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Abstract

In this thesis the investigation of Cgy on Au(111) and highly oriented pyrolitic graphite
(HOPG) surfaces is performed using scanning tunneling microscope (STM) imaging
and scanning tunneling spectroscopy (STS). For Cgy on Au(111) the relative heights
and orientations of bright and dim fullerene molecules are examined, for Cgg on HOPG
the relative heights of the dim molecules are discussed. It was found that the Cgq orien-
tation most commonly found for dim molecules on Au(111) was with the hexagon facet
of the Cgg molecule adhered to the substrate. This orientation was also the most fre-
quently observed when analysing the orientation of individual molecules within islands
of Cgp. The least commonly observed orientation was the pentagon facet of the fullerene
adjacent to the substrate. The height analysis of Cgp on HOPG found two groups of
heights of 0.25nm and 1.4nm corresponding to the Cgy monolayers being raised due
to Au islands forming below the Cgy monolayer and as a result of second layer Cgg
molecules. STS experiments on Au(111) and HOPG substrates at 77 K confirm results
from prior studies; displaying that for HOPG the two unit cells have different local den-
sity of states (LDOS), and for Au(111) varying packing structures on the surface display
differing responses. The STS spectra for A and B HOPG atoms show at larger negative
bias the B atom has a larger conductance but for low bias and large positive bias the
A atom has larger conductance. For Au(111) spectra the face centered cubic (FCC)
component displays a higher conductance around -0.2 V, hexagonal close packed (HCP)
shows this peak shifted to -0.3 V. Finally the STS investigation of Cgy on Au(111) is
detailed and the results presented. The Au/Cgy spectra were not reproducible and no
conclusions could be drawn from the data.
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Chapter 1

Introduction

Nanotechnology is the study of materials and their applications at the nanometer scale
(x10™"m). In 1981 the STM was invented by Binnig and Rohrer at IBM [ this
invention opened up the field of nanotechnology for study and was awarded the Nobel
prize in 1986. The STM was the first instrument that allowed the study of atomic
surfaces and is still one of the main tools used in surface science today. The STM,
unlike an optical microscope uses a probe and quantum tunnelling electrons to “view”
the desired sample. Other probe microscopes have developed from this invention such

as the atomic force microscope (AFM) and are also key to the field of surface science.

STS is an expansion to the method of imaging with the STM. Tunnelling microscopy
allows for images to be generated using a tunnelling current that travels between the
tip (probe) and the sample. A current is measured at each lateral position and plotted

in a matrix to provide an ‘image’ detailing topography of the surface being scanned.
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Spectroscopy is a process of probing matter with a wave, usually electromagnetic radi-
ation, and studying the interaction. For example, illuminating a substance with light
consisting of a range of wavelengths, then observing either the absorption or emission
of specific wavelengths can provide information on the constituents of the substance. In
the case of STS the tunnelling electrons energies are varied by adjusting the bias volt-
age across the STM. The corresponding tunnelling current is measured for each voltage
and a spectrum of current vs voltage is produced. This technique has advantages over
other spectroscopy techniques used in surface science such as X-ray photoelectron spec-
troscopy (XPS) as the spectra can be measured at a very specific point on the sample

and probes the local effects as opposed to measuring the surface as a whole.

1.1 Gold, Graphite and Cg

One area that can be examined with an STM is the adsorption of molecules and forma-
tion of monolayers on surfaces. Self assembled monolayers (SAM) are a field of research
where molecules are deposited onto a surface on which their arrangement and bonding
can be examined. Many combinations of substrates and different types of molecule have
been studied previously; from metals and organic molecules!? to semiconductors!®! and
metal adlayers/¥. This thesis will focus on the study of the Cgy molecule on gold and

HOPG surfaces.

Gold and HOPG substrates are often used in surface science as they are relatively inert®!
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and provide flat surfaces suitable for the STMI®). The Au(111) surface in particular is a
good candidate as it has a distinct pattern that forms on the surface which can be used
as a template for molecules adhere tol”). HOPG is a form of graphite that is atomically
flat over large scales and is easy to prepare and clean due to its structure. The bonds
between layers of graphite are much weaker than the bonds within a plane and therefore

it is easy to remove top surface layers just using sticky tape.

The Cgg molecule is an allotrope of carbon, other forms of carbon include graphite,
diamond and graphene. Cgy as the name suggests is formed of 60 carbon atoms and
is arranged in a similar shape to a football technically called a truncated icosahedron.
Cgo can also be referred to as Buckminsterfullerene or “Bucky balls”, these names
derive from the architect Buckminster Fuller, since the molecular structure of Cgg is
reminiscent of the geodesic domes Fuller designed®. The molecule was discovered
unintentionally in 1985) when performing an experiment irradiating graphite with
a laser aiming to form long chain carbon structures. Curl, Kroto and Smalley were
awarded a Nobel prize for Cgy’s discovery in 1996 which has led to the discovery of a

new class of carbon structure “fullerenes”.

1.2 Applications of Cg

Ceo has been investigated in many applications ranging from catalysis!'”), electronics!*!,

self assembled monolayers (SAM)’s to healthcare (both diagnostic and therapeutic
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uses)!'?. One of the applications driving the study of Cgy molecules on surfaces is
their potential electronic applications. Cgy molecules have previously been investigated
as possible single molecule transistors'!), research on the way the molecules behave on
varying surfaces and arrangements could lead to their use as building blocks for future

circuitry.

Cgo has been studied on a variety of metal surfaces, it has been found to alter the
surface reconstruction of most metals it adheres to and readily forms an organised
monolayer!™3. On gold the Cg molecule has been studied as a monolayer and as a sub

monolayer where magic number clusters have been found to form[.

Magic number
clusters are so named due to the enhanced stability of the clusters containing specific
numbers of atoms compared to similar sized clusters that dont have the “magic number”
of atoms. In this case the term “magic number” does not reference the number of
fullerene molecules in the cluster but the combination of a specific number of gold

151 The Cgy molecule has been previously studied by STM

adatoms and Cgy molecules!
and STS on the gold substrate, the results that have been previously obtained will be
built upon and compared to the results achieved within this thesis. When Cgy has been
deposited on HOPG and examined it was found that Cgo/Au magic number clusters
still formed but as part of a matrix of Cgy molecules as opposed to individually™®l. This
work will continue the investigation of the Cgy gold matrix that forms on HOPG. STS

investigations of Au(111) and HOPG have been completed in the past and the results

observed will be compared to the results obtained in this thesis. The STS spectra
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obtained from multiple positions on the Au and HOPG surface will be compared and

finally the STS spectra of Cgg on Au(111) will be compared to the base Au(111) spectra.

While previous experiments have been completed using STS and STM on Cgy/gold and
Ceo/HOPG surfaces the main focus of these experiments is to increase the understand-
ing of the Cgo-Au magic number clusters that can form on both substrates and the
orientation and conductance across different areas of these clusters. The use of low
temperature scanning can help to provide information on the orientation of the Cg
molecules with respect to the substrate below and the STS experiments can provide

the information on local density of states within the cluster.

1.3 Thesis Layout

The literature review section of this thesis will contain more information on Cgg, gold
and HOPG surfaces as well as a discussion of relevant previous research. After this the
experimental chapter will provide more detailed information about the techniques and
equipment used throughout the experiments within this work. The results chapters
will be split as follows: first the STM investigation of Cgg on Au(111) will be discussed;
secondly the experiments of Cgy on HOPG will be posited; and finally the STS experi-
ments on Au(111), HOPG and Cgp on Au(111) will be analysed. A conclusion chapter
will summarise the results presented within this work and any postulates for future

work will be detailed.
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Chapter 2

Literature Review and Background

Theory

In this chapter the theory behind the instruments and methods will be discussed along
with the background information on materials used throughout this thesis. Also dis-
cussed here will be relevant experiments undertaken previously in similar or related

areas to provide context.

2.1 Cg

9 it is a football shaped molecule com-

Cgo was discovered in 1985 by Kroto et al. [
prised of 60 carbon atoms. The Cgg molecule belongs to a class of carbon structures

known as fullerenes which are defined as hollow spheroidal molecules comprised of car-
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bon atoms!'7).

Other fullerenes can be produced in varying sizes which are denoted by the number
within their name, for example, the molecule C;y, Cgy etc. which are comprised of 70
and 80 carbon atoms respectively. The discovery of fullerenes was the one of the first
of various nanocarbon structures, with nanotubes (199118l) and graphene (2004)) fol-

lowing in its wake.

Cgo along with other carbon allotropes has been suggested for many different appli-
cations ranging from electronic devices to uses in healthcare. The potential use of Cg
in electronic applications stems from the work by Park et al.l') where the Cgy molecule
behaved as a transistor between two gold electrodes. Cgy molecules also have uses as
electron acceptors in organic photovoltaic devices such as solar cells??»2!), The medical
applications often rely less on the electronic properties of the molecule but more on its
size and relative ease of functionalisation (adding on functional groups to the molecule).
It can be used in both therapeutic and diagnostic cases, a therapeutic example is the
use of the Cg cage as a mechanism for drug delivery'?l. Due to its hollow structure the
Cgo molecule can be utilised as a carrier of other molecules such as proteins or metals,
this type of functionalised Cgy molecule is known as an endofullerene. These endo-
fullerenes can be used in diagnostics as contrast agents in magnetic resonance imaging,

[22]23] - Another application of Cgy molecules is utilising the

and radiotherapy techniques
orientational organisation it can exhibit on different surfaces, for example the work on

the Au(lll)[24]. More information on the orientation of Cgy molecules on surfaces is
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discussed later in this chapter in sections 2.4.1 and 2.4.2.

Figure 2.1: A diagram of a Cgy molecule where the circles represent the carbon atoms
and the bonds between are represented by straight lines. Sourced from|25].

The structure of Cgo is similar in shape to a football made up of 12 pentagons and
20 hexagons, also known as a truncated icosaheadron. A molecular diagram of this
structure can be seen in figure 2.1. The molecule is a ~ 1 nm sphere and has a similar
electronic structure to graphene [ where the exact size of the carbon cage excluding
the surrounding electron cloud is 0.7nm. The size observed when scanning with a
scanning tuneling microscope can vary due to the molecule’s orientation, its position
on the substrate and the type of substrate examined. Cg, molecules’ height when
adsorbed onto an Au(111) surface was found to be between 4.9- 7.3 Aby Yang et al.
27 whereas the height observed by Guo et al.?® on a highly oriented pyrolitic graphite
(HOPG) surface is 8 A. More information about Cg on surfaces can be found later in
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this chapter in section 2.4.

2.2 Gold and Au(111)

Gold is particularly useful for nanoscale applications due to its lower reactivity, surfaces
do not oxidise easily so producing a clean surface is relatively easy compared to other
substrates®). Gold substrates can provide large flat terraces % which is convenient for
depositing other materials onto, as imaging on a flat surface often yields better results
than surfaces with an abundance of steps. Bulk gold has a face centered cubic (FCC)
lattice structure and the structure of the sample surface can be along the {111}, {100},
and {110} crystallographic planes. A diagram of these planes and the FCC lattice
structure is shown in figure 2.2. The surface used throughout this thesis is the (111)

surface.
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(110) (111)

()

Figure 2.2: a) A diagram of an FCC unit cell, sourced from [31] b) Diagram of an
hexagonal close packed (HCP) unit cell, sourced from [32] ¢) Diagrams of 100, 110 and
111 lattice planes shown on a simple cube, sourced from [33]

Au(111) is often used as a substrate within the field of nanotechnology, particularly in
aiding the formation of self assembled monolayers!™, this is due to the unique surface re-
construction that the Au(111) surface exhibits(22 x v/3). The 111 reconstructed surface
is the most thermodynamically stable when compared to its 100 and 110 surfaces43%,
The reconstruction on the 111 surface forms in a herringbone pattern (shown in figure
2.3). This reconstruction is caused by gold atoms contracting along the (110) direction

so that 23 atoms compress into 22 lattice sites!>%.
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Figure 2.3: Image of the Au(111) surface showing the herringbone reconstruction pat-
tern.

The contraction of the surface atoms results in some sitting slightly higher than their
neighbours, around 0.15-0.25 ABY. This height difference is a result of the lattice site
the atoms are sitting in. The contraction forces the surface atoms to shift slightly from
their FCC lattice sites when allowing the extra (23rd) atom to sit in the space that
22 would normally occupy. Therefore, the position the atoms sit in relative to the
atoms on the layer below is shifted. Looking at the 23 atoms relative to the layers of
atoms below, they are initially in an FCC position and are shifted until they are in an
HCP position. They then migrate back to an FCC position, this can be seen in figure
2.4. The areas between the two crystal structures where the atoms are not sitting in a
conventional lattice site are slightly raised compared to the HCP and FCC areas, this
is called a discommensuration line (DL). These lines can be thought of as the top layer
forming ridges as it is compressed (similar to the way cardboard would if you applied

pressure to it perpendicular to its surface).
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Discommensuration Discommensuration
line line

Figure 2.4: Diagram showing the positions of the atoms and the corresponding height
profile of one row of those atoms. The atoms on the surface layer (black dots) and the
atoms in the layer below (white circles) are shown to demonstrate how the top atoms
move from FCC to HCP over the course of the reconstruction. Sourced from [37].

