deposition sequences and investigate temperature
influences on the mixing. Due to the different lattice parameters, a Ceo-C70 bilayer
is expected to be strained with tensile stress in the Cego layer and compressive
stress in the Cro layer. We also report findings on the orientation switching of the

C70 molecule and the detailed structure of the Ceo-C7o interface.

6.2 Experimental Procedure

Highly oriented pyrolytic graphite (HOPG) (purchased from Goodfellow,
99.99% purity) was used as the substrate. It was firstly annealed in UHV at 475
K for 30 min to remove surface contamination. Afterwards, Cso and C7o molecules
(purchased from MER, 99.5% purity) were sublimed onto the HOPG substrate
by home-built effusion cells. The effusion cells are degassed at 500 K for 5 min
before sublimation. The Ceo and C70 molecules were deposited on the surface with
a rate of 0.12 and 0.10 ML/min, respectively. During the deposition, the
background pressure in the UHV system does not exceed 10 mbar, thus STM
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imaging was performed with a room temperature Beetle-type 400 RHK UHV
STM and also with an Omicron UHV VT STM. Electrochemically etched
tungsten tips were used after high-temperature annealing in UHV chamber.
Images were collected using the constant current mode with the tunnelling current
set at 0.1 nA and bias voltage in the range between +2.00 V and +2.58 V.
Gwyddion [3] software was used to analyse the raw data acquired by the RHK-
XPM Pro 2.1.6 and the Omicron MATRIX 3.3.

For the investigation of molecular mixing, we prepared two samples with
sequentially deposited molecules. 1) The first sample was deposited with 1.2 ML
of Ceo with an extra 0.2 ML of C7o added afterwards. ii1) The second sample was
deposited with 1.2 ML of C7o with an extra of 0.2 ML of Ceo added afterwards.
In each case, the sample was gradually heated up to higher temperatures. After
heating up to each temperature, STM imaging was performed to examine the

mixing of Ceo with C70 molecules.

6.3 1.2 ML of Ceo (C70) on HOPG

After the deposition of 1.2 ML Ceo molecules on the surface at room temperature,
we observed two incomplete layers of Ceo. The first layer formed directly above
HOPG covers ~ 60 % of the substrate. The second layer Ceo consists of islands
sitting on top of the first layer. Although the total coverage is greater than one
monolayer, there is still a small fraction of bare graphite because the second layer

starts to form before the first layer is completed.
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(@ First layer

@ Second layer

Fig. 6-1 1.2 ML of Ceo sitting on HOPG at room temperature. (a) An area of HOPG showing a
large fraction of the surface covered by a single layer of Ceo, the existence of the second layer
Ceso and a small area of bare HOPG. (b) A selected area in (a) showing the details of the step
edge structure of the Cgo fingers. (c) Ball model superposed on top of the STM image for
illustrating the positioning of the second layer molecules. (d) Close-packed blue and yellow
spheres representing the positions of molecules in the second and first layer and showing the

relationship of their positions.

Fig. 6-1 (a) shows an STM image of the sample with 1.2 ML Ceo. At the bottom-
left corner of the image, there is a small area of uncovered HOPG. The rest of the
image shows a smooth first layer with finger-like structures in the second layer.
The adsorption energy of Ceo on top of a Ceo layer is calculated to be 968 meV
which is slightly higher than the 813 meV adsorption energy of Cso on HOPG.

138



The diffusion barrier for Ceo on HOPG is only 12 meV, which is much lower than
the 168 meV barrier for Ceo on top of a Ceo layer [4,5]. Therefore, Ceo molecules
are mobile on HOPG at RT and the first layer of Ceo is expected to adopt a
thermodynamic equilibrium shape. The finger-like structure of the second layer
Ceo 1s a result of diffusion-limited growth due to the much higher diffusion
barrier. Applying simple triangulation on high-resolution images, we can identify
that the second layer molecules occupy the three-fold hollow site of the first layer.
Inset in Fig. 6-1 (a) is a ball model illustrating the positional relationship between
the first two Ceo layers assuming that further layers added would create an FCC
crystal. Fig. 6-1(b) shows that the edges of the fingers are faceted exposing close-
packed molecular rows. The azimuthal orientation of the Ceo molecular rows
relative to the HOPG is not analysed here. This is because of the difficulty in
imaging the Ceo layer and the HOPG substrate simultaneously with high

resolution [6].

Height (nm)

0.00 1 L 1 L 1 L
0.00 20.00 40.00 60.00 80.00  100.00 120.00

Distance (nm)

2" |ayer C,q

1st layer Cyq

Fig. 6-2 1.2 ML of C70 on HOPG at room temperature. (a) A large area STM image shows the
co-existence of bare HOPG, first layer C7o and second layer C7o. Inset graph shows the height
profile of the first and second layers. (b) Ball model superposed on the top of an STM image.
Yellow coloured circles represent the first layer molecules and blue circles are for the second
layer molecules. The dashed lines help to determine the occupation site of the second layer

molecules.
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Fig. 6-2 shows STM images acquired from an HOPG substrate covered by 1.2
ML of C7o. Similar to what is already seen with Ceo, the second molecular layer
is formed before the first layer is completed. The edges of the second layer Cro
island are ragged. Finger-like structures are also observed for second layer Cro.
Due to the weak van der Waals interaction between molecules and the effect of
electric field at the tip apex [7], C70 molecules are found to move around on the
surface and the shape of the second layer islands gradually changes in time while
the surface is being imaged under the STM. Inset in Fig. 6-2 (a) shows a height
profile measured along the blue line M-N. Based on this height profile, the first
layer measured from the HOPG surface is 1.00 nm tall. The second layer is 0.80
nm above the first layer. These values are approximately consistent with two
layers of close-packed hard spheres with the second layer spheres sitting in the
three-fold hollow sites. For Cso on HOPG, the first layer is 0.80 nm above the
HOPG substrate, and the second Ceo layer 1s 0.70 nm above the first layer. As
will be discussed later, the C70 molecule rotates freely within the molecular layer
at RT. For a free rotating ellipsoidal molecule, it has an effective diameter. The
1.00 nm height measured thus corresponds to such an effective diameter. In fact,
a C70 molecule standing on HOPG with its long axis permanently perpendicular
to the substrate appears taller than 1.00 nm. Moreover, from the ball model in
Fig. 6-2 (b), it can be concluded that the C70 molecules within the second layer
occupy the three-fold hollow site of the first layer.

6.4 Deposition of 0.2 ML C79 (Ceo) on 1.2 ML Ceo (Cro).

Fig. 6-3 shows STM images acquired from the sample after adding 0.2 ML of Cro
molecules on the HOPG substrate which has already been covered by 1.2 ML of
Ceo. Structures similar to that in Fig. 6-3 have been reported previously [8,9]. As
can be seen in Fig. 6-3 (a), the C70 molecules are attached to the edges of the pre-

formed Ceo 1sland. For the second layer, each Ceo 1sland is enclosed by a rim with
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a fairly uniform width of C70 molecules. The Cro rim follows exactly the contour
of the existing Ceo 1sland. Hence, the addition of C7o does not affect the shape of
the Ceo 1sland and a sharp boundary between the Ceo island and the C7o rim can
be recognized easily. For the first layer, the additional C70 molecules also form a
rim, but the width of the rim is rather non-uniform. In some places, the rim is just
one or two molecules wide, whereas in other places, it is more than 10 molecules
wide. The non-uniform width of the rim in the first layer is consistent with the
high mobility of the two types of molecules on HOPG. That is, molecules already
captured by the Cep island still can move via edge diffusion. While for the second
layer, it is more like a capture and stick situation. In addition, it can be seen that
the boundary between Ceo island and Cro rim is fuzzy on the first layer, which
suggests that the mixture of the two molecules has taken place. This is an
expected phenomenon since the edge of the Cego island on HOPG is rather fluidic
at RT with molecules constantly leaving and joining. Fig. 6-3 (b) shows a height
profile measured along line P-Q in Fig. 6-3 (a). The Cy rim in the first layer is
0.95 nm above the HOPG substrate, which 1s 0.15 nm taller than Cso molecules
within the same layer. Besides, the C7o rim in the second layer is also 0.15 nm

taller than the Cso molecules in the same layer.

Fig. 6-3 (c) is a magnified view of an area on the second layer which illustrates
the C70 molecules seamlessly attach to the boundary of Ceo 1sland. Fig. 6-3 (d) is
a height profile measured along line R-S. This line profile confirms that the Cro
molecules form a natural extension from the existing Ceo layer with no lateral
defect in between except that the Cyo is taller. It also shows that the nearest
neighbour distance is the same for both Ceo and C7o within the second layer.
Therefore, Cso and C7o molecules in the second layer occupy the same type of
hollow site. This further suggests that C70 molecules sitting above a Ceo layer have
their molecular axis perpendicular to the surface in order to fit the lattice

parameters of the underlying Ceo layer. From high resolution images shown later,
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we find that for the first C7o layer, the nearest neighbour distance is 1.14 nm
whereas for the first layer Ceo, the nearest neighbour distance is 1.05 nm. These
nearest neighbour distances are consistent with the lattice parameters for C70 and

Ceo crystals at room temperature.

nd layer of (

Q 11 w 1 1 1 1 1
' 00 20.00  40.00 60.00 80.00 100.00 120.00
Distance (nm)

1st layer of C,; and Cq,

(d) . o
1.05 A 1 1 1
/ \VE P

T 100 e @ 0.99 nm
5 1 1 1 1
£ o095} ek fiel
1 1
5 0.99 nm i)
T ! ! 1 1
0.90 | 1 1 1 1
! 1 1 )
! 1 1 1

1 1

0.85 | i : :
! 1 1 1

0.80 1 ! ! 1! ' L 1

0.00 2.00 4.00 6.00 8.00 10.00

Distance (nm)

Fig. 6-3 0.2 ML of Cy added onto a pre-existing 1.2 ML of Cso on HOPG at room temperature.
(a) C70 molecules attach to the edges of the Ceo island forming rims in both the first and the
second layer. (b) The height profile measured along line P-Q in (a). (¢) Magnified view of a
Cs0-C70 boundary in the second layer. (d) Height profile measured along line R-S in (¢).

After completing the experiment described above, we changed the deposition
sequence. 1.2 ML of C70 on HOPG was primarily deposited on HOPG and 0.2
ML of Ceo was added afterwards. As shown in Fig. 6-4 (a), the Cso molecules
form close-packed layers, enclosing the pre-existed Cro islands on both the first
and the second layers. Besides, a small patch of Ceo is formed on top of the second
layer of C70 molecules. Fig. 6-4 (b) shows the structure of a boundary between

Ceso and Cro 1n the first layer. Intermixing has clearly taken place at the boundary.
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Formation of such a combined boundary is expected since the C70 molecules on
the edges of the initial island have relatively high mobility. As a result, a
significant number of C70 molecules detach from the edges and mix with the
newly added Ce¢o molecules at room temperature. Therefore, the final structure
consists of a pure C70 and Ceo region with a narrow region of mixed Ceo and Cro
sandwiched in between. From the image in Fig. 6-4 (b), one can estimate the
distance that a C70 molecule can travel when it manages to escape from the edge
of the Cro 1sland. Here the average distance is about 5-6 nm. In other words, a C7o
island on HOPG is surrounded by its “vapour atmosphere” with a dimension of
5-6 nm at RT. The diffuse boundary is formed during the addition of Ceo to the
surface. Once the boundary is formed, no further diffusion across the boundary
diffusion can take place at RT. For Cso molecules inside the Cro territory, there
appears to be the tendency that Ceo molecules group together and form a short
row. Preferred directional bonding could be one of the reasons for explaining this
phenomenon. However, considering that orientation ordering within Ceo and Cro
crystals are destroyed by thermal energy at RT, it is unlikely that the directional
bonding drives the formation of the Ceo rows. A more likely reason is associated
with the strain induced by the insertion of Ceo into the C7o layer. One single
isolated Ce¢o molecule inside a C7o layer disturbs the bonding of six C70 molecules.
By forming a row, the number of affected C70 molecules per Ceo molecule is

minimised and therefore this structure 1s more favoured.