Since bulk gold has an FCC structure the FCC packed areas on the surface are more
favourable and account for a higher percentage of the surface than the HCP areas(®¥.
This can be seen in images of the reconstruction (figure 2.3) as the distance between
a pair of discommensuration lines is smaller than the distance between two adjacent
pairs. The distance between pairs (the repeating unit distance) is 63 A and the distance

between 2 lines that make up a pair is around 44 A B9,

The corners of the reconstruction lines are referred to as elbow sites, this is where
the discommensuration lines change direction by 120°. The change in direction of two
DLs results in one DL having a “bulged elbow” and one having a “pinched elbow 738!

(figure 2.5). The types of elbow sites can form on either HCP or FCC sites and the
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distribution between the two is even, for example in one line of elbows the pinched site
might be on an HCP packed area of the surface but in the next line of elbows that
occur the pinched elbow would be on an FCC region. Several studies have found that
when material is deposited on the Au(111) surface the elbow sites are the preferential

adsorption sites39140],

Figure 2.5: Annotated scanning tunneling microscope (STM) images showing the re-
construction pattern and the different elbow types in more detail. Sourced from [41]
adapted for [42].

When examined in further detail it has been shown that the bulged elbows are more
desirable sites for adsorption, since the atoms are compressed the most at this point in
the reconstruction.®® More atoms in the region, results in more electrons occuping the

site so the electron density of that area is higher than surrounding areas 8143,

When the energy of the reconstructed surface is studied and compared to the energy of

the atoms in their bulk lattice positions, it is shown that the FCC and HCP regions have

[34][35][36]

a lower energy than the DLs . The FCC regions have a slightly lower energy

(= 10mmeV) than the HCP regions which makes sense since FCC is the bulk crystal
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structure for gold. However, the DL atoms have considerably higher energy than the

bulk atom conditions they were compared to by ~ 33 meV.

2.2.1 Au(111) steps

On an Au(111) substrate two types of step can be observed; one where the DL’s pass

through and one where there is a single DL alongside the step (with many U turns

[30]

Examples of these steps can be seen in figure 2.6.

adjacent to the step edge)

Figure 2.6: The left image shows a step where the DLs form U-turns and a single DL
runs parallel to the bottom edge of the step. The right image shows a step edge where
the DLs continue through the step.

The difference between the two step types is a result of the micro-facet of the step
in question. When examining the atomic structure of a 111 plane from above (figure
2.7a) it can be seen that 2 kinds of close packed steps are present, one with a {111}
micro-facet and one with a {100} micro-facet. This difference is shown more clearly in

a diagram with the perspective along the plane of the surface (figure 2.7b). The {111}
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step has the atom on the lower level in the hollow site between the two atoms above,

and the {100} step has the atoms on the top and lower level directly in line.

[-2,1,1] i

N

(b)

Figure 2.7: a) A diagram showing the top down view of the atomic positions for an
island on an FCC surface, light grey circles are top layer atoms and dark grey are the
layer beneath. Adapted from [40]. b) The side view of the atomic positions for the
two types of micro-facets labeled in a).

Previous work illustrates that the DL lines pass through {111} steps and the DLs
form U turns at {100} microfaceted steps, this was found to be true for a range of
temperatures®. As discussed previously Au(111) is an FCC crystal in bulk form,
only the top surface layer reconstructs and shifts from the bulk spacing positions. This
means that the atoms on the layer directly underneath the step are in FCC positions!*®.
The reconstruction line that runs parallel to the {100} steps forms to allow the atoms
adjacent to the lower edge of the step to also be in an FCC structure. The {111} steps
have a lower step energy than the {100} steps 6], and they are more frequent on the

surface than {100} steps.
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2.3 HOPG

Highly Oriented Pyrolytic Graphite (HOPG) is commonly used in nanotechnology:
as a monochromator in X-ray diffractometry*”; as a calibration sample for scanning
probe microscopes; and as a substrate for electrochemical experiments!*®. HOPG is a
synthetic form of carbon produced by hot pressing (applying a high heat and tempera-
ture) to form pyrolytic carbon, this is then annealed to improve the crystallinity of the
graphite. The resulting HOPG has a very small angular distribution of its comprising
graphite layers. The large atomically flat crystallites of graphite, within the HOPG
sample, are useful for calibrating scanning probe microscopes!®, where the distance be-
tween carbon atoms can be measured to calibrate scanning distances in the xy plane. It
is largely a chemically inert sample with high thermal stability in and out of vacuum!*.
The properties of HOPG are similar to that of a graphite single crystal but with larger
crystal domains and fewer impurities. The properties of graphite differ depending on
the plane in question, for example along the plane the electrical resistance is low and

perpendicular to the graphite plane the resistance is much higher.

As a substrate HOPG can be used as a template to form either islands or nanoparticles
when metals are deposited on its surface. One major advantage to using HOPG as
a substrate is the ability to clean the surface by cleaving. Graphite is comprised of
multiple hexagonally close packed planes of carbon atoms, the bonds within a plane
(x-y plane) are much stronger than bonds between planes (z axis). These weak bonds

allow the top few graphite layers to be easily removed from the surface leaving a fresh
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clean surface of the substrate ready for the next investigation. This cleaving process is

discussed in more detail in section 3.2.1.

HOPG has been used as a substrate for many different surface science studies including
metal deposition* and as a substrate for fullerene nanostructures to be deposited

on28 BB which will be discussed in section 2.4.2.

2.4 Cgp on surfaces

Cgo has been deposited on a variety of surfaces with the intention of studying its geo-
metric and electronic properties. One of the potential uses for Cgq is its possible ability
to be a component in future circuitry, for this reason much research has been done
on Cgy on metal and semiconductor surfaces. Cgy can form ionic, covalent or van der
Waals bonds with surfaces depending on the material of the substrate. On Cu(111)
and Ag(111) surfaces an ionic bond is formed®213 on Pt(111) surfaces covalent bonds
form®3 and on graphite and semiconductor surfaces van der Waals forces are responsi-

5465156 When Cg is deposited on some metal surfaces

ble for the chemisorption of Cgq
it can alter the reconstruction of the surface, vacancies are created on the surface that
the Cgo molecules bond on top oft”. For metals like silver, aluminium, copper and
platinum the fullerene sits directly above the vacancies that are created®8/P9B2B7 Re-

construction of the metal surface layer by the addition of vacancy islands when Cg

is deposited, is more common than it remaining unaltered '3 which conversely is the
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case for the Au(111) surface, discussed further in section 2.4.1.

On platinum surfaces the Cgy molecules form islands with 2 different phases with respect
to the Pt(111) surface; (2v/3 x 2v/3)R30°%%and (v/13 x v13)R13.9°P7.  As stated
earlier on copper, alumininum, and silver surfaces vacancies form on the surface and
the Cgo molecules form superstructures pinned by these vacancies, (2\/3 X 2\/§)R30°f0r
Ag(111)P8 (6 x 6) structure for Al(111)P?) and (4 x 4) structure with 7 atom vacancies

for Cu(111)52),

5 fold symmetry 2 fold symmetry 3 fold symmetry
I

Figure 2.8: Diagram of the Cgy molecule in 3 rotations and the corresponding structure
seen when STM imaging. The Cgy molecle with 5 fold symmetry has a pentagon face
adjacent to the sample; the 2 fold symmetry occurs when the molecule has a bridge
(bond between two hexagons) bonded to the surface; and the three fold symmetry is
when the molecule has a hexagonal face bound to the surface of the substrate. Images
adapted from [13] and [24].



At room temperature the adsorbed Cgg molecule rotates, whereas at low temperatures
the Cgp molecule has less kinetic energy and is “pinned” to the surface. Cgy can be
oriented in different positions with respect to the surface beneath, these are shown in
figure 2.8. The molecule can be adsorbed onto the surface with a pentagon adjacent
to the surface, a hexagon face bound to the surface or a bond between two faces could
be the facet the surface binds tol®. Many DFT studies have confirmed what has been
observed experimentally that the orientation most common is when a hexagonal face

61][52][13][57]  This orientation has 3

of the Cgp molecule is bound to the substrate surfacel
fold symmetry similar to possible bonding sites: atop and hollow sites on an FCC(111)
surface. The corresponding symmetry between the bonding sites and the molecular

orientation means that “hexagon down” is the most common Cgy orientation observed

on 111 surfaces [13]

2.4.1 Cg on Au(111)

When Cg is deposited onto the Au(111) surface in small quantities the Cgy molecules
adsorb along step edges and elbow sites of the reconstruction as these areas have the
highest electron density. %2 Some research where molecules are adsorbed on gold show
preferential binding to FCC regions of step edges over HCP regions when submono-
layer coverage is deposited®l. When larger amounts of Cgy molecules are deposited,
monolayers form with HCP packing structure. These monolayers can have several dif-

ferent orientations with respect to the positions of the gold atoms beneath them: in
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phase(R0°), rotated 30°(R30°), rotated 34°(R34°) and rotated 14°(R14°). A diagram of
the 4 different phases of Cgy on gold can be seen in figure 2.9. These phases can be
identified on STM images if the gold reconstruction is visible, the Cgg islands’ direction

can be compared to the gold reconstruction and therefore the phase identified.
(a) 23 x 2V3 R30°: ~ (c¢)7 x 7 R14° superstructure: :[l 12]

23633 33K K KNN %® % R14°
a [107] snuuunntx ®
%X KR : | %t % % % nuu@ ; % n

[101]
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(b) in phase 38 x 38: 113)
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[101]

Figure 2.9: Cgp molecules (circles) orientation with respect to the gold atoms beneath
(crosses). The unit cell of the arrangement is illustrated with a dark lined shape in each
of the diagrams. The darker grey Cgy molecules are to represent the fact that every 3
Cgo molecules occupies the same lattice site. Image sourced from [64].

Bright and dim Cgy molecules have been observed on Cg islands deposited on gold
surfacesl®!, the fullerene’s brightness compared to surrounding molecules can be due
to multiple factors. An STM image of bright and dim Cgy molecules can be seen in
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figure 2.10. One explanation for the apparent height difference could be just that, a
height difference; some Cgy molecules could be sitting on a vacancy in the gold surface
below or conversely sat directly on top of an adatom. This is the case for some bright
and dim molecules, however, if the sample is heated so the gold atoms have enough
thermal energy to diffuse, these bright and dim molecules should also diffuse and not

661 Another possible explanation for the dim and bright molecules could

stay constant!
be the orientation of the Cgy molecule discussed in the previous section (2.4). Work done
by Gardener et al. %4 examined the relation between these bright and dim molecules
and the voltage applied while scanning those areas. Some bright and dim molecules
were found to have a bias dependance and the polarity of the scanning voltage dictated
whether the molecule in question appeared dim or bright. The Cgy molecules that
are dim potentially have a stronger electronic bonding to the surface than the normal
height molecules and the bright molecules. The R34°phase was observed to have a

superstructure comprised of dim molecules; this can be used to identify phases of the

Cgo islands if the gold reconstruction is not visible.
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Figure 2.10: An STM image showing a Cgp island formed on an Au(111) surface with
various bright and dim molecules shown throughout the image. The image shows all
four phases described above: R0°, R14°, R30°and, R34°. The white line at the bottom
right corner shows the direction of the DL on the gold surface. Image adapted from
[67].

Unlike on other metal surfaces no periodic vacancies are created when Cg is adsorbed
onto Au(111) and occasionally the herringbone reconstruction can be imposed on or

“seen through” the Cgy monolayer adsorbed on top!®®.

The instances where the reconstruction “shows through” the Cg adlayer have been
found when the Cgy molecules are in R30°phases. The packing direction of the Cg
molecules aligns with the reconstruction lines found on the Au(111) surface 2 which

is one of the factors thought to allow the reconstruction to remain unchanged. The
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alignment of the packing direction and DLs makes this phase energetically favourable
and one of the more commonly observed packing orientations. The in phase orienta-
tion of the Cgo molecules has 38 gold atoms to 11 Cgy molecules, the lattice constant

mismatch is low here so this phase is another frequently observed phase.

Magic number clusters

When less than a full monolayer of Cgq is deposited at low temperatures onto the
Au(111) surface, small Cgo islands nucleate at the elbow sites of the herringbone

6. When gold adatoms are deposited onto a surface decorated with small

pattern[
Cego clusters at the elbow sites, magic number clusters can be formed™. The most
common size of cluster found on the surface by Xie et al. was (Cgo)7Ausg where 19 gold
atoms form a small island that 6 Cgy molecules bond in a ring around and the seventh
Cgo molecule sits on top of the gold island. A slightly different Cgq and Au structure
has also been investigated on Au(111) where Cgy rings form around Au islands on the
gold elbow sites, this structure was found to form in similar sizes to the magic number
clusters but without the Cgy molecule adsorbed to the top of the gold island ™. In
the paper by Xie et al.' and then later in the work by Rookni-Fard et al."!l it was

observed that clusters form preferentially on bulged elbows rather than pinched elbow

sites.

Atomic manipulation of these clusters has been attempted and it has been found that

Ceo-Au clusters form magic number clusters after manipulation™. In the experiment
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by Kaya et al. the STM tip was driven into the clusters so that the clusters broke apart
and when they reassembled it was in one of the magic number cluster sizes suggesting
that they are more energetically favourable. The STM tip can be used to remove single
Cgo molecules from clusters and when the Cgy molecule is pushed out of its position it
adheres to the side of the cluster 3. The Cg clusters are stable at room temperature up
to 400 K, they are also stable when adding extra Cgy molecules as they add to the edge
of the cluster expanding the ring structure of the cluster. However, when adding extra
gold to the surface with magic number clusters the gold islands that sit beneath the
clusters expand and this leads to complete restructuring of the clusters[™ The clusters
when formed are also stable enough to diffuse thermally as onel™. These magic number
clusters bind more strongly to the gold surface than either the Cgy molecule islands or

the gold islands alone.

2.4.2 CGO on HOPG

Cgo deposition on HOPG has been examined in multiple studies over the past couple
of decades. Cgy bonds to HOPG via van der Waals bonds, there is no charge transfer
between the fullerene and the substrate, unlike on metal surfaces.[" Since the van der
Waals bond is a relatively weak bond compared to covalent or ionic bonding the mobility
of the fullerenes on the graphite is quite high.[”” Although individual Cgy molecules are
mobile on the surface, the mobility of large islands of Cgy has not been found ™ and

the shear stress between Cgp islands and HOPG has been found to be 0.2 GPal®.
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Many initial experiments featured on the mechanism of growth of Cgy monolayers on
the HOPG substrate, it was found that Cg on HOPG has a layer by layer growth
model® ™ in an HCP packing structurel™. The first monolayer of Cgy bonds strongly
with the HOPG surface and is stronger than the Cgy monolayer and any subsequent
monolayers, this is shown by temperature programmed desorption studies where the
temperature for removal of the 1st layer is higher than 2nd or 3rd monolayers®!. Along
with monolayers Cgy has also been found to form clusters 8% spherical [0 and fractal
islands/™ depending on the surface preparation. Some studies show that steps are
nucleation points for the growth of Cg islands®" and others show that the steps act as

a diffusion barrier for the Cg, molecules and are not nucleation sites™76.

Some research has been done either comparing the Cg-HOPG substrate to C;op-HOPG
sample, or combining the two molecules on one substrate. Okita et al. found that the
Cro monolayer forms as a bilayer as opposed to the monolayer found for Cgy%. Guo
et al. deposited a Cgy monolayer then a C;y monolayer with the intention of creating

van der Waals heterojunctions.?®!

Guo et al. have also studied Cgy and Au on HOPG with the aim of recreating the

(16] " The clusters were found to occur

magic number clusters found on gold, on HOPG
on the surface however, instead of isolated clusters forming at nucleation sites on the
surface a monolayer of Cgy was formed with the clusters contained within. These

clusters appear as raised Cgg molecules, similar orientations to previously found cluster

sizes were observed. The height difference between the raised Cgg molecules and the
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monolayer was 0.27 nm which corresponds nicely to the height of a single layer gold
island 0.24 nm. Other heights of bright molecules were observed, for example 0.62 nm,
which is believed to correspond to a double layer of gold atoms below the raised Cgg
molecule. The other heights were measured on second and third monolayers and were
a combination of Cgy molecules binding on top of already raised molecules on the layer

below and potentially Au islands forming between Cgy molecule layers.

2.5 Scanning Tunelling Microscopy Theory

The experiments discussed in this thesis are all completed using a scanning tunneling

microscope, the principles behind its operation will be discussed in this section.

Optical microscopes work by reflecting light off a sample and then use lenses to alter
the path of the light before it enters the observers eye, making the object appear bigger
than if examined without the lens. Optical microscopes are limited by the wavelength
of light and the resolution limit of these microscopes is 0.25um. In order to view
objects smaller than this other types of microscopes are needed such as the electron
microscope or the STM. A scanning electron microscope and an STM both use electrons
rather than light to image samples, this allows a much smaller resolution than optical
microscopes. As the name suggests the STM uses quantum tunneling of electrons to

“view” the sample being examined.

The STM can be simplified to a metal probe that scans across the surface of a sample
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taking current measurements at every point in an x-y grid. The metal probe or “tip” is
shaped into a point that ends with one single atom at the apex - the experiments within
this thesis use a tungsten tip that is electrochemically etched to an atomically sharp
point, more details on this process can be found in section 3.3. The tip is positioned
above the sample with a small distance (typically &~ 1nm) between the apex and the
sample surface. A potential difference is applied between the tip and the sample so
one is negatively charged and the other positive. The tip is close enough to the sample
for quantum tunneling effects to be present; the electrons can tunnel between the tip
and the sample completing the circuit and allowing a current measurement to be taken.

Quantum tunneling will be discussed in more detail later in this section.

iy
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Figure 2.11: Figure showing a schematic view of an STM and the basic electronic layout.
Figure sourced from [82] (Michael Schmid, TU Wien).
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The microscope can be used in two modes, constant current and constant height mode.
In constant current mode the height of the tip is adjusted to keep the tunneling current
constant, whereas in constant height mode the current varies to keep the height of the
tip constant. The tip moves across the area of interest in a line by line fashion, recording
the current or height at a set number of points along each line. These current/height
values are then used to create a topological map of the surface. Since the current is
used to create an image (it is used in the feedback loop for the constant height mode)
the sample that is being investigated must be conductive. The disadvantage of constant
height mode, is, when scanning over large features on the surface it is possible for the
tip to crash into these features. To control the height and lateral position of the tip
a piezoelectric motor is used, a voltage is applied to the piezoelectric crystal and the
crystal is “stretched”. This voltage application corresponds to a very precise movement
of the crystal allowing nanometer precision in the control of the STM tip. Figure 2.11

shows the experimental set up of an STM.

z=d

Figure 2.12: Figure showing tunneling through a simple 1D square barrier.

A simple example of quantum tunneling is a wavefunction tunneling through a 1D bar-
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rier (shown in figure 2.12). In this example a wavefunction travels towards a potential
barrier, classically the wavefunction would be completely reflected from the barrier and
no signal would permeate the barrier. However, when quantum mechanics is considered
the wavefunction decays exponentially through the barrier and passes through to the
other side. The classical situation can be thought of as a ball being thrown at a wall
and bouncing back whereas in the quantum realm the ball would also pass through the

wall.

The tunneling between sample and tip can be modelled as a simple barrier, shown in

figure 2.12, where the wavefunction of the electron before the barrier has the form,

and the wavefunction of the electron inside the barrier is an exponential decay with the

form:

U(z) = e

The wavenumber k and decay constant k are defined as:

where m is the mass of the electron, E is the energy of the electron with wavefunction

v and U is the height of the barrier.
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The tunneling current across the barrier is proportional to the probability of finding an

electron on the other side of the barrier. At a point z = d after the barrier

I oc [p(d)[* = [ahof*e™.

As can be seen by the equation above, the tunneling current decays exponentially with
the increase of width of the barrier d. In 1961 Bardeen proposed a method that used
perturbation theory to include the electronic structure of the tip and sample into the
tunneling model®. In Bardeen’s model the tip and sample can be thought of as two

separate systems with known potentials and wavefunctions shown in figure 2.13.

N S

=)

Figure 2.13: This image shows Bardeen’s approach to the system by separating the tip
and surface into two separate systems. Image adapted from [84].

For the sample and tip subsystems the time dependant Schrodinger equations are:

L O¥(z,t —n* 0? U

Zh% — {%—22 + sample(zat)‘|qj(z’t)
L0V (z,t —h* 9

1h¥ = [%—22 + Utip(zut):| \I}(Z>t)’

where Uyip/sampie 15 the potential of either the tip or sample. The Schrodinger equation
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that describes the combined system is written below.

LO0Y(z,t —h2 5?2
in ét ) _ 5 Uiip(2, ) Usampte(2,8)| (2,1 (2.1)

The spatial wavefunction for the sample ¢, its corresponding energy eigenvalue E,,,
wavefunction y, and eigenvalue F, for the tip are the solutions to the respective Hamil-
tonian listed above. When the sample and tip are far apart ¢, and x, decay into the
vacuum, but when the two systems are brought close together electrons can tunnel

between the two systems. The wavefunction can then be described as

—iEyt —iBEyut

U =y,e & +Zc“(t)goue R (2.2)
pn=1

Inserting this wavefunction (equation 2.2) into the Schrédinger equation for the com-

bined system (equation 2.1) gives:

dey (1)

i
N

— / XyUtip@;dve_i(EV_E‘u)t/h.
d

From this the matrix element is defined as:

M,, = / X UiipludV.
d

It can be assumed that the tunneling is elastic therefore electrons can only tunnel into

states with the same energy F, = E,,. If a bias V is applied to the tunnel junction and
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the density of states of the tip and sample (psampie, Prip) are assumed not to vary near
the Fermi energy (Er) the tunneling current is:

2me?

I =
h

|sz,u|2ptip<EF)psample(EF)V (23)

The full derivation of the tunneling current can be found in work by Chenl* Gottlieb

et al. % and Lounis 189,

When looking at the equation for the current 2.3 one can see that the current measured
by the STM is proportional to the density of states of both the sample and the tip near
the Fermi energy (prip(Er), psampie(Er)) This relationship is key to scanning tunneling

spectroscopy (STS) where the local density of states (LDOS) of the sample is examined.

2.6 Scanning Tunneling Spectroscopy

2.6.1 STS Theory

Scanning tunneling spectroscopy probes the electronic structure of the sample by keep-
ing either current, voltage or height constant while measuring the relationship between
the other two parameters.®” Therefore, there are three modes of STS: I-V spectroscopy
where the height is kept constant; I-d where the voltage is kept constant and the rela-
tionship between distance and height is examined; and V-d where the current is kept

constant and the height of the tip with relation to voltage is measured. The spec-
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troscopy used in this experiment is I-V spectroscopy.

The advantage of scanning tunneling spectroscopy over other spectroscopic analysis
tools such as ultraviolet photoelectron spectroscopy (UPS), electron energy loss spec-
troscopy (EELS) and infrared reflection-absorption spectroscopy (IRRAS) is that those
techniques examine the electronic structure over a large area of the surface, the nature
of the STM allows precise local spectroscopic information to about 5 A surrounding the
tip[88].

As stated previously the spectroscopy used within this thesis is I-V spectroscopy which
can be presented as [-V graphs or % plotted against V. The electronic information that

STS can provide is the density of states of the sample. How % relates to the density

of states of the sample is detailed in equations 2.4 to 2.6.

If equation 2.3 is summed over all possible states and the electrons in the tip and the
sample abide by the Fermi distribution (f(E) = (14 eP=Fr)/ksT)=1) then, when a bias

V is applied to the junction

dre [*°
I = - [f(EF—eV—l—e)—f(EF—i—e)HM|2psample(Ep—eV—l—e)ptip(EF—l—e)de. (2.4)

— 00

If KgT is very small then the Fermi function can be simplified to a step function so

the current equation becomes:

e [V 5
I'=— | M P psampie(Er — €V + €) prip(Ep + €)de. (2.5)
0
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If this equation is then differentiated with respect to V while the density of states of
the tip is assumed to be constant, and the matrix element is assumed not to vary much

near the Fermi energy, those terms are insignificant and

dl
v Psample(Ep — €V). (2.6)

2.6.2 Electronic Orbitals

Since the STM can examine the electronic structure of molecules a brief explanation of
terms is required. In the section below the lowest unoccupied molecular orbital (LUMO)
and highest occupied molecular orbital (HOMO) are illustrated, figure 2.14 shows a

diagram of an molecule’s molecular orbitals with the HOMO and LUMO labeled.
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Figure 2.14: A diagram of molecular orbitals of a molecule. The lower orbitals are
filled and the top few orbitals are empty, given some energy, electrons can move into
the unoccupied orbitals and transition back releasing that energy, often in the form of
light (a photon). From [89].