Unlike the first layer, the boundary between Ce¢o and Cro in the second layer is
sharp as shown in Fig. 6-4 (c). This indicates the edges of the Co islands in the
second layer are more stable. The edge diffusion might still exist, but no Cro

molecules can escape from the edges of the island.
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Fig. 6-4 Close-packed Ceo island as the second layer on Cyg islands on HOPG at RT. (a) STM

image of a large area illustrating different island orientation and grain boundaries between Ceo
and Csomolecules. (b) and (c) Close section image of (a) which show different grain boundaries
and occupied structure with centre molecules, respectively. (d) The height profile following

the blue line T-U shown in (c).

The post-deposited 0.2 ML of Ces seems to have the ability to attack the
preformed 1.2 ML Cyo. It 1s noticed that some “cracks” formed within the first
Cro layer suggesting the possibility that Cso molecules squeezing into the first
layer Cro layer upon landing. The second layer Cyo is also affected showing the

appearance of dark “wrinkles” or “bands™ after the addition of Ceo. This is in
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contrast with the preformed Ceo layer when C79 molecules are added. Individual
C70 molecules cannot break the dense Ceo layer and thus mixing is mainly

restricted to the first layer boundaries.

As a mismatch on the right side has been observed in Fig. 6-4 (b), we can
conclude that molecules at the outside of the island occupy the hollow site of the
first layer of C70 molecules. This feature is different from the location of Cro
molecules on top of the first layer of C7o0, as shown in Fig. 6-2 (b). As we carefully
check the height profile following the blue line T-U in Fig. 6-4 (c) which shows
some unusual height distribution, the maximum height is about 0.17 nm, which
reduces gradually as approaching to the valley between wrinkles. The outside of
wrinkle has a perfect packing structure consisting of Cg molecules.
Hemantkumar et al. [8,9] report that there was some orientation disorder in the
C70 packing structure on HOPG which is quite different compared with our
observation, there is no any other elements was introduced except the carbon. It
is very unusual that a defect-free C70 packing structure shows here even though
there is a lattice mismatch between Ce¢o and C7o in the close-packed phases. It
implies a kind of local strain-free structures existing close to the boundary of Ceo

and Cro 1slands.

6.5 Thermally Activated Structural Evolution

In this section, we examine how the structure of the Ceo/C7o layers respond to
different sample temperatures. The sample was annealed for 30 minutes at a fixed
temperature and then cooled down to RT for STM imaging. The annealing

temperature was increased in several steps from 375 K to 475 K.
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Fig. 6-5 The morphology of C70-Cso on Cso/HOPG after annealing at 373 K for 30 min. (a) The
morphology of packing structure at low resolution. The insert showing the high-resolution
image of the third layer of Ceo molecular is marked in the red rectangle. (b) The packing
structure high-resolution image of the area in the blue rectangle showing in the (a). (c) Line
profile along the line X-W showing the height of molecules in the fourth layer islands, which

1s measured as 0.86 nm.

Fig. 6-5 shows the morphology of the 0.2 ML C70 on 1.2 ML Ceso sample after
annealing at 375 K for 30 min. The C7o rim in the first layer is broken due to the
inward movement of the C70 molecules. Some C70 molecules have moved by
more than 10 nm into the Ceo layer, which can be seen in Fig. 6-5 (b). In the
second layer, the boundary between Ceso and C7o is still sharp. As mentioned
before, there is a “vapour” atmosphere in equilibrium with the “solid” first layer.
Annealing to 375 K provides the opportunity for Ceo and C7o to mix in this vapour
phase. After annealing, the vapour condenses into a “solid”. From Fig. 6-5, it can
be concluded that the vapour phase at 375 K covers a distance of ~ 10 nm. Bulk

of the first layer remains in the solid phase and hence the second layer in Fig. 6-
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5 (a) retains its shape at the end of the annealing. A third layer island is formed
showing in the inset of Fig. 6-5 (a). The height of this island alone the line W-X
illustrated in Fig. 6-5 (c) 1s measured as 0.86 nm, which is consistent with the
height of C70 on the second layer. Therefore, during annealing, some Czo
molecules have managed to climb up the step edge and aggregated into a third

layer island.

2" Jayer of Cgo
N

1% layer of Cgp

Fig. 6-6 The morphology of C70-Cso on Cso/HOPG after annealing at 425 K for 30 min. (a) The
low-resolution image of packing structure. (b) and (c) The high-resolution image of packing

structure.

Fig. 6-6 shows the STM images acquired after annealing the sample to 425 K. In
comparison with images shown in Fig. 6-5, the morphology of the molecular
layers has barely changed by increasing the annealing temperature from 375 K to
425 K. Substantial variations of the morphology of the molecular layers are
observed after annealing the sample to 475 K. Most remarkable changes are the
appearance of molecular islands in the third layer and the erosion of the C7o rim
in the second layer. Two third-layer islands appeared as can be seen in Fig. 6-7
(a). The formation of the third layer islands requires vertical upwards
transportation of molecules. Since the binding of molecules to the HOPG

substrate is weaker than that in between two layers of molecules, thermally
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induced molecular transport from the first layer into the higher layers is expected
to take place. The stronger inter-layer binding hence favours the growth of

multilayers.
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Fig. 6-7 The morphology of mixed C70-Cso on Ceo/HOPG after annealing at 475 K for 30 min.
(b) and (¢) is the high-resolution image of makers in the (a). Line profile showing the measured

height along Y-Z line in (a).

Another significant observation is that the newly formed third layer consists of a
Ceo core and a Cro shell, as shown in Fig. 6-6. We did not image the surface during
heating of the sample, and thus there is no direct observation of how the third
layer island is formed. However, the structure of the island is consistent with the

following speculation. During thermal annealing, both Ceo and C7 molecules
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climb up to a higher level. Nucleation starts with Cso and C70 molecules join the
Ceo 1sland at a later stage to form the shell. Furthermore, the shape of the second
layer islands becomes more regular with smoother edges. The C7o rim has gone
through some reorganization as well and there is clearly intermixing of C70 and

Cso molecules around the rim.

In Fig. 6-7 (a), we found that the packing structure on the second layer is
surrounded by C7o molecules with smooth edges. Also, the C70 molecules tend to
melt into the Ceo molecules during the annealing, and branches of the third layer
islands have disappeared. Along the line Y-Z in Fig. 6-7 (a), the height profile
shows that the height of C7 on these three layers are sharing the same value of ~
1.00 nm, which agrees with the previous studies [12-14]. In addition, the
molecules located at the edge of the molecular islands gain enough energy to
diffuse and “run away” from the island during annealing. The diffusion distance
of the Ceo and C70 molecules are different due to their different interactions with
HOPG substrate [10]. With the cooling down to RT process, the molecules gather
together again, resulting in the mixture of the C¢o and C70 molecules. On the other
hand, the molecules gain enough energy to overcome the inter-molecules
interaction and reshape into a perfect closed-pack structure. As mentioned before,
the third layer of C70-Ceo packing structures were formed when annealed at 475

K, we didn’t observe any C70 molecules on top of the third layer.

In the following, consider structural changes responding to annealing temperature
for a sample prepared by deposition of 0.2 ML of Ceo on top of a pre-formed 1.2
ML Cro are discussed. Fig. 6-8 illustrates the expected multilayer structure. As
mentioned earlier, the C7o layer on HOPG is not as robust as the Ceo layer. During
the deposition of Cso, Ceo molecules are found to be able to mix into the preformed

C7o layer when the sample is at RT.
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Fig. 6-8 schematic diagram showing the expected multilayer structure of C70-Ceo on

C70/HOPG.

Fig. 6-9 (a) shows the structure of the molecular layers observed with the STM
after annealing the sample to 375 K. In Fig. 6-9 (b), one can see the incorporation
of Ceo into the first layer of C70. However, the structures of the second molecular
layer are demonstrated in Fig. 6-9 (c), is somewhat unexpected. Although the
boundary between C7o and Ceo can be identified, the height difference between

C70 and Ceo 1s well below the expected value.

A possible explanation for the apparent diminishing height difference between
the two molecules is the re-organization of the Cro layer beneath the Cso. When
the second layer Ceo is formed above a Cro layer, there is a lattice mismatch. If
the Cso molecule sits in the three-fold hollow site of the Cro layer, the Ceo layer
would be under tensile stress. The tensile stress can be relieved if the underlying
C7o layer rearranges by making the C70 molecules standing up with their long
molecular axis perpendicular to HOPG. In such a standing up orientation, the
nearest neighbour distance between C7o molecules would be the same as the

nearest neighbour distance between Ceo molecules. Fig. 6-9 (d) shows a schematic
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diagram which explains the reason of the second layer Ceo molecules have a
similar height as the second layer C7o. As for C7o on C7o, the molecules in both
layers are free to rotate. Therefore, the C70 molecule can be regarded as flipping
between the lying down and standing up configurations in STM scanning. The
effective diameter of the molecule, shorter than the length of the long axis but
longer than the length of the short axis, is measured. For Ceo on Cro, the first layer
C70 molecules are oriented vertically in order to lattice match the Ceo layer above.

The C70 underneath Ceo has lost its rotational degree of freedom.

To summarize, the first layer of C70 can have different heights depending on what
molecules are placed on top of it. For C79 on C7o, molecules in both layers are free
to rotate at RT and are in a relaxed configuration. For Ceo on Cro, the first layer

C70 molecules are forced to stand up due to the influence of the Ceo layer above.

In Fig. 6-9 (c), there are also some C70 molecules appear to be taller than the rest.
These tall C70 molecules are found mostly around the Ceo/C70 boundaries. It is
likely that the C70 molecules underneath these tall C70 molecules are vertically
oriented. Length covering a certain distance inside image is shown by two double-
headed arrows, following which 16 rows of Cso pack within the Cso domain.
However, the same distance is occupied by 15 rows of C70 molecules inside the
C70 domain. The nearest neighbour distance (NND) of Cgo-Ceso here was measured
to be 1.0 nm, corresponding to the lattice distance in Ceo crystal [15] and the
nearest neighbour distance of C7o 1s 1.07 nm as indicated by the scanning image.
Thus, the ratio of the nearest neighbour C70-C7o distance to that of the Ceo’s is
1.07. These values are identical to the reported studies on the fullerene crystals

by means of X-ray diffraction (XRD) [18].
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Fig. 6-9 The morphology of C70-Cso on C70/HOPG after annealing at 375 K for 30 min. (b) and
(c) is the high-resolution image of an area in the (a). (b) is the high-resolution image of the first
layer packing structure. (c) is the magnified image of the second layer packing structure. (d)
schematic diagram showing C;0 molecules beneath the Cgo layer taking the upright

configuration at RT, while C7o molecules beneath Cyo freely rotating. It results in some Cro

flipping.

Fig. 6-10 shows STM images acquired after the sample has been heated to 425
K. In the first layer, there are Ceo-rich and C7o rich regions. Within the Ceo rich
region, we observed isolated C70 molecules. These isolated C7o molecules take
the upright configuration. Such a configuration is preferred due to it causes little

distortion of the Ceo lattice. Within the Cro rich region, there are individual Ceo
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molecules as well as chains of Cgo as shown earlier in Fig. 6-9 (b). The Ceo
molecules simply substitute the C70 molecules without causing any local lattice
distortion. For the second layer, the boundary between Ceo and C70 becomes less

clear.
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Fig. 6-10 The morphology of C70-Cso on C70/HOPG after annealing at 425 K for 30 min. (b)
and (c) is the magnified image of the maker in the (a). (b) is the high-resolution image of the
first layer packing structure. (c) is the high-resolution image of the second layer packing

structure. (d) showing the height profile following the blue arrow in (c).
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Further changes appear after increasing the annealing temperature to 475 K. As
can be seen in Fig. 6-11 (b), the second layer island consists of C70 molecules
only. According to the schematic diagram of Fig. 6-9 (d), C70 molecules beneath
the Ceo layer take the upright configuration at RT. During the annealing process,
thermal energy might be sufficient to trigger these upright C70 molecules to rotate,
which cause the mismatch of the lattice. As a consequence, Ceo molecules in the
second layer become destabilised and further diffuse to their locations. However,

the C70 molecules remain as scattered molecules inside the Ceo layer.