2.6.3 STS measurements in previous work

STS on Au(111)

STS measurements taken on Au(111) show a surface state peak at around -300 mV°"!
due to the almost free electrons on the surface. The effect of monatomic steps has also
been researched and it has been found to decrease the intensity of the surface state

peaks, effectively acting as an energy barrier®19092],
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Figure 2.15: STS spectrum from Au(111) showing the difference in curves from a terrace
and a step. From [92].

When scanning the Au(111) surface no features of the surface such as the DL or va-
cancy islands were found to cause energy shifts to any of the peaks of the % curvel!.
Photoemission studies "] can support the observations made by STS as the work
by Reinert et al. completed on the surface state of Au(111) surface” demonstrates.
They found that the Shockley surface state peak is present around -500mV and the

peaks observed at -300mV are also due to the surface state.

Molecules or monolayers have also been studied with STS on Au(111), Labonté et
al. examined various SAMs and found that the conductance gap varied based on the
different monolayer deposited. The thickness of the monolayer and the bonding of
the molecule to the gold substrate was also found to impact this gap.” Katoh et al.
performed STS measurements of a single molecule magnet deposited on Au(111) and

how the molecule’s conductance curve compared to Au(lll).[gs] A change in a molecule’s
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configuration can also alter its STS spectrum, it can cause an increase or decrease in

631 Koslowski

the conductance gap and also introduce new peaks at different energies
et al.®! investigated terthiophene molecules adsorbed on Au(111) and compared the
STS curves taken above the terthiophene molecules with the bare gold surface. The
difference from the well known peak positions on the gold surface, such as the Shockley

state peak at -0.5eV was used to describe the electronic properties of the terthiophene

molecule.

STS on HOPG

STS measurements on a clean HOPG surface when taken further away from the sample
show a dip at 200 mV and as the tip sample distance is decreased the dip position shifts
to &~ 300mV. This is thought to be due to the HOPG surface layer being deformed
due to the tip. The bonds between layers of graphite are significantly weaker than
interplane bonds and so the top layer of atoms is thought to separate from the bulk by

its attraction to the STM tip. [100)

60



ALV

bl
/

(dL/dV

500 T I T N T T T N L T ' I
a 50 100 150 200 250 300 350 400 450

Bias voltage /mV

Figure 2.16: Graph showing the difference in STS spectrum at different current set
points (inversely proportional to the height of the STM tip). From[100].

HOPG has also been studied using STS as a substrate for both gold thin films and
fullerenes. The Au thin films have different spectrums to bulk Au and take on more
characteristics of the bulk HOPG spectrum, although the peak at -500 mV remains.
When examining the I-V curves for the Au-HOPG sample there are peaks on the curve
that are evenly spaced which could indicate a coulomb blockade. These changes to
the spectrums created when comparing the substrate and the adsorbate indicate that

101 Klinger

there is some inter-colation between the metal and the HOPG in this case.
et al. surveyed a variety of fullerenes on HOPG and found that the STS curves for
the smaller fullerenes showed that they behaved in a semi metalic manner, whereas the
larger molecules behaved as semiconductors. A semiconductor STS spectrum can be

identified by a band gap around 0V and a metal like substance would have a non 0 %

value around 0 V{102,
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STS on Cg

A study of Cgg on the Cu(111) surface compared the STS curves for Cgo/Cu without
the Cu surface reconstruction and with the reconstruction. The positions of the peaks
were shifted closer to the Fermi energy(Efg) for the reconstructed spectrum compared
to unreconstructed. This confirms previous research suggesting that the reconstructing
of the copper surface when Cgq is adsorbed is more energetically favourable than when
not reconstructing.? Another study of Cgy on Cu(111) illustrated that four peaks are
found for Cgp on Cu(111) surfaces, and the LUMO splits into two peaks due to a charge
transfer between the Cg, molecule and the Cu surface. This study also found that
when examining the spectrums from Cg, molecules on differing adsorbtion sites the
STS peaks’ energies were shifted slightly. This indicates that the bonding energy in

different sites is not the same.!203!

Perez-Jimenez et al. examined the STS of Cgp on Au(111); the spectrums of bright and
dim Cgg molecules were compared and it was found that the dim molecule binds more
strongly to the surface. In this study the bright molecule was assumed to be on an
atop site and the dim on a hollow/bridge site. The spectrum of the dim molecule had
a broadening of its peaks which corresponds to a stronger binding to the surface.[1%4.
Lu et al. also examined Cgy on Au(111) and compared it to Cgg on Ag(100). Similar to
studies of Cgg on Cu(111) the Cgo-Ag spectrum showed splitting of the LUMO, whereas

the gold surface with Cgp molecules had no splitting. This indicates that the charge

transfer between the Cgy and Ag and between the Cgy and Cu is stronger than the Cg
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and Au. The peaks for Cgo-Au(111) surface are observed at ~ -1.7V, 1V, and 2.2 V.[10%]
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Figure 2.17: Graph of 4. and the density functional theory (DFT) comparison for Cgg
on Au(111) and Cgy on Ag(100). From [105].

The work described from the literature was built upon within the experiments in this
thesis, the main aim was to expand the knowledge of the sub molecular arrangement of
Ceo gold magic number clusters both through low temperature STM and STS experi-

ments.
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Chapter 3

Experimental Techniques

This chapter will discuss the overarching equipment and experimental techniques used
throughout this thesis, specific techniques only used in one section will be discussed
in the relevant chapter. The main piece of apparatus used in these experiments was
an Omicron low temperature scanning tunneling microscope (LT-STM). Detail on the
physics used in the operation of the scanning tunneling microscope (STM) can be found

in section 2.5.

3.1 Low Temperature - STM Setup

The LT-STM used in these experiments comprised of two chambers, an analysis cham-
ber and a preparation chamber, a diagram of this setup is shown in figure 3.1. The

analysis chamber is where the tunneling microscope is located and the preparation

64



chamber is where samples are produced and cleaned. The system operates at ultra
high vacuum (UHV) from 1072 to 1072 mbar to keep samples at optimum conditions
for long periods of time. To operate in this regime several pumps are attached to the
system to maintain the low pressure, these pumps include one Varian turbomolecular
pump connected to the preparation chamber, as well as an ion pump and a titanium

sublimation pump (TSP) in each chamber.
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Figure 3.1: A schematic of the LT-STM used in this project, viewed from above.

The preparation chamber can be isolated from the analysis chamber with a gate valve.

This allows the analysis chamber to maintain high level vacuum when depositing onto
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samples or inserting and removing samples from the preparation chamber. Samples are
inserted or removed from the system via a fast entry lock (FEL) attached to the prepa-
ration area. The FEL can be pumped independently of the rest of the system and when
a low enough pressure is achieved a valve can be opened connecting the preparation
chamber to the FEL.

To move samples around the chamber the system contains multiple arms: the ma-
nipulation arm, the transfer arm and the wobble stick, details of sample movement

mechanisms are shown in figure 3.2.

Transfer
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Cﬁ Fast Entry Lock
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@__ /1

Wobble
Stick

Figure 3.2: A simplified schematic of the LT-STM used within these experiments illus-
trating the sample movement within the system.

The transfer arm is used to move samples into the STM system, from the FEL to the

preparation chamber. The manipulation arm is where the heating and cooling stages
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are located, it can move between the preparation and analysis chambers and rotate
360°. The wobble stick is a fully articulated arm with a pincer on the end that can grab
samples and move them from the manipulation arm into the carousel for storage or into
the STM stage. In the analysis chamber there is a carousel used for storing samples
when not in the microscope stage, this allows samples to be kept in vacuum conditions

which can help prevent surfaces from deteriorating.

3.1.1 Preparation chamber

The preparation chamber as the name suggests is mostly used for preparing samples
for scanning. The chamber contains various evaporators, an ion gun and a residual
gas analyser (RGA). The heating and cooling of samples is often performed when the
manipulation arm is within the preparation chamber and the gate valve between the
two chambers is closed, this is so the analysis chamber can maintain a higher vacuum
and therefore keep the samples in better condition.

The evaporators attached to the preparation chamber in these experiments were: a
Cgo evaporator (discussed in more detail later in this section); and a SPECS E-beam
evaporator. The ion gun is attached to a leak valve on the chamber so that the valve
can be used for vapour deposition when the ion gun is not in use, and as an ion gun
when operational. The main use of the ion gun in this experiment is to clean samples

between experiments. Further detail on this process is found in section 3.2.1.
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Ceso Evaporator

The Cgy evaporator is a simple resistive heating thermal evaporator. A pocket made
from tantalum foil was created and attached via tungsten wire to two power pins on a
CF feedthrough flange. A current is passed through the poles on the flange and therefore
across the pocket which causes resistive heating to occur. A k-type thermocouple is
attached to the pocket to measure the temperature while evaporating, when the pocket
is at the desorbing temperature of Cgg (380 K) the Cgy can be deposited on the sample,
a diagram of the evaporator is shown in figure 3.3. The design of this pocket was a
modification of a similar design previously used in the group. The main differences in
this iteration is the use of wires to attach the pocket to the copper rods of the flange,
as opposed to the tantalum foil strips used in past designs. This alteration allowed for
much smaller currents to be used to provide the heating, as both the surface area of the
pocket is far smaller, and the resistance is higher in the new design. This enabled the
evaporator to be powered off the pre-existing power supply in the STM control rack as

opposed to another external power supply.
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Figure 3.3: Diagram of the Cgy evaporator.
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Figure 3.4: Diagram showing the the E-beam evaporator used to evaporate gold onto
samples within these experiments. The cut out section at the top of the shield is to
illustrate the structure underneath for clarity.

E-beam evaporator

Similarly to the Cgy evaporator, the E-beam evaporator is another example of physical
vapour deposition, where instead of resistive heating an electron beam is used to heat
the sample and cause the material to evaporate. The high energy electron beam is
focused onto the material to be evaporated (in these experiments gold). The electrons
bombard the sample and transfer their kinetic energy to the material heating it up to

a point where the material can evaporate and a vapour is released into the chamber.
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The evaporator can be fitted with: a rod of material that either sublimates or pro-
duces a vapour before its melting point temperature is released (such as platinum); or
a crucible to hold metals with a lower melting point such as gold. In these experiments
the copper crucible was used to hold a small coil of 99.99% gold wire. This evaporator
employs a water cooling system when running to prevent the copper crucible heating
and possibly contributing to and contaminating the evaporation material. A diagram

of this evaporator can be found in figure 3.4.

Residual Gas Analyser

The RGA is used within these experiments to verify the substances being deposited in
the chamber and to help ascertain the cleanliness of the chamber. An RGA is a mass
spectrometer that measures the mass to charge ratio (M/z) of any molecules present
within the chamber. The components of an RGA within the vacuum system are an ion
source, a quadrupole, and a detector; this connects via a vacuum feedthrough port to
a computer so the spectrum measured can be read. The ion source ionises any residual
gasses within the chamber and the quadrupole separates these molecules by their mass,
the quantity of each mass is collected by the detector in the form of a voltage. A typical
RGA spectrum from the chamber used within this experiment is shown in figure 3.5,
the x axis is the mass of the gas molecule and the y axis is representative of the amount

of each substance within the chamber.
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a) Background RGA spectrum b) RGA spectrum whilst Ar was leaked into the chamber
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Figure 3.5: a) A typical background spectrum from the residual gas analyser in the LT-
STM system. b) an RGA spectrum taken whilst argon was leaked into the chamber,

a large peak at 40 m/z can be seen which corresponds to the atomic mass of argon
(39.95u). The other large peak at 20 m/z is due to the Ar*T ion.
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Ion gun

As previously discussed the ion gun was used mostly for sample cleaning within these
experiments. The ion gun is connected to a gas valve which provides the molecules that
ionise - in this case argon. The ion gun contains a filament which is heated to produce
electrons which then ionise the argon gas as it passes through the gun. The argon ions
are then accelerated and focused with the use of electromagnetic lenses. The typical

beam energy and other settings can be found in section 3.2.1.
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Manipulation arm

As mentioned above the manipulator arm can travel between both chambers, most
of the preparation of samples is completed with the manipulator in the preparation
chamber. The arm has two sample stages: a heating stage where a sample can be
heated by direct current or indirect heating methods; and a cooling stage where the
sample can be cooled by passing liquid nitrogen through pipes along the arm that are
connected to the copper block of the cooling stage. A sample can be placed in either
the heating or cooling stage and the manipulation arm can rotate to any angle desired,
this is used for angling the sample so it faces a particular evaporator or the ion gun
within the chamber. In the experiments detailed in this thesis the heating stage was
used in the sample cleaning process discussed in section 3.2.1 and the cooling stage was

used when certain samples were prepared (section 3.2.4).