By comparing Fig. 6-2, Fig. 6-4, Fig. 6-8, Fig. 6-9 and Fig. 6-10, there was a clear
evolution from the original structure to the newly formed structure. Here, we
propose a mechanism to illustrate the molecules lattice at the wrinkle area. Fig.
6-9 (d) shows the model occupation site of Cso on C70/HOPG. We have observed
that C70 molecules in the second layer prefer to occupy the hollow sites of the
first C70 molecules with a perfect ordering structure. This finding is quite different
from previous researches [10,17-19]. Moreover, the nearest-neighbour distance
alone all the direction of lattice are measured having the same value, which
indicates that the C70 molecules take upright orientation on the second layer as
well as on the first layer. This is an unstable status that can be easily disturbed by
later introduced guest molecules. If Cso molecules were introduced, they prefer
to occupy the hollow sites. The equilibrium bond distance of Cso molecule 1s 9.84
A (centre to centre) in FCC structure whereas for C7o is 9.94 A. The ratio between
them 1s about 1% of the bond distance of C7o, such a small mismatch on the lattice
could cause several changes. For example, the upright orientated C70 molecules
on the grain boundary will tilt to a small angle to adapt the mismatch of lattice.
This would lead to a series of disorder of the neighbouring C;0 molecules.
Moreover, the cohesive energy of Ceo and Cro 1s about 43.9 kal/mol and 49.5
kal/mol, respectively [14].
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Fig. 6-11 The morphology of C70-Cso on C70/HOPG after annealing at 475 K for 30 min. (b)
and (c) is the high-resolution image of the maker in (a). (b) is the high-resolution image of the
second layer packing structure (marked by the blue rectangle). (¢) is the high-resolution image
of the first layer packing structure (marked by the red rectangle). (d) showing the height profile
following the solid blue line in (b).

At the same temperature, the Cso molecules are thus more mobile than C7o
molecules. The distance defined by the two double-headed arrows in Fig. 6-10
(c) indicating that 15 rows of Cso molecules and 14 rows of C7o have the same

length. This 16/15 ratio is roughly the same as the ratio of the first layer molecules

155



as measured from Fig. 6-9 (c). It indicates the packing structure of the monolayer
fullerenes on HOPG 1s similar to the bulk projection of the corresponding
fullerite’s (111) plane. As shown in Fig. 6-10 (c), the bright features inside the
Ceéo domain are the trapped C7o molecules. C¢o molecules inside the Cro-rich

domain seem to have aggregated into zigzag rows.

From the above investigations, it is clear that how the packing structures of Ceso
and C70 molecules evolve as temperature increases. When C7 molecules are
deposited on defect-free and HOPG surface, these molecules prefer to take an
upright orientation and form close packing structure to each other. When the Ceo
molecules are introduced later, C70 molecules of the second layer will tilt on the
grain boundary in order to adapt the difference on the lattice. There is no
mismatching between the graphene and Ceo (C70) molecule, these two kinds of
molecules will form a perfect lattice without defect. The Cso molecules located at
the outside of C7o island on the second layer start to diffuse to the first layer while
the temperature increases. When the temperature reaches 475 K, most of the Ceo
molecules diffuse to the first layer. During the annealing, the second layer of Cro
molecules gain enough energy to overcome the diffusion barrier and packing into
a perfect closed-packed structure. The wrinkle area disappeared after the Ceo

molecules moved to the first layer.

Such a reversible structure creates defects and adsorption position, which enables
potential applications on producing templates for nano-devices and catalyst
system. Such behaviours were different from the case of C7 on Cso/HOPG, are
already shown in Fig 5-3. During the annealing, the introduced C70 molecules act
as a “barrier” and restrict the Cso molecules’ thermal motion. This also explains
the phenomenon with the Ceo on C70/HOPG. The introduced Ceo molecules on the
second layer diffuse around during the annealing at sufficient temperature
whereas the C70 molecules are much more stable than Cgo molecules except the

shape variation from fracture to round, as shown in Fig. 6-10. When the
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temperature is cooled down to RT, the shape of C70 molecules remain the same

while the Ceo molecules have diffused to the first layer.

6.6 Summary

Packing structure of Ceo and C70 molecules have been studied on different
deposition sequences and annealing temperature. C70 pack closely with Ceo
molecules on Ceo surface and molecules in the second layer sits on the hollow
sites of the first layer of Ceo. In the mixed domains of Cso and C7o, C70’s ellipsoidal
shapes are able to significantly change the structure of Cso-C70’s interface. A
strain-free heterostructure appears in the mixture when C;o choose an upright
orientation and make their lattice matches the close-packed Ceo layer. By
changing the order of deposition, Ceo can also form close-packed domains with
C70 molecules on the C70 monolayer, where C7o molecule sitting on the hollow
sites and take an upright orientation, and Cso molecule sits on the hollow sites of
the first layer of C70. Due to the lattice mismatch and space limitation, some Cro
molecules in the second layer are observed flipping instead of totally lying down
on the first layer. Even though giving up some degrees of rotational freedom
results in a reduced entropy of the Cs0 layer. The entropy reducing is
overcompensated by the reduced interfacial energy. At higher temperatures, some
Ceo and C70 molecules can pass over the domain boundaries. The difference is,
the guest C70 molecules are trapped in the Cgo-rich domains as isolated ones, while

the guest Cso molecules can form molecular chains in the Cro-rich domains.
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7. (C70)m-(Au)n Hybrid Magic Number Clusters

7.1 Introduction

Clusters combining molecules and atoms are an important class of materials
which exhibit size-dependent properties [1-4]. Great effort has been devoted to
the fine tailoring of clusters, including size-selection [5,6], shape control [7] and
surface passivation [8,9]. In this chapter, we create magic number (C70)m-(Au)n
clusters by successively depositing gold and C70 molecules on Au(111) in [UHV
system. Then we select and focus on scanning some magic clusters with different
sizes for several hours at room temperature. The overall property of the (C7o)m-
(Au), cluster i1s similar to that of (Cgg)m-(Au),. Metal core in one (Cgp)m-(Au),
cluster consisting of n Au atoms is protected by the molecular “shell”, and thus
both of its Ostwald and Smoluchowski ripening are affected and hinted. Due to
the weak interaction between gold and C79 molecules, magic clusters such as
(C70)10-(Au)ss, (Cr0)12-(Au)49 change their azimuthal orientations all of a sudden

after keeping still for many hours on gold surface.

7.2 Experimental Procedure

The experiment was performed with a variable temperature STM (VT-STM). The
substrates used for holding clusters were made by depositing thin gold films, ~
200 nm, onto highly oriented pyrolytic graphite (HOPG) with the method of
physical vapour deposition in high vacuum. On the surface of HOPG, the
deposited gold films were preferentially oriented by exposing the (111) crystal
plane. The flat clean Au(111) terraces were obtained by cleaning the sample in
an ultra-high vacuum (UHV) chamber with cycles of Ar" ion bombardment and

thermal annealing at 870 K for one hour.
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For forming (C70)m-(Au), magic number clusters, the Au(111) sample was firstly
cooled down to 110 K, and ~ 0.15 ML gold atoms were deposited onto the sample
surface, forming irregular islands at the elbow sites on the reconstructed gold
substrate. It was followed by the deposition of ~ 0.05 ML C70 molecules, which
decorated the existing gold islands. The sample was then annealed to room
temperature gradually, which was sufficient to create magic number (C70)m-(Au)n
clusters via a complete self-organisation process. In our experiments, the gold
atoms were over-deposited in order to create the higher density of diffusing gold
atoms on the substrate at room temperature, making the clusters being attacked

more often and thus the azimuthal orientation of clusters more obvious.

7.3 Structure of (C7o)m-(Au)n Magic Number Clusters on
Au(111)

Fig. 7-1(a) shows several types of clusters, mostly sitting close to elbow sites: 1)
planar clusters; i1) ring clusters; and iii) joined clusters. The hybrid cluster is
featured by a group of close-packed “bright” C70 molecules surrounded by “dim”
C70 molecules. The hybrid cluster has a regular shape with a specific number of
C70 molecules and hence known as magic number cluster. Some magic number
clusters sitting closely are bridged by a number of C70 molecules forming joined

clusters. The ring cluster is characterized by a ring of C70 molecules.

Fig. 7-1(b) shows two height profiles: one across a 10 molecule hybrid cluster
and the other across a ring cluster. According to the red curve, the area inside the
molecular ring is ~ 0.2 nm taller than the Au(111) substrate. Thus, a single atomic
layer Au island occupies this area. The molecules within the ring, measured from
the Au(111) substrate are ~ 0.7 nm tall. This is the same as the height of the dim
molecules in the hybrid cluster. The bright molecules in the cluster is ~ 0.9 nm

tall. It suggests that there is an atomic layer Au island beneath the bright Cro
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molecules. All the molecules take the orientation that the long axis is

perpendicular to the substrate.

Height (nm)

Distance (nm)

Fig. 7-1 (a) STM image of the C7o-Au magic number clusters, ring clusters and joined clusters
sitting at elbows on Au(111) (130 nm X 130 nm, -2.0 V, 0.05 nA); (b) Line profiles showing

the height of one hybrid magic number cluster and one ring cluster.

Based on the above analysis, we come up with the following proposed structural
models for the three smallest magic number clusters: (C70)7-(Au)19, (C70)10-(Au)ss
and (C70)12-(Au)49 as shown in Fig. 7-2. For the (Cr0)7-(Au)19 cluster, a hexagonal
gold island consisting of 19 gold atoms are closely surrounded by six Cro
molecules, which are shown as dim spots in the STM image. Considering the
lateral distance between two neighbour C70 molecules inside clusters, C7o inside
clusters take the same configuration as in the (2\/§ X 2\/§)R30° phase, which is
formed by close-packed C70 on Au(111) introduced in the former chapters, each
C70 occupies one three-fold hollow site of Au(111) substrate with its pentagon
ring. Gold atoms directly contacting C7o are marked with red colour, in Fig. 7-2
(a). There is one C70 molecule sitting on the Auyg 1sland. This molecule appears
bright in the image. This C70 molecule interacts with all the other molecules with
van der Waals force, and bonds to the Au atoms via charge transfer. Charge
transfer and van der Waals forces are combined and make the whole cluster

stable.
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(G ANy o et P P i ) (CiluiAu)es

Fig. 7-2 Schematic showing the proposed structural models of (C70)7-(Au)19, (C70)10-(Au)ss and
(C70)12-(Au)49 clusters. (a) Blue and purple spheres represent the gold atoms in the first and
second layer of Au(l11), respectively. Yellow spheres are the 19 Au atoms within the
monolayer gold island. Six C70 molecules stand around the gold island while one C70 molecule
stands on its top. Red spheres represent the gold atoms in the top-most layer of the substrate
and in the monolayer island which directly interact with the pentagon rings of C70 molecules.
Inset is an STM image of one (C70)7-(Au)19 cluster. The bright spot is the C7o molecule sitting
on top of the gold island. (b) (C70)10-(Au)ss. Inset shows one of this type cluster scanned by
STM. Two C70 molecules sit on the gold island side by side. (¢) (C70)12-(Au)49. Inset is one of
this type of cluster.

The (C70)10-(Au)zs and the (Cro)12-(Au)so clusters are natural extensions of the
(Cr0)7-(Au)19 cluster, with two and three edge-sharing hexagonal Au islands,
respectively. Larger clusters can be constructed based on the same mechanism.
The standing up configuration is favourable for intermolecular interactions at the
specified molecule-molecule distances. However, the standing up configuration
is achieved by the C70 molecule contacting the Au(111) surface with a pentagonal
ring. From previous studies, C¢o molecules prefer to contact the Au(111) surface
with a hexagonal ring. Thus, the C70-Au(111) interaction is not optimised, and
this 1s likely due to the compromise between molecule-substrate interaction and

the molecule-molecule interaction.
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7.4 Branching Ratio of (C70)m-(Au)n Clusters

In the previous section, we have introduced the formation of three types of (C70)m-
(Au)n clusters: magic number clusters, ring clusters and joined clusters. In the
following section, we will examine how the branching ratios of these clusters can

be controlled by changing the depositing amounts of Au and C70 molecules.

Magic number Rings Joined Clusters far from
Coverage of Coverage of
clusters/Total clusters/Total clusters/Total elbows/Total
gold atoms C70 molecules
clusters clusters clusters clusters
0.04 ML 32% £3% 48% 4% 20% £2% 2%
0.02 ML 0.08 ML 36% £3% 35% £3% 29% £3% 4%
0.16 ML 19% +2% 20% £2% 61% +4% 3%
0.04 ML 0.08 ML 28% £3% 3% 1% 69 % +£4% 4%

Table. 7-1 The different branching ratio of magic number, ring and joined clusters in the three
independent experiments. Ratios of the clusters sitting far from elbows are shown in the last
column. In the former three groups of experiments, depositing amount of gold atoms is fixed
at 0.02 ML, while depositing amount of C7o molecules increases from 0.04 ML to 0.08 ML and
0.16 ML orderly. In the last experiment, 0.04 ML gold atoms and 0.08 ML C70 molecules are

co-deposited. In each experiment, total 376 clusters have been calculated.

For investigating how the C7o/Au ratio affects the branching ratio of magic
number clusters, Au atoms and C70 molecules were co-deposited on the gold
substrate with three different ratios. In the experiments, Au and C7 were co-
deposited on Au(111) at 110 K. The amount of gold atoms deposited is fixed to
0.02 ML while the amount of C7 deposited was varied from 0.04 ML to 0.08 ML
and then to 0.16 ML by heating the source to 600 K, 620 K and 643 K,
respectively. After each deposition, we count the numbers of clusters and sort
them into the three types: 1) compact, 1) ring and iii) joined. In each of the three

experiments, 376 clusters have been counted and divided into different groups.
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The branching ratios of the compact, ring and joined clusters are shown in Table.
7-1. Although most clusters prefer to occupy elbow sites, there are still a small
number of magic number clusters found within the FCC domain far away from
elbows. In Figs. 7-3. 7-4, 7-5, this type of clusters are marked in a solid blue

circle.

In the first experiment, 0.02 ML gold atoms and 0.04 ML C70 molecules were co-
deposited on Au(l111) at 110 K. When the sample was heated up to room
temperature, the ring clusters are found taking up ~ 48 % of the total counted 376
clusters. The number of this type clusters is 1.5 times of the magic number
clusters and even more than twice of the joined clusters. It indicates that gold
atoms have aggregated into large size monolayer gold islands before combining
with diffusing C70 molecules and form magic number clusters. The abundance of
ring clusters is an implication that the Au/Cro ratio is too high. In the second
experiment, 0.02 ML gold atoms and 0.08 ML C7o molecules were co-deposited
onto the gold substrate at 110 K. Compared with the first experiment, there is a
significant decrease in the number of ring clusters here. Meanwhile, both the
numbers of magic number and joined clusters have an increase, and the increasing
amplitude of joined clusters is larger. In the third experiment, total amount of the
gold atoms deposited remained as 0.02 ML, and the amount of C79 molecules was
further increased to 0.16 ML. On the Au(111) surface, over half of the clusters
appear as joined ones at room temperature. When the Au/Cyo ratio approached
1: 2, number of all the three types of clusters distribute averagely on the
substrate. Therefore, by changing the Au/Cro ratio, we are able to select the
specific types of clusters to form on the gold substrate. Besides, among the three
groups of experiments, it is found that with the fixed coverage of gold atoms at
0.02 ML, the fraction of clusters sitting far from elbow sites is always less than
5%. In other words, with deficient gold atoms deposited, all the three types of

clusters prefer to occupy the elbow sites on Au(111).
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Fig. 7-3 STM image of the C70-Au clusters forming on the Au(111) substrate by co-depositing
0.02 ML gold atoms and (a) 0.04 ML, (b) 0.08 ML and (c) 0.16 ML C7o molecules at 110 K.
After deposition, the sample was heated to room temperature and then scanned by STM. (a)
Large ring clusters and small magic number clusters observed occupying more than one elbow
sites. Several green circles are used to mark the empty HCP regions around the large gold
islands of ring clusters, indicating the C7o molecules surrounding gold islands have a preference
of sitting in the FCC regions instead of the HCP ones (200 nm x 200 nm, -1.23 V, 0.04 nA).
(b) The clusters on the gold surface belonging to the closed-shell type, which are magic number
clusters. One cluster sitting in the FCC regions far from elbow sites is marked by a blue solid
circle (159 nm x 159 nm, -2.84 V, 0.04 nA). (c) Most clusters on the gold surface are joined
clusters and large magic number clusters (145 nm x 145 nm, -1.54 V, 0.04 nA).

Fig. 7-3 indicates the sample after the Au and C70 were co-deposited with
different ratios. It was scanned at room temperature after deposition of 0.02 ML
gold atoms and 0.04 ML C70 molecules at 110 K. Step edges on Au(111) are
decorated by single rows of C;0 molecules. Most clusters on flat terraces are
observed having large single layer gold islands, of which the edges are decorated
by C70 molecules. The gold islands inside relatively small ring clusters are
completely enclosed by C70 molecules. However, for larger sized ring clusters,
the gold islands occupy three or even more elbow sites simultaneously on the
substrate, under which the reconstructions are not lifted. As shown in the green
circles in Fig. 7-3 (a), most C70 molecules decorating large gold islands prefer to

occupy FCC regions instead of HCP ones or herringbone reconstructions.
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Compared with FCC regions, HCP regions provide a comparable narrow
accommodation space, which prevent C7o molecules from packing closely around
gold islands and keeping a constant spacing with their adjacent ones. In Fig. 7-3
(a), one cluster is observed containing two single layer gold islands. The larger

gold island is fully covered by molecules, while the other is not.

Then, 0.02 ML Au and 0.04 ML C7o were co-deposited on the gold surface at 110
K. The Au islands were already surrounded by sufficient C7o molecules and form
closed-shell clusters before ripening as large size ones. Therefore, a significantly
higher density of clusters on Au(111) was obtained. As shown in Fig. 7-3 (b),
some gold islands grow out from step edges and sit beneath the bright Cro
molecules. Almost all the elbow sites on the flat terraces have been occupied by
clusters, most of which are the magic number and joined clusters. We found that
in the image, there is one cluster, marked with a sold blue circle, sitting in the
FCC region far from elbow sites. It indicates that the Au atoms can aggregate in
the FCC region and form a cluster which is then quickly decorated by diffusing
C70 molecules. Then a closed-shell cluster is formed and does not move to any
elbow site. As mentioned above, only ~ 3% of the total clusters sit far from elbow
sites. It thus proves that the elbow sites play a crucial role in affecting the
formation of clusters on Au(111). As shown in Fig. 7-3 (c), both the gold atoms
and molecules were still co-deposited on Au(111) at 110 K. The coverage of gold
atoms maintained as 0.02 ML, and the amount of C7¢ increased further to 0.16
ML. At room temperature, most of the C70 form wide molecular bands and attach
to the gold steps. Under the molecules sit few small gold islands, which make
several molecules brighter than the neighbour ones. On the gold substrate, there
1s no ring clusters observed. more than half of the clusters on the gold surface
belong to the joined types. Moreover, the magic number clusters in Fig. 7-3 (c)

are commonly larger than that in Fig. 7-3 (a) or (b).
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Fig. 7-4 (a) STM image of the C7o-Au clusters when the sample is cooled down to 110 K. 0.04
ML gold atoms and 0.08 ML C70 molecules are co-deposited onto Au(111) surface. The sample
surface is scanned by STM at 110 K. On the Au(111) substrate, several small size gold islands
appearing darker are marked in a solid orange circle. Atoms in these gold islands are fully
exposed to scanning tip. In the bottom-left of the figure, a gold island with a slightly larger size
is marked with a solid green circle. A small fraction of the island is covered by only four Crg
molecules. Another gold island with a much larger size in the right side of image is marked
with a solid red circle, more than half of which is covered by molecules. Around the island’s
edges, C7o form close-packed structure with irregular shapes. A piece of gold steps edges is
shown in the dashed blue rectangle, which keeps clean at 110 K. (125 nm x 125 nm, -2.50 V,
0.15nA); (b) STM image obtained by annealing sample from 110 K to room temperature. Steps
edges of Au(111) shown in dashed blue rectangles are all decorated by closed-packed C7o rows.
Gold islands remaining on flat terraces combine with C7o molecules and form super large
clusters. A large joined clusters containing two individual gold islands is marked in a solid red
circle. Two magic number clusters occupying an elbow site and sitting in FCC regions are

marked with sold and dashed green circles respectively. (125 nm x 125 nm, -2.50 V, 0.15 nA).

In this experiment, 0.04 ML gold atoms and 0.08 ML Cro were deposited onto the
Au(111) surface after the gold sample has been cooled down to 110 K. Fig. 7-4
(a) shows an image of clusters obtained at 110 K by STM. A large number of Cro
clusters are found on the gold surface. Most of the C7 clusters attach or cover Au

atoms. For example, one of the clusters marked in a red box has plenty of dark
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vacancies, which are filled by Au atoms. At low temperature, diffusion of
molecules are limited on the gold surface, which results in these islands with
irregular shapes. Some molecules sitting on monolayer gold islands appear
brighter than their neighbour ones. The gold steps are not decorated by Cro

molecules at this temperature.

When the sample was heated to room temperature, the step edges are found
partially decorated by C70 molecules, and most of the molecules prefer to occupy
the FCC regions rather than the HCP ones. The C7o used to pack randomly around
the gold islands form close-packed monolayer islands and connect two existing
gold islands. Hence the super large joined clusters appear and occupy more than
two elbow sites simultaneously. Apart from the large clusters, there are also two
small magic number clusters shown in Fig. 7-4 (b), marked with blue and green
circles, respectively. The magic number cluster in a solid blue circle sits in FCC
region and is confined by a pair of DLs, while the other sits close to a pinched
elbow site. However, these two types of clusters are still difficult to be found in

our scanning images.

7.5 Stick-Sudden-Rotation of (C70)m-(Au)n Magic Number

Clusters

It has been discussed in the previous section that branching ratios of different type
clusters are affected by changing the Au/Cyo ratio. In the next experiment, we
deposited excess gold atoms on Au(l11)while keeping the amount of Cro
molecules constant. When these atoms form magic number clusters with Cro
molecules on the gold surface, some of the clusters are observed changing their

orientations all of a sudden after keeping static for a long time.

The eight images in Fig. 7-5 demonstrate the rotation of clusters with various

sizes. The large size clusters with more than six molecules sitting on top of gold
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islands can be divided into two types. The first type cluster in Fig. 7-5 is marked
with a yellow circle, where eight C7o molecules sit side-by-side on the gold island
underneath. The whole cluster only occupies one elbow site and keeps still for a
long time before changing its orientation all of a sudden. During the three hours
scanning, this cluster only changes its orientation of ~ 10° twice, which are

shown in the image 4 and 8 respectively.

Fig. 7-5 Eight STM images of the rotation of (C70)m-(Au)a clusters with different sizes on the
Au(111) substrate (35nm X 60 nm, -2.0 V, 50 pA). The clusters were being scanned
continuously for 3 hours with the same bias voltage and tunnelling current. The image 1 to 8
showing clusters morphology after 0 mins, 15 mins, 45 mins, 75 mins, 90 mins, 105 mins and

180 mins respectively.

The second type large cluster marked with a red circle has an even larger size, in
which the monolayer gold island occupies two elbow sites. Compared with image
4 and 5, we can see the cases that the total number of C70 on gold island maintains
as 10, and only one molecule has a short distance diffusion after 90 minutes. It
indicates that at room temperature, this gold island keeps a constant orientation

and 1s too stable to have a significant change in its shape. C7o molecules indirectly
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attaching to gold island keep diffusing around this cluster. It can be explained
with the high thermal energy of C70 molecules at room temperature as well as a

weak interaction between C7o molecules sitting perpendicular on Au(111).