3.1.2 Analysis chamber

The analysis chamber contains the STM stage, the carousel and the cryostat. The
cryostat is composed of an inner and an outer chamber; the outer chamber is used to
prolong the low temperature of the inner chamber as it provides an extra layer between
the ambient temperature of the room and the temperature of the inner cryostat. This

design requires that the outer cryostat should be filled with cryogenic liquid regularly as
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it evaporates faster than the inner cryostat. Within this thesis liquid nitrogen cooling
was used when scanning, however, the LT-STM can also utilise liquid helium to reach
lower scanning temperatures. The inner cryostat is in direct thermal contact with the
sample stage allowing for an efficient heat transfer to the sample. The carousel is a
rotating sample holder that has 6 slots and can store either tips or samples when not

n use.

The STM stage is suspended from springs attached to the cryostat housing, this helps
to damp any vibrations that could interfere with the signal from the tip when scanning
the sample surface. The stage also has an eddy current damping system built around
the stage to further stabilise for clearer measurements. The stage has thermal shielding
which can be closed around the stage to help keep temperatures more stable, the shields
can be rotated with the wobble stick so that the openings allow for the sample to be

transferred to and from the STM stage.

3.2 Sample preparation

3.2.1 Substrate preparation

The two substrates used within this experiment are a single crystal Au(111) sample

and highly oriented pyrolitic graphite (HOPG).
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Au(111) single crystal

The gold substrate used in this experiment was a single crystal Au(111) sample attached
to a molybdenum sample plate with tantalum strips spot welded to keep the sample
secure. When the gold sample is entered into the chamber it is cleaned via a process
of sputtering then annealing. The sputtering parameters used in this experiment were
~ 1 x 107% mbar for 5 minutes, which led to a sputtering current of around 13uA. The
gold is then annealed at 1.5A for 15 minutes which corresponds to a temperature of ~
600 K on the surface of the sample. The annealing process allows any impurities in the
sample to rise to the surface of the sample and sputtering uses Ar™ ion bombardment
to remove the top few layers. After a few repeats of both annealing and sputtering, the
quantity of impurities on the sample is greatly reduced or hopefully removed entirely.
Before deposition of any materials on top of the clean Au(111) sample the sample was
scanned to check for impurities. If the sample was determined to be clean by examining
the image then other materials could then be deposited onto the sample, if not then

more cycles of sputtering and annealing were repeated.

HOPG preparation

The HOPG samples used within this thesis are 10mm square; to prepare the HOPG for
use it is cleaved to produce a clean flat surface that can then be deposited on. To cleave
the sample, scotch tape is applied to the surface and the back of a pair of tweezers is

run across the tape to ensure it is adhered fully to the graphite sample. The tape is
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then removed and several layers of graphite are removed with the tape leaving a fresh
surface for use. This cleaving technique is possible due to the weak bonds between
layers within the graphite sample. After the sample is cleaned it can be spot welded in
the same way as the gold sample to a molybdenum sample plate and entered into the

LT-STM vacuum system through the FEL to be deposited onto.

3.2.2 Gold Gy, sample preparation

The Au(111) sample was cleaned using the techniques described above (section 3.2.1)
then the Cgy was deposited using the Cgy evaporator. Applying a direct current of
approximately 7 A to the Cgy pocket allows the Cgg to reach its desorbing temperature
and to evaporate from the pocket. The length of time the Cgg evaporator had a current
applied, directly correlates to the amount of Cgy deposited onto the surface of the
substrate. The amount of Cgy on the substrate was determined using images from
various areas on the sample and this then influenced the amount of time used for
subsequent depositions. For example if an image had approximately 0.5 ML coverage
of the fullerene that deposition time could be assumed to give around 0.5 ML coverage
in future. After scanning of the sample and related experiments had been performed
(either at room temperature or 77 K) the sample was heated up to above the Cgy
evaporation temperature (=~ 600 K) to remove the Cgq from the surface, the sample was

then put through a few cycles of sputtering and annealing to clean the sample.
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3.2.3 HOPG Cgy sample preparation

The HOPG was cleaved as detailed above (section 3.2.1) and entered into the vacuum
system. The Cgg evaporator was used to deposit Cgg molecules onto the HOPG sub-
strate and the sample could then be moved into the analysis chamber to be scanned.
Unlike the Au(111) sample Cgp is mobile on the HOPG surface so to scan these sam-
ples lower temperatures (77 K) were needed to limit the fullerene’s kinetic energy and
"pin” them to the surface. To remove the Cgy from the graphite surface the sample was

annealed (above 600 K) until the Cgy was removed from the surface.

3.2.4 Au adatom deposition onto Cgy Au(111) and C4 HOPG

samples

To deposit Au adatoms onto the surface of Cgg Au or Cgg HOPG samples the substrates
needed to be kept at lower temperatures to lower the kinetic energy of the gold atoms.
The sample was placed in the cooling stage of the manipulator and liquid nitrogen
was passed through pipes connected to the stage, cooling it to 77K. The E-beam
evaporator containing gold in a crucible was then used to deposit gold adatoms onto
the surface. The manipulator was kept at cryogenic temperatures and moved into the

analysis chamber where the sample was transferred to a cooled STM stage.
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3.3 Tip production

STM tips used in these experiments are etched from tungsten wire using sodium hy-
droxide (NaOH). A 2 molar NaOH solution is made and placed in a beaker, a tungsten
wire is then inserted into the beaker to be etched. The setup for the etching process is
a simple electrochemical cell and is shown in figure 3.6. In this setup the wire that is
etched to become the tip is the anode and a second wire is placed in the solution to act

as the cathode.
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Figure 3.6: A schematic of the setup used for etching tungsten wire into tips.

The process of etching the tungsten wire is a simple redox reaction where the tungsten

wire is oxidised with the overall chemical equation as follows,

W +20H™ + 2H,0 — WO3™ + 3H, (3.1)
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The reaction at the cathode is a reduction reaction where the equation is:

6H,0 + 6¢~ — 60H ™ + 3H, (3.2)

and the equation at the anode is:

W 4 80H™ — WO +4H,0 + 6e~ (3.3)

When the tip is entered into the STM system, the tip is heated in the heating stage of
the sample to 425 K to remove any impurities on the tip. Ideally the tip would be heated
to a much higher temperature to remove the oxide layer formed on the surface of the tip,
but in this system the temperature is limited by the tip holder mechanism. The tip is
inserted into a tip holder with a magnetic base. If the tip holder were to be heated up to
the necessary temperatures to remove any oxide layer, the magnet would be damaged
and demagnetised. The oxide layer on the tungsten tips was removed in a separate
vacuum system where it could be heated by applying a direct current across it reaching
the desired temperature of 1000 K. The tip was them removed from this chamber and
inserted into the magnetic holder before being inserted into the STM system. During
this process the tip was exposed to air but this was kept to a few minutes to prevent
the oxide layer that inevitably forms from becoming too thick. Tungsten oxides form
slowly at room temperaturel!®! but more readily as the temperature is increased, so

although not all oxides have been removed using this procedure, the thickness of the
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oxide layer on the tip post heating is thinner than before.

For some of the measurements in this thesis the tips were recrystallised before etching
and heating. This was done by heating a tungsten wire by applying a current across it
gradually, increasing the current until the tungsten wire snaps and breaks the circuit.
The ends of the tungsten wire near the break are crystalline due to the localised heating
at that point. These tips were used to increase the stability of the tip particularly when

taking scanning tunneling spectroscopy (STS) measurements.

3.4 STS methodology

Spectroscopy was performed within some experiments in this thesis. The process con-
sists of the STM tip being positioned over a specified point on the surface, whilst the tip
is kept at a constant height a voltage sweep is applied between the tip and the sample
and the current readings at those voltages are measured. This method allows the user
to produce a spectrum and examine the local density of states (LDOS) on the surface
of the substrate. Different samples will have different characteristic peaks similar to
other forms of spectroscopy. The STS measurements taken in the experiments detailed
in this work were taken using a lock in amplifier built into the nanonis system used
for STM imaging. The use of a lock in amplifier reduces the noise on the signal so
any signature peaks are clearer. Data processing of the I-V data is discussed in section

6.1.3.
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Chapter 4

Investigation of Cg) on Au(111)

In this chapter the results of the investigation of Cg fullerenes on Au(111) will be
discussed and compared to similar studies found within the literature. Cgy has been
studied on Au(111) and magic number clusters were found to form at low coverages,
discussed in more detail in section 2.4.1. The Cgo/Au sample is stable at room tem-
perature and the gold surface provides large flat terraces for Cgg islands to form on
top. One of the main advantages to using Au(111) as a substrate is its herringbone
reconstruction pattern. The elbow sites of the discommensuration line (DL)’s can act
as a template for clusters to form upon and can produce organised arrays of clusters!®?.
Though no isolated magic number clusters were studied in this work, this experiment
follows on from similar work previously performed at NPRLI69)L14L70L[71],[72,[73],[74],[75]

This chapter contains height analysis of various Cgq islands that formed on the surface

and a discussion of the potential causes of the variation. The orientation of the Cgg
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molecules with relation to the gold surface and its potential link to the phase of the

Cgo monolayer is discussed.

4.1 Experimental Method

Au(111) samples were used to calibrate the the height measured by the scanning tun-
neling microscope (STM) tip as the step height is known to be 0.24nmbB%. Si(111)
samples were also prepared and used for lateral calibration of the STM images. The
Au(111) surface was prepared as described in 3.2.1 by cycles of sputtering and anneal-
ing until a clean surface was achieved. The Cgg molecules were then deposited onto the
sample using the apparatus described and method detailed in section 3.2.2. Differing
amounts of Cgg were deposited onto the samples by evaporating for various periods of
time. The coverage deposited varied from 0.3 ML to 0.8 ML. Gwyddion was used to
analyse the STM images that were produced and height profiles of specific parts of the
image were extracted using this software. The coverage of the samples in ML was also
calculated using Gwyddion by calculating the surface cover (area of monolayer cover-
age/area of the image size) of a variety of images taken at different areas of the sample
then averaged. This information was then used to inform the deposition time for future

depositions.
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4.2 Results and Discussion

Figure 4.1 shows a gold sample with 0.7 ML Cgy coverage. When Cg is deposited on
Au(111) it adheres to the lower step edges initially and islands grow from the steps as

a nucleation sitel62,

When gold adatoms are deposited on the sample at low temperatures they form islands
on the elbow sites and step edges due to the higher electron density at those sites.
The Cgp and Au adatoms on Au(111) samples (Cgo/Au/Au(111)) behave differently
to Cgo/Au(111) samples as the added Au adatoms act as extra nucleation sites for
clusters. At large amounts of Cgy deposition it is more common to observe larger
islands as opposed to Cgp-Au clusters. Some samples examined had large islands of
Cgo with a few raised molecules that could be due to small gold islands bonded to the

Au(111) substrate. This is similar to results found previously in other literature of a

CeoAu matrix on HOPG!I,
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Figure 4.1: A 100x100 nm image of 0.7 ML Cgy on Au(111) taken at 137pA and 1.5 V.
The image shows a large island of Cgy molecules that crosses multiple steps and contains
examples of bright and dim Cgp molecules. The reconstruction of the Au(111) substrate
is visible on the bare gold at the bottom of the image.

Cgo on Step Edges

When the Cgy molecules are deposited on Au(111) they bond to the step edges, figure
4.2 shows step edges on a gold sample with 0.7 ML of Cgy. The left side of the figure
has the contrast adjusted so the Cgy molecules can be seen and the image on the right
has the contrast adjusted so the gold reconstruction(DL) is visible. As discussed in
section 2.2 the distance between DL is different in the areas of FCC and HCP packing,
63 Abetween neighbouring pairs and 44 A between the pair®%. The face centered cubic

(FCC) areas of the sample correspond to the gap between two pairs of DL’s and the

84



hexagonal close packed (HCP) region is between two DL’s. In figure 4.2 the larger areas
between two pairs are the sections that the Cgg molecules have adhered to, leaving the
HCP regions bare. Similar to work by Sk et al.[¥l and Altman et al.l%?l discussed in

the literature review the Cgy molecules form preferentially on FCC areas of the steps.

Figure 4.2: An 137x48 nm image showing 0.7 ML Cgy coverage on step edges at two
different contrasts. The image is taken at 165 pA and 700mV. The left image shows the
Cgp molecules in focus and in the right image the resolution of the DLs is clearer. The
molecules form preferentially on FCC areas of the step.

When the coverage is under a monolayer the Cgy molecules decorate the step edge in

sections at the FCC structure of the gold step.