7.5.1 Rotation of (C70)10-(Au)3s Clusters At Room Temperature

Compared with the larger ones, the smaller size magic number clusters have less
stability and all rotate on the Au(111) surface. As shown in Fig. 7-5, the clusters
with six or fewer than six molecules sitting on the top of gold islands can keep
static for a short time and change their global orientations all of a sudden,
behaving like rotation at their original positions. One (C7o)10-(Au)ss cluster
marked in the green ring changed its orientations all of a sudden. During the
process of rotation, this (C70)10-(Au)ss cluster is observed directly decaying into
a (C70)7-(Au)19 type one, as shown in the image 4 and 5. The newly formed small
cluster is more fragile, in which molecules and gold atoms quickly diffusing and
reorganizing. As shown in the image 6 and 7, the cluster looks quite blurry and
disintegrates within 2 hours. Another (C70)12-(Au)49 cluster marked in a solid blue
circle transformed into (C70)10-(Au)3s after 45 minutes. This newly formed cluster
is hard to break due to the optimised interactions between gold atoms and Cro
molecules. These two clusters are scanned by STM under the same
circumstances. It implies that a perfect (C70)10-(Au)ss cluster is higher stabilised
on Au(111) among all the small size magic number clusters. The shape of the
(C70)10-(Au)ss cluster with its long axis makes it easier to identify its rotations on
surfaces. Some other clusters such as (C70)7-(Au)19 have a centre symmetries and
are thus not good candidates. For example, the rotation with 60° and 120° are
difficult to be identified. Therefore, in the following paragraphs, the orientation
changing of (C7o)10-(Au)ss clusters sitting at or far away from elbow sites are

mainly investigated.
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Fig. 7-6 (a) Models of (C70)10-(Au)ss and (Cro)12-(Au)49. Yellow balls are the gold atoms
forming the gold islands in clusters. A blue arrow is used to mark a discommensuration line
(DL) near the cluster. In the image 1, a green arrow is aligned to the long axis of a (Cro)10-
(Au)ss cluster. In the image 2, three green lines are aligned along the three edges of a (C70)12-
(Au)ss cluster, respectively. Each edge consists of three C7o molecules decorating the gold
island. Three groups images demonstrated in (b), (c¢) and (d) introduce several rotating
conditions of (C70)10-(Au)ss clusters sitting at a bulged elbow site, a pinched elbow site and far
from elbows respectively. Each image is applied with contrast enhancement in order to
highlight the reconstruction patterns on the substrate. (b) One (C70)10-(Au)ss cluster occupied
at bulged elbow sites (30 nm X 30 nm, -2.0 V, 50 pA). (c) One (C70)10-(Au)ss cluster
occupied at pinched elbow sites (40 nm X 33 nm, -2.0 V, 50 pA) and (d) one (C70)10-(Au)ss
cluster occupying FCC regions (40 nm X 37 nm, -2.0 V, 50 pA). Molecules and gold atoms
in the clusters can reorganise and show as a global rotation at these different adsorption sites.
A pair of white dashed lines are used to mark the DLs on the two sides of the cluster. Each

image in (c) and (d) takes 15 mins to scan.

When a cluster rotates, the atoms in the single layer island reorganise and then
form a new single layer island. At room temperature, there is a large number of
free gold atoms diffusing quickly on the substrate. When these atoms move close

to a magic cluster, some of them can join and change the shapes of its gold island.
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It leads to broken of the already formed global balance between van der Waals
force and weak chemical Au-Cro interactions existing in the cluster. Therefore,
for rebuilding clusters’ equilibrium, the same number of atoms have to leave the
island again. The atoms joining or leaving the cluster are not necessarily sitting
in the same positions. Thus the newly formed gold island inside cluster may have

a different azimuthal orientation.

Fig. 7-6 (a) illustrates the packing model of one (C70)i10-(Au)ss cluster. The
herringbone reconstruction on the gold substrate is not drawn in the substrate for
simplifying. However, according to the vertical relationship between DLs and
gold atoms’ packing directions, a blue arrow can be used to represent a
discommensuration line (DL) near the cluster. For measuring orientations, the
longer axis of the cluster is marked with a green arrow. In Fig. 7-6, the green and
blue arrow can overlap, indicating the alignment of the longer axis of the cluster
and one of the discommensuration lines (DLs) nearby. With this orientation, gold
atoms both in cluster and substrate pack in the same direction. When the cluster
changes orientations of its long axis, the green arrow may point to different
directions and thus has a series of angles with the blue arrow. By measuring and
comparing these angles, it is possible to dope out the packing structure of gold

atoms and molecules inside the newly formed magic clusters on Au(111).

As introduced in the first chapter [10-12], there are two kinds of elbow sites on
the Au(111) substrate. An extra row of gold atoms inserts into its turning point of
a bulged elbow, creating a single gold atom dislocation at its turning point.
Compared with pinched elbows, bulged elbows also offer narrower
accommodation space to the clusters. On Au(111), most (C70)10-(Au)ss clusters
occupy these two types of elbows, while there are also few clusters sitting in FCC
regions and staying far from elbows. Fig. 7-6 (b), (c) and (d), as well as their
contract enhancement demonstrate several examples of three (C7o)i0-(Au)ss

clusters rotating at the three types of positions. The clusters are observed having
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their orientations changed all of a sudden after keeping static for a while. During
the process of rotation, all of these clusters are also found having a short distance

shifting around elbows or along DLs.

It has been found that the clusters’ rotation angles are not continuous. On the
contrary, some of these angles appear repeatedly, which means these orientations
are more preferred by the clusters than the others. It is probably because the
clusters have comparatively lower energy with these orientations. At a bulged
elbow site, a pinched elbow site and in the FCC regions far from elbows, the
rotation angles of a (C70)10-(Au)3s cluster appearing most frequently are shown in

Fig. 7-7, 7-8 and 7-9, respectively.

Fig. 7-7 STM images showing the most observed orientations of one (C7o)10-(Au)3s cluster
sitting at a pinched elbow site. The cluster with the rotation angles of -35°, 0°, 15°, 30°, 60°
and 80° are demonstrated in the six images, respectively. Here the positive and minus signs

only represent rotating directions of this cluster.

Fig. 7-7 shows the rotation angles of a (C70)10-(Au)3s cluster appearing most often
at a pinched elbow in 72 hours. The cluster is scanned by a STM tip with the same
bias voltage and tunnelling current. This type of elbow sites do not include single
atom dislocations and offer larger accommodation space to clusters compared

with the other two occupation sites. Close to the (C70)10-(Au)ss cluster, a (C7o)12-
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(Au)s cluster with a larger size is taken as a reference. During scanning, merging
of gold islands inside the two clusters is hindered by C7o molecules even though

Ostwald growth is preferred by bare gold islands here.

With different rotation angles, gold island inside the (Cro)10-(Au)ss cluster is
always large enough for holding up two Ceo molecules. When this cluster rotates
either 0° or 60°, its long axis is parallel to one of the DLs, and thus packing
structure of atoms and molecules inside the cluster suits the model shown in Fig.
7-6 (a). When rotating with other angles, the cluster keeps intact in most cases
while having its shape changed slightly when the monolayer gold island inside
achieve or lose atoms. The long axis of the cluster shown in the image 1 rotates
35° anti-clockwise from being parallel to a discommensuration line. After
rotation the total number of C70 molecules doesn’t change, but the gold island
sitting below C70 molecules loses some atoms and becomes smaller. The newly
formed cluster thus have a narrower “waist”, and molecules on the two sides of
its long axis do not pack as straight rows. In the images 2 to 8, cluster rotates
clockwise with angles from 0° to 80°. With a rotation angle of 30°, two terminals
of the cluster become unequal. It is because one terminal of the gold island under
C70 have absorbed some more atoms and thus has a larger size. The extra space
around the island’s edge allows the accommodation of an extra C70 molecule. The
later joined C7o also stands with its long axis perpendicular to the substrate and
sit side by side with its neighbouring molecules. When the cluster continued to
take other orientations, it changed back to the original shape and lost this extra

Cro again.
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Fig. 7-8 STM images showing the most observed rotation angles of one (C70)10-(Au)3s cluster
sitting at a bulged elbow site. The cluster with the rotation angles of -35°, -25°, -10°, 0°, 5°,
10°, 20°, 50°, 60° and 65° are shown in the image 1 to 10, respectively. The positive and minus

signs represent rotating directions of this cluster.

Compared with pinched elbows, bulged elbows provide narrower occupation
space for magic clusters. As shown in the ten images of Fig. 7-8, most common
rotation angles of a (C7o)i0-(Au)ss cluster at a bulged elbow site is more
diversified. Most of these angles are equal or very close to the ones already shown
in Fig. 7-7, but none of them is bigger than 65°. Moreover, the single atom defect
existing at the bulged elbow site can change gold atoms packing in the substrate
and slightly enhances the interaction between the clusters and substrate. It thus
makes the rotation mechanism of a cluster here more complicated. For example,
with the same rotation angle of -35°, the cluster sitting at a bulged elbow site has
a much larger gold island compared with the one sitting close to a pinched elbow

site, which allows three C70 molecules instead of two sitting on its top.
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Fig. 7-9 STM images showing the rotation angles of one (Cro)10-(Au)s3s sitting in the FCC
regions appearing most often. The cluster with the rotation angles of -20°, -15°, 0°, 10°, 20°,
45° are demonstrated in the image 1 to 6 respectively. The positive and minus signs represent

rotating directions of this cluster [2].

Limited by parallel DLs, the maximum rotation angle of a (C70)10-(Au)ss cluster
far from elbow sites observed in the scanning images is much smaller compared
with occupying elbow sites. Apart from packing with its long axis parallel to DLs
(0°), the cluster in Fig. 7-9 prefers to have rotation angles of +10°, +15° and
+20°. Here, the positive and minus signs only represent rotating directions. All
of these angles are similar to the angles shown in both Fig. 7-7 and Fig. 7-8, the
clusters sitting far from elbows maintain their basic shapes during rotation in most
cases. For this cluster, the rotation angles with the same values but different
directions appear with almost equal possibilities according to our statistics due to
an axisymmetric environment the cluster existing in. The first image in Fig. 7-9
showing the cluster with a rotation angle of -20°. Similar to the phenomenon
shown before, the gold island under C70 molecules expand, and another Cro
molecule joins the cluster and occupies the vacancy left by other molecules

surrounding the island. The cluster can also change back to the original shape
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after taking other orientations. Therefore, no matter approaching elbow sites or
not, magic number clusters always have the ability of “self-healing” during
rotation. Edge diffusing of gold atoms and molecules play dominant roles in this

process.

The clusters sitting on the Au(111) surface prefer to orienting with certain angles
more frequently than the others. Hence three (C70)10-(Au)3s clusters occupying a
bulged elbow, a pinched elbow and far away from elbows were scanned
simultaneously for a long duration. The same bias voltage and tunnelling current
were applied during scanning. Then, we counted the occurrence number of each

rotation angle and classified these angles depending on their occupation sites.

Statistics results are shown in Fig. 7-10, in which a total of 206 images were
counted. The (C7o)10-(Au)ss cluster occupying pinched elbows has the richest
category of rotation angles, most of which are in the range of —85° to 90°. For
the clusters sitting at bulged elbows or far from elbows, all of their rotation angles
have the values within —65° to 65°. At both the two types of elbows, a (C70)10-
(Au)ss cluster prefer to have the rotation angles such as —25°, 0°, 5°, 10°, 50°
and 60°, among which, rotation angles of 0°, 10°, 50° and 60° occur more than
10 times at bulged elbows. However, the rotation angles such as 10° and 50° are
less preferred by the cluster at pinched elbows. However, for the cluster sitting
far from elbow sites, their rotation angles are limited in a smaller range. Fig. 7-
10 illustrates that most values of these angles are smaller than 30°. It is because
the cluster is trapped more tightly by a pair of parallel DLs. Once the cluster
rotates, C70 molecules and gold atoms it includes are expected to lift part of the
DLs nearby, which requires extra energy. The larger angles cluster rotates, the
higher energy is demanded. Therefore, we can draw a conclusion that clusters’
orientation can be strongly affected and limited by the herringbone reconstruction

on the gold substrate.
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Fig. 7-10 Pointed profile showing the distribution of rotation angles for the (C70)i0-(Au)ss

clusters sitting at the bulged elbow sites, pinched elbow sites and far from elbow sites. A total

number of 206 rotation angles are recorded.
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As mentioned above, 0°, 10°, 50° and 60° are the four most common rotation
angles of (C7o)10-(Au)ss clusters sitting at elbows. It indicates that at these
positions, the (C70)10-(Au)ss clusters are with lower energy and stronger stability
compared with orienting with other angles. In Fig. 7-11 (a), only the monolayer
gold island of a (C70)10-(Au)ss cluster is left on the substrate while all the Cro
molecules are removed. Thirty-five close-packed atoms forming the single layer
island are coloured in yellow. The long axis of this cluster is marked with a green
arrow, which can be obtained by connecting the gold atoms (coloured red) sitting
in the centre of two hexagons. When a (Cro)i0-(Au)ss cluster changes its
orientation from 0° to other angles, the number of corner atoms in the islands’
centre has to be minimized because of the lower coordination of these atoms.
Also, for keeping the cluster’s size and shape unchanged, only one or two
diffusing atoms are expected to be captured or lost by the gold island during

rotation.