In section 2.2.1 the two types of step that form on Au(111) are discussed. The {111}
micro-facet steps are found to be longer and straighter in STM images than the {100}
micro-facet steps. This is thought to be due to the smaller energy needed to modify
the reconstruction for the {111} steps compared to the {100}steps*?l. The {111} steps
can be identified on an image as the reconstruction lines appear to go through the steps
and the {100} steps have the DLs make U-turns before the edge of the step. Figure
4.2 is an example of {111} micro-facet steps as the reconstruction lines appear to pass

through the steps.
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4.2.1 Bright and Dim Cg, molecules

A variation in heights of the fullerenes was observed when analysing the Cgy and gold

samples, this can be seen in figure 4.3b and in figure 4.1.
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Figure 4.3: a) Graph of the height profiles taken over four points on a Cgq island. The
inset shows the location of each height profile taken. b) Image showing an area of a Cgg
island on Au(111) the 3 dim molecule locations and one bright molecule are highlighted

by white circles these molecules’ depth/height was measured and is shown in a). The
image is 21 nmx9nm taken at 1.97V and 222 pA.

Figure 4.3b shows an area of an image which contains examples of dim molecules and
raised molecules. There are two varieties of dim molecules illustrated one is a vacancy
or hole (absence of a Cgy molecule in the monolayer) this is represented by a circle in
the top right corner of the image. The dim molecule which is represented by the blue
height profile in the figure above is most likely a vacancy in the Cgy layer and has a
depth of 390 pm. The other pairs of dim molecules highlighted by white ovals in figure
4.3b are due to either topological or electronic effects: the molecules could appear dim
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due to a stronger interaction or due to them sitting in a vacancy in the surface layer
below. Dim molecules in figure 4.3 were observed at 45pm and 71 pm depth. The
bright molecules shown in figure 4.3b (white circle at the bottom right of the image)
are raised by 126 pm (compared to the surrounding monolayer) which is smaller than
the height of a monatomic gold step (approximately 240 pm) this height could be due
to impurities on top or below the Cgy island. When a molecule is raised by the height
of a gold step it is likely to be due to a small gold island forming underneath the Cg
monolayer and raising the molecules that sit on top, similar to work done by Guo et al.
(16] " The blurring of the raised area is due to the tip either dragging molecules across the
image slightly or the tip having molecules adsorbed onto it and those interacting with
the sample affecting the image. The energy of a Cgo-Cgo bond is 0.85 eV when the
Cgo molecule is in a monolayer environment the molecule bonds with all molecules that
surround it and the electron density is spread over the surrounding molecules. When a
molecule is adsorbed as a second layer molecule or is raised compared to the monolayer
surface, the electron density of that fullerene is distributed differently to the molecules

in the first layer(19%,

In all images examined depths were found ranging in height from 20 pm to 100 pm.
Bright molecules in all images analysed were found to be at a few heights above the
Cego island height the heights were distributed from 30 pm to 1.4 nm above the average

height of the Cg, surface.
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Dim Cgy molecules

The depth of the dim molecules found within islands was measured for multiple images.
These heights were then collated and plotted in a histogram (figure 4.4) to see if any
groupings of heights occurred. The curve plotted on the bar graph is a smoothing fit,
it compares the heights of one bar to its neighbours and plots the average height across
neighbouring columns. This type of fit can be used to help identify any statistically
significant peaks from the data spectrum and helps prevent reading into the data and

identifying peaks where there is little evidence.

Number observed

10 20 30 40 50 60 70 80 20 100 110

Dim molecule depth (pm)
Figure 4.4: Histogram of the depth of different dim molecules across multiple samples

with a smoothing fit applied to show any obvious peaks. The peaks on the smoothing
fit are at 32 and 70 pm depth below the monolayer height.
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This histogram shows a large distribution of measured depths for the dim Cgy molecules
with a peak at ~ 70 pm and another slight peak at ~32pm. The smoothing curve is
useful to show if any peaks are statistically significant when compared to the spread
of data. Other peaks could also be identified at 48 pm, 63 pm and 100 pm but are
not clear enough to be verifiable. The large distribution could be due to the change
in state of the tip between images and sometimes even within an image. If the tip
picked up a molecule while scanning this could impact the electronic response between
tip and sample and alter the height observed. The peak at ~32pm corresponds to
previous studies, where measurements of 35 pm and 40 pm were measured as the height
difference between neighbouring Cgy molecules with differing orientations/®4 The
peak around 70 pm height difference could correlate to previous measurements of 60 pm
by Shin et al. [%lwhich corresponds to the difference in height of the monolayer and

molecules sitting in vacancies of the gold surface below.

Bright Cgy molecules

Fewer bright molecules were observed than the dim Cgy molecules. This is likely due
to a relatively high coverage of Cgy and either too high or too low coverage of Au(111).
If the Cgg coverage was lower, instead of large islands forming, smaller clusters would
form and would form around the elbow sites of the reconstruction as shown by Zhang
[69]

If the gold adatom coverage was too high, instead of small clusters forming (on

elbow sites) the adatoms would agglomerate at the step edges and form extended step
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edges.

The few heights observed were grouped around certain sizes of: 45pm 173 pm and
1.3nm. The height of 45 pm is most likely due to the orientation of the molecule as it
is a similar height difference to that observed for some dim molecules. Molecules that
were raised by ~ 173 pm were only found on samples where gold adatoms had also been
deposited on top of the Cgy molecules. On samples where gold adatoms were deposited
small gold islands could be observed at elbow sites, the average height of these islands
was calculated to be 179 pm. This height is similar to the height of some raised Cgg
molecules, therefore it is reasonable to attribute the bright molecules that are raised by
173 pm to gold islands sitting underneath the Cg island. This is similar to experiments
undertaken previously that found Cgg magic number clusters within a Cgg matrix on
HOPG !9, The height of 1.3nm is attributed to either a second layer Cgy molecule
forming on the first layer or a larger cluster of gold (greater than a single layer island)

siting underneath the monolayer of Cgg raising the fullerene.

4.2.2 Cgp molecules orientation

As discussed in section 2.4 there are multiple possible orientations of the Cgy molecule
with respect to the substrate it is adsorbed onto. These orientations can be observed
via STM imagery as the electron orbitals of the Cgy can be resolved due to their varying

current density which is measured by the STM.
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3 lobes 2 lobes 1 lobe 2 lobes rotated
‘hexagon down’ ‘bridge down’ | ‘pentagondown’ | ‘bridge down’

Diagram of Csp molecule

Shape of electron density
expected in STM images

o

STM images

Figure 4.5: A table showing diagrams of the Cgy molecule orientation, a simplified
orbital structure diagram of what would be observed through the STM and STM images
of the corresponding orientations.

The three lobe structure corresponds to the hexagon facet of the fullerene molecule
being adjacent to the surface “hexagon down”. The two lobe structure represents a
bond between facets binding to the surface (“bridge down”) and the single electron
orbital corresponds to the pentagon facet (“pentagon down”) being adsorbed. Due to
the Cgp molecule’s structure if a hexagon facet is facing the surface “hexagon down” it
is also the face of the structure that is viewed at the top of the molecule. The same goes
for pentagon facets and bridge sites facing the surface; the top most facet is the same
facet as the bottom facet. Figure 4.6 shows some Cgy molecules with sub molecular

resolution so that the different orientations can be identified.
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Figure 4.6: A 7.8 x 4.3nm image (taken at 1.42V and 123 pA) showing the electronic
lobe structure of Cgg molecules within a small island of Cgy. The red circle represents
the “hexagon down” orientation, the green represents the “bridge down” and the blue
represents the “pentagon down” orientations.

The apparent heights of these Cgy molecules varies within the island. In figure 4.7 an
STM image and a corresponding height profile across one line of the image (indicated
by a white line) is shown. Molecule 4 is considerably dimmer (0.12nm lower) than
the other molecules which only have 0.07 nm variation in height between them. When
looking at the height profile measured in figure 4.7 it can be observed that the molecules

with “hexagon down” orientation sit slightly lower than the “bridge down” molecules.
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Height (A)

Position (nm)

(a) (®)

Figure 4.7: a)A 10x6nm image taken at 1.42V and 124 pA showing the orientation
of Cgp molecules within an island. The blue box on the image corresponds to the
enlarged image just below and the white line indicates the line that the height profile was
obtained at. The molecules in the enlarged portion of a) are numbered and correspond
to the numbers on the graph in b). b) A graph showing the height of multiple Cgg
molecules along the line shown in a).

Molecule 4 in figure 4.7 can be treated as a dim molecule with the apparent height
difference between it and the other molecules in the monolayer lying between 0.18 nm
and 0.1nm. 0.18 nm represents the height difference between the brightest molecule
(molecule 3) to molecule 4, 0.12nm and 0.1 nm represent the difference between molecule
2 to molecule 4 and molecule 6 to molecule 4 respectively. Molecule one two and seven
show two lobe structure and hence have “bridge down” orientation. Molecules one and
two have the same orientation where the two orbitals seen are perpendicular to the line
shown in white on the image, whereas molecule seven has the two orbitals along the
direction of the line. This could account for the height difference observed between the

three molecules as molecule 1 and 2 are very similar in height but molecule 7 appears
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much taller closer to the height of molecule 3. Due to the arrangement of molecules one
and two, the brightest point could have been missed when measuring the height profile

along the white line, due to the brightest lobe appearing off centre.

Molecules 4, 5 and 6 have 3 lobe structure hence the Cgy molecule has a hexagon facet
parallel to the surface in these instances. The height difference between molecules 5
and 6 is more likely to be due to the slight difference in orientation of the two hex down
Cgo molecules. As can be seen from the enlarged image at the bottom of figure 4.7a the
three lobe shape is in the same orientation for both but the apparent brightness of the
individual lobes is arranged differently. For molecule 5 the dimmest of the three lobes is
the lobe closest to the top and for molecule 6 the brightness appears to be relatively even
between the three lobes with possibly the left hand lobe appearing slightly dimmer. This
difference in brightness of the image indicates that the molecules are slightly rotated
compared to the surface; where molecule 5 is likely to be in between having the hexagon
facet parallel to the substrate and a bridge site parallel to the substrate and molecule 6
is also rotated slightly towards a bridge site being parallel to the substrate but is rotated
less than molecule 5 so the lobes have a more similar brightness within the molecule.
Molecule 3 in this image could be due to the Cgy molecule being in a “pentagon down”
orientation or a bridge site orientation, if it is arranged so that the bridge is down the
molecule would be rotated towards one of the pentagon facets so that there is one very
bright orbital and the other is much dimmer. This is similar to what can be seen in

the final column of the table in figure 4.5.
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When comparing the apparent height data for the molecules shown in figure 4.7 it can
be seen that the “bridge site” molecules and the “hexagon down” molecules have similar
heights. When the Cgy molecule is not sitting perfectly on one of the facets but is rotated
the molecule appears brighter than its surrounding molecules. These results are similar
to previous research of Cgy molecules on surfaces, in work by Shin et al. the variation
in height between a bright Cgy molecule and a dim 3 lobe molecule was found to be
between 0.095nm and 0.1 nm 0. In their work differences in height between 3 lobe and
two lobe oriented Cgy molecules was found to be 0.04 nm which corresponds nicely with
the height between molecule 7 and molecule 6 which is approximately 0.05nm in figure
4.7b. Other studies of Cgp on Au(111) have found height variations of the bright and
dim molecules of 0.09 nm 1% which also corresponds with the dim molecules’ height

observed in this experiment.

Cso Dim orientation

Dim molecules within islands of Cgy molecules were isolated and if the orientation could
be analysed it was categorised into “hexagon down” ,“pentagon down” and “bridge
down” orientations. The results of this study are presented in a pie chart in figure 4.8
which shows the proportion of dim molecules in each orientation. The table in figure
4.5 shows diagrams of the Cgg molecule in multiple orientations and the facets that
correspond to the orbital appearance within the STM images highlighted. A simplified

diagram of the lobe structure that is expected with each orientation and a corresponding
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STM image for each orientation is also shown.

B

.-
/

Figure 4.8: A pie chart showing the proportion of the orientations observed for dim
molecules within multiple STM images. Each segment of the pie chart has examples
taken from different STM images of the dim molecules as examples.