Possible models of the monolayer gold island rotating 10°, 30° and 50° inside a
(C70)10-(Au)ss cluster have been put forward in Fig. 7-11 (b), (c) and (d). All of
these islands have enough size for holding up two C70 molecules. However, by
allowing the joining of extra gold atoms, the cluster has its energy increase. When
other eight C70 molecules surround these islands, neighbour distances between
them are difficult to be uninformed. It explains why clusters could not maintain

stability with these azimuthal orientations for such a long time.

181



Fig. 7-11 Structural models proposed for single atomic layer Au islands consisting of ~ 35 Au
atoms. (a) The ideal packing structure of the (Ceo)10-(Au)3s cluster. (b) Au island with 36 Au
atoms. The red spheres indicate where the two “bright” C79 molecules sit. (¢) Au island 39 Au
atoms. (d) Au island with 36 Au atoms. When ten C79 molecules are added to the four different
shaped Au islands, we can see the formation clusters with their longer axis rotating 0°, 10°, 30°

and 50° from [112], respectively.

When a cluster’s long axis rotates 10° or 50° from being parallel to a DL, gold
atoms inside the cluster occupy three-fold hollow sites and form a new island.
During this period, one extra gold atom adds in and cooperates with the original

35 atoms. The general shapes of both the two newly formed gold islands are kept
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as quasi twin-hexagonal, in which the fewest atoms sitting at islands’ corners can

be found.

Fig. 7-11 (c) puts forward a possible model of the gold island with the rotation
angle of 30°, in which there is even fewer number of gold atoms sitting at island’s
corner compared with the models of 10° and 50°. However, this type of
orientation is only preferred by (Cro0)10-(Au)ss clusters sitting at rounded elbows.
Either sitting at bulged elbows or far from elbow sites, this type of clusters always
refer to rotate with 20°, which is close but still has ten degrees to 30°. It indicates
that herringbone reconstruction (DLs) nearby can slightly affect the packing of
atoms and molecules sitting on the gold surface and thus change clusters’ rotation

angles.

7.5.2 Rotation of (C70)10-(Au)3s Clusters At Low Temperatures

At 110 K, the diffusion of gold atoms and C70 molecules on Au(l11) are
suppressed. Rotation of a magic cluster is dominated by the thermal activation of
its gold atoms and molecules. In Fig. 7-12 (a), a magic cluster and a ring cluster
sitting on the substrate are marked in a blue and a yellow circle respectively.
Scanned by the STM tip with a fixed bias voltage and tunnelling current for four
hours, both the two clusters kept static, and none of their C70 molecules changed
its position. A small size gold island is marked in a green circle, which can also
maintain stability for a long time even though it is not surrounded by C7o

molecules.
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Fig. 7-12 (a) STM images showing the magic number and ring clusters at 110 K. Before being
cooled to 110 K again, these clusters have been formed at 110 K firstly and then annealed to
room temperature. Both the clusters and gold islands marked in circles remain unchanged at

elbow sites on the Au(111) surface after being scanned for four hours (-2.0 V, 50 pA,
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65 nm X 65 nm). (b) The clusters formed at 110 K and then increased to room temperature.
The gold atoms and C70 molecules of clusters start to reorganise at 242 K. The gold islands
inside clusters can rotate and nucleate as larger ones before being fully covered or surrounded
by C70 molecules. (-2.0 V, 50 pA, 91 nm X 28 nm). At higher temperatures, most of the

clusters tend to form closed-shell magic number clusters, ring clusters and joined clusters.

Then the clusters were then annealed from 110 K to room temperature. The
clusters were observed maintaining static until 242 K. As shown in Fig. 7-12 (b),
all the size clusters start to change orientations and tend to have compact
structures. It 1s because the C7 molecules have enough energy to overcome the
potential barrier and jump onto the top of gold islands at this temperature. A
cluster having a shape similar to (C70)10-(Au)3s but lacking one C70 molecule is
highlighted by a white box. From the image 2 to 3, it rotates 60° and keeps its
basic shape unchanged. When temperature increases to 263 K, a gold island
inside the cluster ripens large enough for accommodating three C70 molecules on
its top. Some more diffusing C70 molecules also join the cluster and form a new
(C70)12-(Au)49 cluster. One joined cluster and one ring cluster are marked in
yellow and red boxes, respectively. At 242 K, C70 molecules around the two
clusters start to move on top of the gold islands or diffuse away. However, the
gold islands inside the two clusters do not have a noticeable change in their sizes
before the temperature reaches 263 K. It indicates that, the gold islands play a
dominant role in changing the orientations of clusters, while the surrounding Cro

molecules mainly work as a shell and limit ripening of the gold islands.

7.5.3 Rotation of Other Hybrid Clusters

Azimuthal orientations of the large magic number clusters such as (C70)12-(Au)49
have also been studied. As shown in Fig. 7-6, if we continue to use the same

method of measuring the rotation of (Cr0)10-(Au)ss clusters, there are three green
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arrows used to represent the packing conditions of one (C70)12-(Au)a9 cluster due
to its property of centre symmetry. It is thus more difficult for us to judge the
exact orientation angles of clusters on Au(111). Therefore, for distinguishing the
orientation of a (Cro)12-(Au)49 cluster, we firstly connect every two of the three
C70 molecules sitting on top of gold islands and then draw the corresponding three
green arrows. For simplify, one of the DLs near the cluster is still marked with a
blue arrow. The angles between this blue arrow and all the three green arrows are
measured. The smallest acute angle is then chosen to represent the rotation of a
(C70)12-(Au)49 cluster. The clusters belonging this type are observed changing
orientations at a bulged elbow site and a pinched elbow site respectively, which
are demonstrated in Fig. 7-13 (a) and (b). These clusters are scanned by STM
with the application of the bias voltage of -2.0 V and the tunnelling current of 50
pA. Similar to (C70)10-(Au)ss, a (C70)12-(Au)49 cluster can also maintain its basic

shape during rotation.

At the bulged elbow sites, rotating angles of the (C70)12-(Au)49 clusters range from
0° to 60°. The positive and negative signs represent clockwise rotation and anti-
clockwise rotation, respectively. In our STM images, this (C70)12-(Au)s9 cluster
also prefers to take the rotation angles such as 10°, 20°, 25°, 50° and 60°.
According to our scanning images, the (C70)12-(Au)s9 cluster keeps static with
these orientations for a longer time compared with a (C70)10-(Au)ss cluster. It is
because this cluster contains a larger number of gold atoms and C70 molecules
and requires higher energy to rotate. However, when a (Cro)12-(Au)49 cluster
rotates between 0° and 10°, the C70 molecules surrounding gold island tend to
pack along the DLs and then slightly change the island’s shape, as shown in the
sixth image of Fig. 7-13 (a).
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Bulged elbow site

Pinched elbow site

Fig. 7-13 The main orientations of a (C70)12-Aus cluster sitting at (a) a bulged elbow site and
(b) a pinched elbow site on Au(111) (—=2.0 V,50 pA). The blue arrows represent DLs near the

clusters. The green arrows are always parallel to one edge of the (C70)12-Augo cluster.

When a (Cro)12-(Au)s9 cluster sits on a pinched elbow site, fewer categories of
orientations are found in our scanning, and the values of these angles are limited
within 55°. Apart from 0° and 10°, the rotation angles such as 25° and 45° are
also less observed. Instead, rotation angles of 20° or 50° appear more frequently.
The larger space offered by pinched elbow sites enables atoms and molecules

inside the cluster to find their most preferable and stable occupying positions.

187



Fig. 7-14 (a) shows an ideal structure of single atomic layer gold island inside
one (Ce0)12-(Au)s9 cluster. Atoms in this island are represented by yellow colour
spheres which all sit on three-fold hollow sites, while the red spheres represent
the gold atoms directly contacting with C70 molecules. When cluster rotates, size
and position of both the gold islands and C70 molecules around are required to
change. If the island is too large, another C70 molecule can attach to one edge of

the new island for filling the vacancy left by other molecules.

DL lines

/

Fig. 7-14 Structural models proposed for single atomic layer Au islands consisting of ~ 49 Au

atoms inside a (Ceso)12-(Au)s9 cluster. The red spheres mark the occupation sites of three Cro
molecules on the island’s top. (a) Island structure when the (Ceo)i2-(Au)49 cluster has 0°
orientation. (b) The newly formed cluster rotating 10°, where the gold island consisting of 51

atoms.

Fig. 7-14 (b) indicates a possible model, where the (Ces0)12-(Au)49 cluster rotates
about 10°, and the newly formed gold island is observed consisting of 51 gold
atoms. A green arrow is used in Fig. 7-14 (b) to mark the new orientations of this
cluster, which is drawn by connecting the atoms sitting in the centre of two
hexagons. The angle between the green and blue arrow 10°. The original positions
of C70 molecules are coloured in red. Taking these red atoms as a reference, we
find all the C70 molecules have to change their positions during rotation. The

newly formed island consists of 51 gold atoms, marked in yellow. Some gold
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atoms on the left side of the island disappeared while some others appeared on
the right side. It leads to a slight shift of the whole island. There are two
assumptions can explain it. One explanation is that the original 49 atoms in the
islands reorganised and formed a new island with extra two atoms, which has
already been discussed above. The other explanation is based on dynamic

equilibration. The gold island captured some diffusing atoms on the right side but

lost gold atoms on the left side at the same time.

Fig. 7-15 Rotation of various size magic number clusters on a region of Au(111) where there
is no elbow site demonstrated in 12 images (-2.0 V, 50 pA). All the clusters sit in FCC regions
far from elbows. The packing direction of surface gold atoms is perpendicular to the blue arrow.
A green arrow and a yellow arrow is used to mark the orientations of a (C70)10-(Au)ss cluster

and a (C70)12-(Au)so cluster on gold substrate, respectively.
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An area where various sizes of magic number clusters and joined clusters sit in
FCC regions far from elbows is shown in Fig. 7-15. All these clusters are confined
tightly by their adjacent discommensuration lines. However, the clusters with
smaller sizes are still able to change azimuthal orientations in the total 165 mins
scanning. A (C70)10-(Au)ss cluster existing in the top-left of the images is marked
in the green boxes. It still prefers to change orientations with angles such as 0°,
15° and 20°, which are similar to the ones already demonstrated in Fig. 7-9. As
shown in the yellow boxes, rotation of a (Cr0)12-(Au)s9 cluster is more strongly
affected by the DLs nearby due to its larger size. It can be observed from the 12
images, the cluster is observed only rotating 0° or 60°. Therefore, during the
whole process of scanning, gold atoms in the cluster always pack in the same

directions with the ones in the top layer of the substrate.

Comparing two continuous images (e.g., 3 and 4 or 9 and 10), we find that under
the same scanning conditions, the two clusters marked are found rotating out of
sync. When the (C70)10-(Au)ss cluster keeps one orientation of either -5° or 15°,
the (C70)12-(Au)ag cluster can change its orientation from 60° (0°) to 0° (60°), and
vice versa. As shown in the red box, the cluster with a larger size keeps static for
more than two hours. It indicates that the orientation change of magic clusters is

determined by their sizes and reconstruction on Au(111).

The joined clusters can also change orientations on Au(111) even though they
commonly consist of more of gold atoms and C7o molecules. The Two joined
clusters are shown in Fig. 7-16. Inside the cluster on the right, there are two gold
islands with unequal sizes, which occupy two independent pinched elbow sites.
One of its gold islands is large enough to hold up ten C70 molecules while the

other one is too small to accommodate more than one molecule on its top.
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Fig. 7-16 Rotation of the two joined clusters on the Au(111) substrate. One occupies two FCC
regions and one HCP region. Two gold islands in one cluster have unequal sizes and sit at two
pinched elbow sites, respectively (-2.0 V, 50 pA). The other joined cluster consisting of a large

and a small gold island sits in the FCC regions entirely on the gold substrate.

As marked in the image 3, this cluster occupies two FCC regions and one HCP
region. One of its terminal shifts along one DLs for a very short distance after
being scanned for 4 hours, while the other terminal of the cluster keeps still during
this time. After being scanned for 18 hours, the larger gold island of the cluster
in the image 4 moves a short distance again, and the small island still keep static.
It could be also treated as a global rotation of the joined cluster. Therefore, once

after rotation, a joined cluster can maintain stability for a longer time.