O3 Lobes @O2Llobes O1 Lobe

As can be seen from figure 4.8 the orientation that was most commonly observed in
the dim Cgp molecules was the 3 lobe or “hexagon down” orientation. The orientation
with the pentagon facet adjacent to the surface was the least commonly observed and
the second most common was the two lobe or “bridge down” orientation. These results
correspond to previous work by Passens et al. that found for disordered R30° islands
of Cgo had 71% of molecules with “hexagon down” orientation''”) Another study by
Tang et al. found a similar result of 75% of molecules having three lobe structure in a
disordered R30° monolayer[65]. The Cgy molecule with the “hexagon down” orientation
could be most common due to the correlation between the 3 fold symmetry of the
molecule in that orientation and the three fold symmetry of atop and hollow site binding

positions on the gold substrate 3. Previous studies have found that the difference
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in binding energy of certain Cgy molecules can be influenced by the orientation of
the molecule from 140-240 meV per molecule!!'!] Therefore, if a particular orientation
results in a lower binding energy that is expected to be the most dominant orientation
observed which is the case for the three lobe structure or “hexagon down” orientation

in this experiment.

Orientation on different phases

When Cgq islands form on surfaces they can form with their packing at various orien-
tations with respect to the packing direction of the substrate below. As discussed in
section 2.4.1 the phases observed for Cgo on Au(111) surfaces are RO° where the adlayer
and substrate are arranged along the same direction; R30°, R34° and R14° where there
is a 30, 34 or 14 degree difference respectively between the orientation of the substrate
and adsorbed Cgy molecules. To work out the phase of the fullerene islands, the gold
reconstruction can be compared against the packing orientation of the Cg island. The
image below (figure 4.9) shows an image with R30°, RO® and R14° phase islands which

are detailed on the image.

97



......
..... /7 . » S e o
'.......n".’.‘....-...‘
Y LI AAP VY T L LA 77

B T s SO P annd

R14¢°
R0°[101]

Figure 4.9: Images showing the different phases in one STM image of a Cg island on
Au(111). a) A 40x40nm image taken at 708mV and 112pA of 0.6 ML coverage Cgp.
The white boxes correspond to the two enlarged areas b) 34x16.5nm and ¢)29x11 nm.
The green line on image a) and c) corresponds to the direction of the reconstruction
lines of the gold substrate. d) takes the four different lines (blue green black and grey)
from the previous images and compares the angles between each of them and hence the
phases of those islands.

The gold atoms are compressed along the (110) crystal lattice vector which is perpen-
dicular to the reconstruction lines that form. Since the Cgy has HCP packing structure
there are 3 lattice directions each 120 degrees from each other. When the Cg lattice is
aligned with the DLs one of the lattice directions is along the [112] direction (90° from
the [110] direction) and thus 30 degrees from the [101] direction. In figure 4.9a the DL
direction is highlighted with a green line showing its direction. The directions of each
island’s packing can be compared to the 112 direction and the angle between the lines
measured. All islands’ directions are shown in figure 4.9d where the angles comparing

the directions are shown, the R30° direction is parallel to the DL direction.

As can be seen in figure 4.9 the R30° island has almost all Cgy molecules in the same
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orientation with respect to the surface. The Cgy molecules have 2 orbitals one much
larger than the other indicating that the molecule is sitting on a bridge site but is rotated
so one of the faces is closer to the surface than the other. This rotated orientation has
previously been observed on many surfaces such as silicon"'?, platinum!®” and gold (6.
The only deviations from this molecular orientation are two of the dim molecules shown
on this island which appear to have a more even two lobe structure. The R14° island
in figure 4.9b has more than one orientation in the island. Out of the 65 Cgy molecules
that make up the island there were 17 unidentifiable orientations, 24 molecules arranged
“hexagon down”, 22 molecules “bridge down”, and 2 “pentagon down”. In other images
where the phase of the islands was identifiable the proportion of each orientation was

noted and collated in the graph shown in figure 4.10.
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Figure 4.10: This figure shows the frequency of each orientation of Cg, molecule for
different phase islands of Cgg. The first graph shows the data taken from various Cg
islands with 0° phase difference to the gold lattice below. The second graph shows the
data from two R14° islands and the final two graphs contain data collated from an R30°
island and an R34° island.
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More examples of in phase Cgg islands (R0°) were found while imaging the sample and
for R34° and R30° only one example was found where the orientation of the fullerene
molecules could be identified. As can be seen from figure 4.10 the RO islands had
more Cgy with two lobe orbital structure (“bridge down”) than either “hexagon down”
or “pentagon down”. For almost every image examined the “bridge down” orientation
was the most frequently observed. The exceptions to this are one of the R14° images and
the R34° image where the 3 lobe structure( “hexagon down”) is most frequent. Another
anomaly when comparing the data is the observed frequency for the R30° island. This is
the data for the island shown in figure 4.9b. This phenomenon where almost the entire
island is comprised of one Cgy molecule orientation was only observed in this instance
and not duplicated. Since no further images of R34° had sub molecular resolution, it
was not possible to corroborate this data. It is likely that the collected data for islands
in phase with the gold atoms beneath is reliable as it was repeatedly observed that the
bridge site is the most common adsorption site for the Cgy molecules. The bridge site
adsorbing to the gold substrate is frequently observed for all orientations, this could
be due to the multiple possible angles the molecule can be adsorbed onto the surface
and be classified in this way. The Cgy molecule could have a two lobe structure where
the molecule is comprised of two roughly even orbitals or could be uneven with one
substantially larger than the other as seen in figure 4.9b. If the different types of two
lobe Cgy molecule were subcategorised additional trends could be observed. Previous
work by Tang et al. that examined the orientation of Cgy molecules on Au(111) found

that the most commonly observed orientation in the R30° phase was the 3 lobe structure.
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They also found that the RO and the R14° had more variation and groups of molecules
in specific arrangements tended to form[®. Shin et al. 6 found that for the R30°
phase 80% of the molecules had the “hexagon down” orientation and the remaining
20% was the “bridge down” orientation. These results do not correlate with the results
found in this chapter that the R30° island imaged contained mostly bridge site bonded
Cgo molecules. However, only one R30° island was examined in this study and had
more islands with submolecular resolution been imaged the statistics could have varied
drastically. The previous research showing that R0° and R14° have more variation than

the R30° phase does correspond with the results obtained in this study.

4.3 Summary

Within this chapter the analysis of sub-monolayer coverage Cgg on Au(111) was detailed.
The overall appearance of the sample and the fullerenes’ behaviour on step edges was
shown, the dim and bright molecules that appear in islands of Cgy were discussed and
the orientation of the Cgy molecules was examined. The dim molecules were found to
mostly be in a three lobe orientation where the hexagon facet of the Cgg molecule bonds
to the surface of the gold substrate. The orientation most commonly found for the Cgq
molecules in all but one phase of the Cgg islands was found to also be the “hexagon
down” orientation. The apparent height of different orientations was examined and it
was found that the brightest molecules were oriented with a pentagon facing the surface;

the two lobe and three lobe orientations had a similar height with the “hexagon down”
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orientation being slightly lower than the “bridge down”. The depth of dim molecules
observed was measured for multiple images and plotted in a histogram that showed the
depths had a large variation with a peak around 70 pm depth. The results presented in
this chapter were compared to the literature and in most cases the results follow what
has previously been observed. A comparison of results presented in this chapter and

the following chapters can be found in Chapter 7.
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Chapter 5

Investigation of Cgy on highly

oriented pyrolitic graphite (HOPG)

In this chapter the investigation of a Cgp/Au matrix on HOPG will be discussed. The
previous chapter detailed the study of Cgy on Au(111) which has also been examined
in previous studies and magic number clusters were found to form on the surface. On
HOPG surfaces Cgy molecules are more mobile and therefore it is interesting to see if the
Ceo/Au clusters are stable on graphite similar to on Au(111). The Au(111) surface and
Au cluster that sits at the centre of the magic number clusters have a strong interaction.
Recreating these clusters on HOPG would decouple the clusters from the substrate and
allow them to be studied individually. HOPG was selected as an alternative to the

crystalline gold sample, as it has large flat terraces and a weak interaction with gold.

Within this chapter some Cgg molecules were found to be raised above the average
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height of the monolayer and the heights of these molecules and possible explanations
will be discussed. The Cgy molecules can also appear depressed when compared to the
monolayer, these molecules are investigated and the results presented. The orientation

of Cgp molecules on the HOPG surface is also examined within this chapter.

5.1 Experimental Methods

Samples of HOPG were prepared according to the cleaving procedure laid out in section
3.2.1. Cgy was then deposited onto the HOPG surface and gold adatoms were deposited
after that (details of the evaporation techniques can be found in sections 3.2.3 and 3.2.4).
The gold adatoms were deposited on a cooled (77K) Cgyp /HOPG sample to prevent
agglomeration on the surface. The Cg fullerene is very mobile on the graphite surface
due to the weak bond between Cgy and HOPG substrate (813 meV[!?) the thermal dif-
fusion barrier at room temperature is 13 meV. To accommodate for the surface diffusion
of the fullerene molecules larger amounts of Cgy are deposited(0.75-0.9 ML) compared
to the amount that was deposited on gold surfaces(0.5-0.7 ML). Higher coverage of
Cgo results in larger islands of the molecule, this in turn allows for more stable imag-
ing as the Cgo-Cgp bond is stronger (968 meV) than the Cq-HOPG (substrate) bond
(813 mev)!'3l. At edges of large islands and for small groups of Cgy on the surface,
the scanning tunneling microscope (STM) tip can attract the fullerenes and drag them
across the surface resulting in bright streaks in the STM images. An example of this

combination of thermal and tip induced movement can be seen in figure 5.1.
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Heights of the molecules and features discussed in the results section were calculated
using Gwyddion’s height profile tool. For a height profile, a snippet from one line of
the STM image is taken and plotted so that just the relative heights of the features in
question are shown. As the STM does not directly measure the height of the sample but
the current or the height of the tip, electronic effects can influence height measurements

taken on the surface.

5.2 Results and Discussion

A Cgp Au matrix was deposited on the HOPG substrate, a typical image of the sample
can be seen in figure 5.1. In this image large islands of Cgg molecules can be seen with
small gaps between where the HOPG surface is not covered by the fullerenes. The
main golden colour of the image represents the Cgg monolayer and the dark patches are
the gaps between Cgq islands, STM images represent different heights using a colour
gradient. Dark areas of STM images correspond to the lowest points on the image and
bright areas are the taller aspects of the image. The brighter shapes in the image are
the second layer Cg islands (sitting on top of the first layer of Cgp) in some places these
2nd layer molecules are dragged by the tip while scanning the surface and they appear
distorted as a bright streak on the image. The height of the 1st layer Cgy islands on
the HOPG substrate was found to be 0.74 4+ 0.15nm and the 2nd layer Cgg molecules

were found to have an average height of 0.85 4+ 0.15nm.

105



Bare HOPG

P
a

10 nm

Figure 5.1: A 100 x 50 nm image of the Cgo-Au HOPG surface. The Cgy molecules cover
the majority of the sample with the bare HOPG only visible through gaps in the Cg
monolayer. This image was taken at 1.5V and 152 pA with 0.75 ML Cgg and 1 minute
Au deposition.

5.2.1 Bright Molecules

The Cgo-Au/HOPG samples had some brighter molecules (raised compared to the
monolayer) present in the images of these samples. Height analysis was done on these
samples and various heights for these raised molecules were found. Some were found to
be the height of a second layer Cgy molecule (=~ 1nm) and for some the height difference
was significantly smaller (= 0.25nm). Figure 5.2a shows an area of a sample with 3
different heights of bright molecules. The large island in the centre is a second layer
island and the two single bright molecules have differing heights. The height profiles
taken on this sample are indicated by white lines on figure 5.2a and these height profiles

are shown in figure 5.2b.
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Figure 5.2: a) A 79x56 nm image of three types of bright features in an STM image of
an HOPG sample with 0.75 ML Cgy and 2 minutes Au deposition. Taken at 2.5V and
110 pA.

b) The corresponding height profiles along the lines indicated on (a). The black line
profile is taken along the line labeled a and the blue profile is taken along the profile b.
Heights of the features are labeled on the figure.

The height of the molecule examined with profile b corresponds to previous studies
of magic number clusters within a Cgy monolayer where the Cgy molecule is raised
~ 0.24nm (the height of a single layer gold island). The second layer island on the
surface has a height of 1.4nm compared to the first layer, this is higher than would
be expected as Cgy normally appears to be 0.7-1nm on STM images!!®). This height
could be greater due to a larger gold island sitting below the Cgy monolayer of at least
2 atomic layers in height (/0.5 nm). Taking this into account the height of the second
layer Cgy molecule would be ~0.9 nm which falls within previously observed heights for
Cgo molecules. The bright Cgg molecule with a height of 0.47nm could also be due to
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a double layer of gold atoms underneath the Cgy molecule or it could be due to the
tip interacting more strongly with the molecule and moving it as it was scanning. The
movement of molecules on the surface induced by the STM tip passing over them is
more common in molecules at the edge of an island or at the edge of a second layer
island. This is due to the molecules having less neighbouring molecules so therefore a

weaker bond to the island than molecules that are surrounded by neighbours.