The joined cluster on the left side lies entirely in the FCC regions. One of its gold
islands is large enough to hold up eight C70 molecules, while on the other one can
only accommodate one C70 molecule on its top. Confined by the reconstruction

on the two sides, this cluster doesn’t rotate or move at all during scanning.
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Fig. 7-17 Rotation of a joined cluster on the Au(111) substrate. It occupies an FCC and an HCP
region. The gold islands in the cluster have similar sizes and also occupy two pinched elbow

sites, respectively (-2.0 V, 50 pA).

Fig. 7-17 puts forward another joined cluster containing two single layer gold
islands on Au(111). The cluster occupies one FCC and one HCP region, and its
two terminals just touch two pinched elbows, respectively. Inside the cluster, one
gold island is observed lifting three C70 molecules while the other island lifting
four. It indicates the two gold islands of this cluster have similar sizes. this cluster
is being scanned. The cluster keep static totally for more than 18 hours and does

not show any rotation.

7.6 Cluster Shifting and Merging At Room Temperature

The small size magic clusters are also observed changing their positions on
Au(111) due to the effect of Ostwald ripening. A (Cr)10-(Au)ss cluster sitting
between a bulged elbow site and a large ring cluster is shown in Fig. 7-18, where
the cluster kept changing positions and had size transformation in a total of 14
hours. During scanning, -2.0 V and 50 pA are respectively used as the bias voltage

and tunnelling current. The cluster moves back and forth slowly along the DLs
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on its two sides, which are marked with a pair of white dashed lines. Either tip
scanning or the diffusing atoms offered by the large ring cluster on the left could

be the reason triggering position shifting of the cluster.

105 mins

825 mins

Fig. 7-18 The shifting as well as the transforming of one (C70)10-(Au)ss cluster trapped in FCC
regions between a ring cluster with large gold island and a bulged elbow site (-2.0 V, 50 pA).
Two parallel dashed white lines highlight the DLs on the two sides of the cluster.

From the image 2 to 3, the cluster doesn’t change its positions but rotates ~ 15°.
However, taking the white lines as reference, the cluster in the image 4 continues
to rotate and meanwhile shifts slightly to the right side. It makes the DLs on the
two sides of this cluster bend a bit. After being scanned for 6 hours, the (C70)10-
(Au)ss cluster has transformed into a (Czo)7-(Au)i9 type one, which continues
shifting along DLs for another 7 hours before finally breaking up. The newly
formed cluster consists of a fewer number of gold atoms and C70 molecules and
has a smaller size. It thus makes the cluster move in the narrow FCC region more

smoothly. When the same bias voltage and tunnelling current are applied to the
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scanning tip, the (Cr)7-(Au)i9 cluster in the FCC region is observed moving

farther distances compared with a (C70)10-(Au)3s one.

65

Fig. 7-19 STM images showing the effect of tip scanning to the transformation of magic
clusters on Au(111) (-2.0 V, 50 pA, 137 nm X 123 nm). The red and blue boxes in one figure
are used to mark the clusters breaking up or transforming into smaller size ones in the next
image, respectively. Two large ring clusters are marked with green circles, of which the sixes
increase gradually during scanning. (a) The original topography of various sizes of clusters sits
at elbow sites on the Au(111) substrate. (b) The same clusters after being scanned
uninterruptedly for 20 hours by a tungsten tip with a constant bias voltage of -2.0 V and
tunnelling current of 50 pA. (c¢) The same clusters on the gold substrate without being scanned
for 30 hours. (d) Clusters after being scanned sequentially for 15 hours with the bias voltage

of -2.0 V and the tunnelling current of 50 pA.
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When this (C70)7-(Au)19 cluster finally breaks up, its atoms and molecules move
again and quickly diffuse away. One of these C70 molecules is found joining the
edge of the ring cluster on the left, marked in a yellow circle. On the right side of
the image 8, the large magic number cluster occupying a pinched elbow site is
found rotating 30° all of a sudden. It is probably triggered by the gold atoms of

the missing (C70)7-(Au)19 cluster.

For investigating the effect of the bias voltage to the clusters, an area on Au(111)
is chosen for scanning, where a series of clusters with different sizes occupy
elbow sites. These clusters are kept being scanned by a tungsten tip with a
constant bias voltage of -2.0 V and a tunnelling current of 50 pA. As
demonstrated in Fig. 7-19 (a) and (b), after being scanned for 20 hours, some
small size clusters marked in the red boxes disintegrated. The large joined clusters
marked in the blue boxes have transformed to smaller ones, and the aggregation
of two or more clusters is also observed. Since the total coverage of all the clusters
drops significantly from 10.18 % to 8.28 %, most of molecules and atoms in these
missing and transforming clusters have diffused away to gold steps on the
substrate. Triggered by Ostwald ripening, ring clusters in solid green circles ripen
as larger ones by catching a small quantity of these diffusing atoms and

molecules.

Then these clusters are kept in UHV without being scanned by scanning tip for ~
30 hours. The same clusters are then scanned when the same bias voltage and
current are applied. Compared with image 7-19 (b) and (c), a continuous ripening
of the ring clusters in green circles is observed, while there are fewer closed-shell
clusters transforming or disintegrating on the gold substrate. In addition, there is
no obvious change in the total coverage of clusters in the 30 hours. In the next 15
hours, there is no obvious change in the number and sizes of the magic number

and ring clusters. Comparing the clusters in all the four figures, we can conclude
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that with or without tip scanning, rotation of small size clusters can always

happen. It indicates the limited impact scanning tip puts on these clusters.

7.7 Summary

We have provided an approach for creating and controlling the morphological
evolution of metal-organic coordinates on metal substrates. Most of the small size
magic clusters sit close to the bulged or pinched elbow sites, while there are also
few clusters found sitting in the FCC regions far from elbow sites. In UHV, gold
atoms and C7o molecules were co-deposited on Au(111) at 110 K and then
annealed to room temperature, C70 molecules are observed surrounding or sitting
on top of the single layer gold island and forming the closed-shell (C70)m-(Au)a
magic number clusters. At room temperature, these clusters are able to adsorb the
diffusing gold atoms on the Au(111) surface and become unstable. Therefore, the
gold atoms and C70 molecules have to reorganise and form a new cluster. The
interesting thing 1s, the newly formed clusters are observed keeping basic shapes
the same as the old ones but having different azimuthal orientations. In the STM
images, these magic number clusters look like rotating once after keeping static
for a while. On the same flat terraces of the gold substrate, the magic number
clusters with large sizes are harder to change their orientations compared with the
smaller ones. As time goes on, some of these large-sized clusters transform into

the smaller ones gradually by losing atoms and molecules .

The herringbone reconstructions on the (111) gold surface can put an effect on
the rotation of clusters. Compared with the bulged elbow sites, the pinched elbow
sites offer comparable large accommodation spaces, which enables the clusters
to rotate with larger amplitudes. The clusters sitting far from elbow sites are
trapped by their adjacent DLs and thus have the smallest rotation angles.

Moreover, the electric field created by the applied tunnelling current can also
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change the stability of the magic number clusters can accelerate clusters

transformation.
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8. Summary and Future Work

In this work, several two-dimensional structures formed by fullerene molecules
(Ces0 and Cro) and gold atoms have been studied on the substrates such as Au(111)
and highly oriented pyrolytic graphite (HOPG). The chemical interaction
between gold atoms and molecules as well as the van der Waals force between
molecules play crucial roles in forming and maintain these structures. Depending
on the difference in the molecules’ categories, the properties of the structures vary

from each other.

As the simplest fullerene molecules, both Cso and C70 molecules tend to form
close-packed molecular layers on the gold substrate. Similar to Ceo, close-packed
C70 on the Au(111) substrate can orient into different packing directions and form
angles of 14°, 30° and 34° relative to that of the surface gold atoms. Each C7o
stands with their long molecular axis perpendicular to the gold surface with the
domain lattice of 1.05 nm. By annealing more than one layer C7o molecules at
423 K, some of them can overcome the potential barrier of islands’ steps and form
the third or even fourth layers with quasi-hexagonal shapes on top of the first
layer. The interaction between the gold substrate and the molecules in these upper
layers are rather weak, the molecules’ packing structures are thus determined by
the van der Waals forces. When the annealing temperature reaches 473 K, most
of the third and fourth layers disappear, leaving the C7o in the first and second
layers on the gold substrate. The second layer islands merge as larger ones and

tend to have hexagonal shapes.

Several experiments have been conducted to study the possibility of growing
“molecular alloys” on the gold surface. When 0.3 ML Cgo and 0.3 ML Cy are co-
deposited on Au(111) at room temperature, the two kinds of molecules form sharp
boundaries and do not mix in the absence of thermal treatment. Due to the lattice
mismatch, edge-dislocations can be observed at the boundaries between the Ceo-

rich and Cro-rich domains. After being annealed at 573 K for 30 minutes, both
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the two types of molecules in the first layer can pass across domain boundaries
and mix into each other. Since C70 molecules have lower diffusion ability and
weaker interaction with gold substrate compared with Ceo molecules, Single C7o
molecules can be trapped in the Ceo-rich domains. In contrast, Cso molecules
squeezing into Cro-rich domains are able to nucleate as small groups or chains.
The mixed Ceo/C70 in the first layer has a high density with the lattice
approximately equal to that of a close-packed Ceo layer on the Au(111) surface.
The 0.65 ML Ceo are deposited on monolayer C7o form close-packed structures
and nucleate as small islands in the second layer. The C70 molecules beneath Ceo
islands tend to stand upright uniformly and make the molecular spacing matching
that of Ceo. The lattice of the first layer C70 becomes more complex, and hence
some strain relieve patterns can be observed in the Ceo islands. As shown in the

STM images, one Ceo 1sland is separated into multiple regions by the patterns.

Substantial molecular transport between the first layer C7o and the second layer
Ceso happens at elevated temperatures. To summarise, annealing sample at 423 K
for 30 minutes some C70 molecules in the first layer can pass across the interface,
join in the second layer and appear as isolated bright spots. The vacancies left by
these missing molecules in the first layer could be either occupied by other C7o in
or Ceo molecules. After being annealed at 473 K, the number of guest C7 in the
second layer Cqo has a dramatic increase, and these molecules prefer to sit in some
regions instead of the others. None of the C70 molecules is found in the strain
relieve patterns. When the sample is further heated at 523 K, the Ceo 1slands in
the second layer merge as larger ones. In some regions of these islands C7o almost

replace Ceo totally, while in some other regions Cr are still scarce.

On the surface of highly oriented pyrolytic graphite, interactions between the
substrate and the adsorbed molecules are much weaker compared with on the
gold substrate. Hence the packing structure of Ceso and C7o are determined by the

molecular interactions. At room temperature, either Ceo or C7o on the graphite
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surface are observed forming close-packed structure and growing layer by layer.
In the close-packed domain of Cro, all the molecules stand with their long axes
perpendicular to the substrate. When Cro are added onto the monolayer of Cso and
nucleate as the second layer islands, C70 molecules stand upright at the hollow
sites with the lattice matching that of Ceo beneath. This type of two-molecular
heterostructure is free of strain on the graphite surface. By changing the order of
deposition, Ceo are also found sitting on the hollow sites on the monolayer of Cro
and form close-packed structures. Driven by the interlayer force, the lattice of the
C70 domain below Cgo molecules reduces slightly, which leads to the lattice
mismatch in the Cro layer. Some C7o in the second layer flip and form wave-like
patterns close to the boundaries of Ceo-rich and Cro-rich domains. Though the
lower rotational freedom results in a reduced entropy of the Cy layer, the entropy
reduction is overcompensated by the reduced interfacial energy of Ceso and Cro.
When the two types of heterostructures are annealed to higher temperatures, some
C70 molecules are observed passing over the domain boundaries and appear as
isolated bright spots in the Cso domains, while some Cgo molecules can nucleate

and form molecular chains in the C790 domains.

At 110 K, both Cso and C7 molecules can combine with gold atoms and form
stable planar metal-organic clusters on Au(111). After being heated to room
temperature, the closed-shell clusters with specific ratios of atoms and molecules
are called magic number clusters. Due to the weak interaction between C7o and
gold substrate and the edge diffusing of gold atoms on the substrate, the (C70)m-
(Au), magic number clusters are more easily to be observed rotating with a series
of angles at their positions after keeping static for a short time. The DLs as well
as their elbow sites on the Au(111) surface, provide limited accommodation space
for these magic number clusters and thus have a great influence on their rotation.
The large clusters occupying two or even more elbow sites simultaneously do not

rotate at all and only allow the C70 molecules to move around their gold islands.
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The small-sized clusters (e.g. (C70)10-(Au)ss) sitting close to bulged or pinched
elbow sites can rotate with larger amplitudes compared with the same type ones

sitting far from elbow sites.

Based on the experimental results, there are numerous work can be done in the
future for a deeper understanding of the self-assembly of binary molecular
systems and two-dimensional metal-organic complexes. E.g., for studying the
mixture of Ceo and C7o on the Au(111) and HOPG substrate, most of the STM
images in this thesis were obtained at room temperature. It is hence hard for us to
know the continuous moving paths of molecules. In the future, we are going to
scan the substrates with Ceo and Cro co-deposited when it’s temperature is
maintained at 423 K, 473 K and 523 K. Moreover, with the help of low-
temperature STM (LT-STM), the samples can be cooled down to 4 K or even
lower temperature in ultrahigh vacuum. It enables us to achieve stable electronic

characteristics of Ceo and Cro in the close-packing domains.

For the (C70)m-(Au)n magic number clusters we have studied, rotation of the
clusters haven’t been scanned higher than room temperature yet. At high
temperatures, both the amplitude and frequency of the clusters’ rotation could
differ widely from that at room temperature. However, if the substrate’s
temperature is too high, some clusters could disassemble quickly, while the
orientations of the remaining clusters could be changed too fast to be fully
recorded by STM. Therefore, we are going to study the rotation of magic number
clusters in UHV at a series of temperatures, which are going to be set between
273 K and 373 K. Moreover, we are also planning to investigate how the variable-
strength electric fields resulting from different bias voltage and current affects

clusters’ rotation.
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ABSTRACT: We fabricated magic number (C;q).~(Au), clusters on the Au(111) substrate.
These clusters are stable at room temperature but displey unpredictable rotational movement.
The time duration between two successive rotations is in the order of ~hour. The cluster rotation
is a thermally activated process due to energy fluctuation, which is more significant for small
clusters. We followed the rotational movement of (Cx)io—~(Au)ic clusters using scanning
tunneling microscopy. Our observation suggests that thermal fluctuation leads to rapid diffusion
of Au atoms at the edges of the cluster and the cluster has many metastable configurations

associated with structural polymorphism.

W INTRODUCTION

Atomic and molecular clusters are an important class of
materials exhibiting size-dependent properties.’ © A great
amount of effort has been devoted to the fine talloring of
clusters, including size-selection,™ shape control,” and surface
passivation.” Metal clusters passivated with a molecular layer
have demonstrated superior stability against sintering and
degradation” and are thus poteatially useful in aggressive
environments such as electrolytes or biological systems.

Recently, we succeeded in making magic number fullerene~
metal hybrid clusters, (Ceo)w—(Au),."” These dlusters are seli-
assembled on the Au(111) substrate with the smallest cluster
being (Cey)r—(Au).'" The clusters are stable up to 400 K as a
result of effective interaction between the molecules and the
Au atoms in the cluster. Here, we investigate thermally induced
cluster transformation with a view to understanding how the
hybrid clusters diffuse, coalesce, and ripen on the Au(111)
surface.

Ostwald ripening and Smoluchowski ripening are the two
dominant pathways for coarsening and growth."' As the most
common ripening pathway, Ostwald ripening is characterized
by shrinking of small-sized clusters and growth of the large
ones driven by the tendency to minimize the total free
energy.”” ' Smoluchowski ripening, on the other hand, is
featured by whole cluster displacement and merger of clusters
as a result of cluster collision.”” Both the ripening pathways
aim at reducing the system's total free energy with the help of
mass transport.

For two-dimensional (2D) clusters supported on a substrate,
the clusters tead to have a regular shape.'” Adatoms on the
surface of the substrate can act as a medium for mass transport
between different clusters.'”'* Research about coarsening and

A 4 ACS Publications  © 2019 Amerian Chemical Society

positional change of 2D nanoclusters in homoepitaxial systems
has been conducted on different metal surfaces such as Ag and
Cu,'"”* in which the same type of adlayer islands ripen in
different pathways. For the (C,).~(Au), cluster, the metal
core consisting of n Au atoms is protected by the molecular
“shell”, thus affecting both Ostwald and Smoluchowski
ripening. In the work presented here, we have replaced C,,
with C and created (Csp).—(Au), clusters. The overall
propesty of the (C,,).~(Au), cluster s similar to that of
(cw)u‘(’\“)r.-

Experimental Methods. The experiments were performed

ing an Omicron variable-temperature scanning tunneling
microscopy (VT-STM) system. The substrates were thin gold
films grown on highly orented pyrolytic graphite (HOPG)
with physical vapor deposition. The Au films are about 200 nm
thick and have a preferred orientation to expose the (111)
planes. The Au films were treated with cycles of argon ion
sputtering and thermal annealing to obtain dean and atomic
smooth terraces. To grow (Cs),—(Au), magic number
clusters, the Au/HOPG sample is first cooled down to 110
K, and ~0.15 ML gold atoms are depesited. This forms
irregular Au islands at the elbow sites on the reconstructed
gold substrate. We subsequently deposit ~0.05 ML of C,,
molecules. The molecules become attached to the pre-existing
Au islands. The sample is then slowly annealed to room
temperature (RT), leading to the formation of (C,y).~(Au),
magic number clusters.
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ABSTRACT: Self-assembly of binary and multicomponent colloidal crystals
is an effective approach for the fabrication of structured new materials. The
formation of colloidal crystals in most cases is controlled by optimized space
occupation by the particles. Cyo and Cy molecules, when treated as the
smallest “colloidal particles”, can be used as model systems to study the
formation of multicomponent molecular crystals in which the intermolecular
forces are mainly of the van der Waals type. By deposition of Cy, and C,,
molecules onto Au(111), the mixing of the two molecules has been
investigated. Both Cg and C, form close-packed layers on Au(111), but
with different lattice constants. At room temperature, the molecules within
the molecular layer have complete freedom to rotate. The boundary between
the Cg, and the C,, domains consists of row dislocations. Adding Cg, onto a
Coy layer has an interesting effect in that Cy molecules can push their way

into the C;; layer and force the C;; molecules to take a fixed upright configuration where the long axis of the molecule is

Eerpendlcular to the interface. Significant interlayer diffusion takes place at elevated temperatus
yer,

es. When C; is added to a Cyp

there is little evidence of C., getting into the C,, layer. The second layer C., forms a lattice-matched structure by taking

the upright orientation.

1. INTRODUCTION

Multicomponent materials with twe or more constituent
building blocks have great potential technological applica-
tions.” ' In contrast to single-component materials, multi-
component materials such as metallic glasses’ and metal
organic frameworks®” have a clear advantage that their
properties can be fine-tuned by varying the composition,
structure and synthesis procedure. One interesting class of
multicomponent materials are soft solids formed by close-
packing of the constituent particles; for instance, photonic
crystals assembled with colloidal particles” and binary
nanoparticle superlattices (BNSL).” The structure of the
solid depends on the size and shape of the building blocks."
Being the simplest multicomponent materials, the binary
system has attracted a high level of attention. By drying 2
suspension containing two kinds of particles with poly(methyl
methacrylate) (PMMA) as cores and different radii, Bartlett et
al.""" have studied the binary mixtures of hard sphere colloids
and found complex ordered structures such as AB; and AB,..
The stoichiometry and stability of the BNSL depend on 2
number of factors including the electrical charge on the
colloidal particle and the van der Waals forces.”’ By changing
the stoichiometry, two AB structures with packing densities
higher than that of the phase-separated face-centered cubic
crystals have been found with simulation.”* Kiely et al. have
studied the assembly of superlattices from alkanethiol-
passivated gold nanoparticles of different radit.”* With a radius

g ACS Publications  © 2018 American Chemical Society
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ratio of the two particles at 0.47, the small and large particles
form phase-separated domains. A relatively stable AB; phase is
formed with a radius ratio in the range from 0.48 to 0.62. A
random alloy of gold particles can appear if the size difference
is less than 15% as explained by the Hume—Rothery rule."”

Recently, there has been growing interest in the precise
control of the binary superlattices™ * as well as the assembly of
more complex structures using more than two building
blocks.” ** A layer-by-layer assembly method was introduced
by Denkov et al. and modified by Singh et al. for creating
binary and termary colloidal crystals.””™ With the method
developed by Denkov et al, it is possible to grow colloidal
crystals by depositing altemating A and B layers with a high
degree of accuracy.” *' The complexity increases i two
particles with not just different sizes, but also different shapes
are mixed. In the case of nanorods and nanespheres, it is found
that phase separation is favored.” ™ In 2 study of 2 mixture of
Fe;0, nanospheres and NaYF, nanorods, Ye et al™ observed a
bulk separating phase, 2 lamellar phase and an AB,; binary
nanocrystal shape alloy (BNSA). The BNSAs are stabilized
mainly with the help of short-range attractions.™
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ABSTRACT: The shape of individual building blocks is an
important parameter in bottom-up self-assembly of nano-
structured materials. A simple shape change from sphere to
heroid can s affect the assembly process due to
modification to the orientational degrees of freedom.
When 2 layer of spheres is placed upon a layer of sphereids,
the strain at the interface can be minimized by the spheroid
taking a special orentation. C,; fullerenes represent the

smallest spheroids, and their interaction with a sphere-like Cy is investigated. We find that the orientation of the C, within a
dose-packed C,y layer can be steered by contacting a layer of Cy,. This orientational steering phenomenon is potentially useful
for epitaxial growth of multilayer van der Waals molecular heterostructures.

KEYWORDS: van der Waals heterostructures, epitaxy, self-assembly, fullerene, graphene, interface, scanning tunnelling microscopy

pitaxial growth of thin films, a process extensively used in

the semiconductor industry for fabricating electronic and
optoelectronic devices,' * has recently found applications in 2
number of emerging fields such as van der Waals
heterostructures,” metal—organic frameworks (MOFs),"
organic semiconductors,”'’ and colleidal assembly.'""* In 2
typical heteroepitaxy process, a thin film of element A is grown
on a crystalline substzate of element B. The thin film of A is
normally under some stress, which arises from lattice mismatch
between the two elements,'” and consequently, there has been
much interest in fabricating strained layers by deliberately
introducing stress into the grown layers.*™'® The structure of
the interface depends not oaly on the lattice mismatch but also
on the type of boading involved.”” For van der Waals epitaxy’’
where 2 layered material grows on top of another layered
material such as the stacking of transition metal dichalconge-
nides (MoS;, WSe;, etc.), multilayer stacks of high quality 2D
materials can be formed in the presence of very large lattice
mismatch.'” For such 2D materials, the formation of an
epitaxial layer is mainly controlled by the strong atomic
bonding within the layer, with the weak van der Waals
interaction between the layers playing 2 much less significant
role.

The term “van der Waals epitaxy” should not be restricted to
the epitaxial growth of the conventional van der Waals
heterostructures.” By introducing organic molecules, for
example, hybrid erganic/inorganic van der Waals hetero-
structures have been made.'” The self-assembly of organic
melecules on top of 2D materials opens up new avenues for
fabricating hybrid functional materials.'® Layered materials can
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also be produced by stacking organic molecules based
completely on van der Waals interactions. One can take the
layer-by-layer :uppxoadal° to synthesize 2 molecular material
consi of al ing layers of two molecules (A and B).
Molecules within both the A and B layers are bonded via van
der Waals interaction. The boading between the A and B
layers is also van der Waals in nature. Without any specific
interaction such as hydrogen bonding or ionic bending,
controlling the interfacial structure between two van der Waals
molecular layers can be a real challenge. Here, we investigate
the structure of the Cg/C,, interface. By depositing Cg, and
C,, sequentially oato highly oriented pyrolytic graphite
(HOPG) at room temperature, a van der Waals bilayer is
produced. There are two interesting aspects of this bilayer
system. (i) Both molecules are significantly larger than typical
atoms, but much smaller than colloidal particles. The system
sewuasagoodmngfletoundexsunds'xzesahbihlyin
nucleation and growth.™ (i) The different shapes of the two
molecules offer 2 good example to study the packing of objects
with different geometsic forms.” " )

Co is 2 useful component in organic solar cells’™™ and in
molecular p—n heterojuctions.” When combined with gold
atoms, Cyo melecules are able to assemble into hybrid magic
number clusters” or nanorings.” The assembly of C,, on
various atomically flat solid substrates has been extensively
studied. ™ * It has been found that C,, molecules have strong
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