The heights observed over multiple samples were examined and a graph of these results
can be found in figure 5.3. Figure 5.3 is a histogram of the different heights found on
sample images, the red line on the histogram is a fit that smooths the shape of the data
to make the statistically significant peaks observed more apparent. As can be seen from
the figure there are several peaks, one at around 0.25nm, possibly another at 0.8 nm
and a peak at around 1.4nm; the fit curve only highlights two peaks with the 0.8 nm

peak being combined into the 0.25 nm peak.
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Figure 5.3: Histogram showing the number of bright molecules found at different
heights. The red curve is a smoothing fit applied to show any major peaks detected.

The peak centred around 0.25nm corresponds to the height of a single layer of gold
atoms, therefore it is plausible that these raised molecules are the Cgy/Au clusters
contained within the matrix of the Cgy monolayer. This agrees with previous data
found by Guo et al. [ where the height at the centre of the the Cg /Au clusters
compared to the monolayer was found to be 0.27nm. The peaks centred around 1.4 nm
and 0.8 nm also correspond to previous studies of Cgy on HOPG, where the height of a
single molecule is ~ 0.7 nm and a second layer would be roughly double that 16/, The
molecules that are 1.4 nm above the first monolayer could be due either to: a large gold
island sitting on the HOPG surface that lies underneath the Cgp; a double Cgg layer

island on top of the 1st layer molecules; or gold islands both underneath the first Cg
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layer and interspersed between the first and second layers. Possible arrangements of

Cgo molecules and the gold islands is shown in figure 5.4.

A) B)  Bright molecules height
Bright molecules height

Z_"d-lay-er-

Single layer Au island

D
Bright molecules height

2 Jayer

Double layer Au island Two Au islands/clusters

Figure 5.4: Diagram showing possible arrangements of the Cgy molecules and the gold
adatoms on the HOPG surface. Figure a) shows a single layer Au island and c¢) shows
a double layer gold island sitting on the surface of the HOPG substrate. Diagrams b)
and d) show two possible arrangements for two single layers of gold islands forming
between the two Cgg layers. These diagrams are for illustration purposes and the atoms
shown are not to scale with one another.

The probability of double layer Cgg islands forming on top of the first monolayer is
unlikely due to the way the Cgy monolayer forms (discussed in section 2.4.2). The
third layer of Cgg molecules can form on top of second layer islands but the area of
the second layer island that the 3rd layer molecules cover is rarely the same size as
the second layer ™. If three layers were deposited it would usually be observed as a
large first layer island, a smaller second layer island and an even smaller third layer
island, appearing as a stepped surface. This makes it more probable that the 1.4nm

height observed corresponds to a double layer gold island or two single layer gold islands
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sitting beneath or between the Cgg layers. When deposited at room temperature the Au
molecules coagulate on the HOPG surface forming large clusters. If, when depositing
the gold onto the Cgo/HOPG sample it was warmer than the expected 77 K, this could
have lead to the formation of double layer Au islands.

The broadness of these peaks shows that there is a large distribution of the heights
observed, this could be due to the STM tip’s interaction with the surface. The STM
tip can easily interact with the Cgy molecules and often picks up a molecule while
scanning, this can lead to streaks on the image or a change of state of the tip mid
way through an image. When a Cgy, molecule is attached to the end of a tip the work
function of the tip is altered; the tunneling current measured at each point of the sample
is different from when a clean tip is used. It is possible that when scanning some of
the images analysed, the tip picked up a Cgy molecule and this changed the electronic
interaction between the tip and the sample, leading to a wider range of heights being

observed and broadening of the peaks observed in figure 5.3.

5.2.2 Dim molecules

The Cgo monolayer also had dim molecules on the fullerene islands which can be seen
in figure 5.5. This figure has three dim molecules and one raised molecule, the corre-
sponding height profiles are shown in figure 5.6. Height profiles for dim molecules were
taken for all images and were plotted in a histogram, this data can be seen in figure

5.7. The sample shown in both these figures has 1 minute Au deposition and 25 min
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Cego deposition.

Figure 5.5: A 23x20 nm size image of the Cgy monolayer on HOPG with dim molecules
and one bright molecule. Taken at 1.5V and 114pA, the sample had 0.75 ML Cg
deposition and 1 minute Au.

0.4 T T T

Profile a
777777777777777777777 Profile b |~
Profile ¢

03 Profile d B

0.2 0.252nm| |

0.1 Y

Height (nm)

-0.1

02 1 1 L L L I

Distance (nm)

Figure 5.6: Height profiles a-d of the molecules labeled on 5.5. The heights of the
features are labeled on the graph in the corresponding colour to each trace.

The height profiles of the dim molecules and bright molecule from figure 5.5 show
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heights of -0.075 nm, -0.109 nm,-0.140 nm and +0.252 nm. The raised molecule, similar
to results discussed in the previous section, is raised by the height of a single layer of

gold atoms so this molecule can be assumed to be sitting on an Au layer.

One possible explanation for the dim molecules has previously been the orientation
of the Cgp molecule and the strength of its interaction with the surface dependant on
orientation. The variety of heights measured could correspond to different orientations
of the molecule, with the lowest apparent heights corresponding to the “hexagon down”
arrangement, and the brightest being the pentagon facing down with the bond occurring
on a bridge site in the middle height wisel® 14 Diagram of the orientation of the Cgg

molecules with respect to the surface are shown previously in figure 2.8.

Number Observed

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Height (nm)

Figure 5.7: Histogram of the number of dim molecules found at different heights. The
red curve is a smoothing fit that shows only one peak in the distribution.
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As can be seen from figure 5.7 there is a large distribution of height difference between
the dim molecules and the surrounding Cgy, molecules. The red curve is a smoothing
fit that helps to identify any statistically significant peaks. This curve shows just one
continuous peak for this data showing that no visible sub-grouping could be found of
the heights observed. Previous studies have documented the height variation of Cgg
molecules in an island and found small height differences of around 0.04-0.06 nm that
could be due to the orientation of the Cgy molecule. Cgy deposited on an FeO/Pt(111)
[115] substrate and a plain Pt(111) [ substrate both show 0.04nm height difference
between the brightest single orbital orientation (pentagon bound to substrate) and the
dimmer 3 and 2 orbital orientations (hexagon facet bound and bridge site bound).
Cgo molecules on a Cd(0001) surface had a difference in height between dim and bright
molecules of 0.06 nm!"*. When considering the heights observed within this experiment
the smaller depth of the dim Cgy molecules (<1nm) could be attributed to the same

phenomenon, where the orientation influences the height of the molecules.

Since the tip is not measuring the height directly but is measuring the apparent height
based on the tunneling current, measured electronic differences can impact the height
of a molecule. The “hexagon down” orientation forms a stronger bond with the surface
so can therefore appear dimmer. When scanning at various biases the bright and dim
molecules can swap or vary in height due to how the tip interacts with the molecules.
When current flows from tip to sample and when the bias is reversed and the current

flows from sample to tip the dim molecules can vary in height. No varied bias studies
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were carried out on the samples made in this experiment due to poor tip stability.

Unfortunately, a large proportion of the STM images where the dim molecules are
present have a double tip, this is a feature that sometimes occurs in STM imaging if
the tip has more than one atomic peak at the apex. While scanning the surface of the
sample the STM tip can pick up Cgy molecules or other impurities and these can affect
the tip shape and therefore the image it creates. If a tip has 2 peaks then current can
pass through 2 routes to the surface and a structure on the surface can appear to be
repeated in the images. The heights included in these calculations were in images where
the double tip was not present or were taken from the same direction to eliminate the

effects of the tip on the height profiles.

The larger height differences observed for some dim molecules don’t align with previous
measurements for orientations and since no bias studies were undertaken the electronic
effects cannot be definitively cited as the cause. Another possibility for the height
differences observed is a large gold coverage underneath the Cg, monolayer. Since the
gold adatoms bind underneath the Cgy monolayer the coverage of these molecules cannot
be estimated from these images. If a large amount of gold was deposited instead of the
small amount intended, large gold islands could form underneath the Cgy monolayer
and the deeper dim molecules could be sitting on the bare HOPG rather than the Au
adlayer. These dim molecules could also be due to impurities on the graphite or defects
in its surface, while the bare HOPG was scanned before any deposition to check the

sample, these impurities or defect sites cannot be ruled out. The height of one atomic

115



layer of HOPG is 0.34 nm so it follows that some of the deeper (>0.3nm) dim molecules

are related to impurities.

5.2.3 Orientation

A few STM images taken in these experiments showed possible orientations of some of
the Cgp molecules. In a couple of instances the dim molecules on the surface showed
what could be interpreted as a three lobe structure, the hexagonal facet of the fullerene
binding to the surface (section 2.4). If these images do represent a dim molecule with
three orbitals then this corresponds to previous research that shows the bonding of
hexagon down molecules is stronger than others therefore has a lower “height” on the
STM imagel'®. The height observed of the three lobed molecules in the images below
was between 100 — 125pm. Comparing this depth to the height of monatomic steps
on gold (240pm) and HOPG (340pm!''®) it is clear that these dim molecules are not
caused by defects in a gold underlayer or in the HOPG substrate and are more likely

to be caused by electronic effects such as orientation or binding site on the surface.

Figure 5.8: Images of the orientation of dim molecules in a Cgy monolayer. a)18x10nm
taken at 1.5V and 114 pA. b) 21x8 nm taken at 1.5V 114 pA. Both samples had 0.75 ML
Cgo and 1 minute Au deposition.
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Very few scans with the orientations of the Cgg molecules were able to be recorded in this
experiment and the images which did contain orientations only had the orientations of a
few molecules, the bulk monolayer orientations were not able to be imaged. Achieving
these images would have been beneficial as it could have provided key information
about the orientation of the Cgy molecules in the Cgo/Au clusters. A comparison
could have been drawn with suggested orientations of the Cgy molecules in clusters
on Au(111). This inability to capture the orientation is likely due to the tip conditions
whilst scanning. Jarvis et al. looked at the effect having a Cg, molecule adsorbed
on the end of a force microscopy tip affects the imaging and found that it was much
harder to see the molecular orientation [''7). Another study that looked into the impact
of Cgo molecules adsorbed to the tip was the study by Chiutu et al.l''? where a Si(111)
surface was scanned with a Cgg adsorbed to the end of a tip. This study found that
the orientation of the Cgy; molecule on the tip could be determined by the change in
the appearance of the silicon molecules on the surface. When the tip had a molecule
with the bond between two hexagons facing the sample the silicon atoms appeared to
have two lobes. When the pentagon face of the Cgy molecule was facing the sample
each silicon atom appeared to have 5 lobes. In both these cases the tip structure was
impacting the resulting image by changing the appearance of the silicon molecules.
Figure 5.9 shows the molecular orientation of the Cgg molecule and the corresponding

image of the Si sample.
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Figure 5.9: Figure showing the effect of a Cgy molecule’s orientation adsorbed on the
STM tip when scanning Si(111). From [112]. The top image of a, b and ¢ shows a
model of the Cgy molecule showing the face that is adjacent to the substrate in yellow:
a) bridge site between two hexagons b) bridge between hexagon and pentagon facets
and c) a pentagon facet bonded to the sample. The large STM image in the centre of a
b and c is an STM image showing how these orientations appear in a scan. The bottom
left image is a zoomed in version of the image above focusing on one molecule and the
bottom right image is the same but with a higher contrast so the orbital shape can be
more easily resolved.

Figure 5.10: Image of Cgg molecules on HOPG taken with Cgy adsorbed onto the tip.
a) 5.3x2.8nm taken at 1V and 112 pA on sample with 25 minutes Cgy and 1 minute
Au. b)15.5x3.5nm taken at 1.5V and 146 pA on sample with 25 minutes Cgo and 1
minute Au deposition, the red arrow indicates the line where the tip changed state.

The STM images in figure 5.10 show examples of the tip’s geometry affecting the shape
of the Cgp molecules while scanning. This can be ascertained by comparing the shapes
of the molecules observed with possible orientations of the Cgg molecule. Figure 5.10a
is probably the result of multiple molecules at the end of the STM tip as the shape

of the molecules does not match up with any orientations of the Cgy molecule. Figure
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5.10b has molecules that look like the molecules in figure 5.9b and then the tip can be
seen to change state within the image after scanning over the bright molecule in the

centre of the image and the shape of the molecules changes.

5.3 Summary

This section contains a summary of the results discussed in this chapter, concluding
remarks can be found in chapter 7. It was found that Cgy/Au on HOPG samples
contained both bright and dim molecules. Bright molecules were found to be 0.25nm
above the monolayer which corresponds to the height of a single layer gold underneath
the molecule. Bright molecules were also found at 1.4nm above the monolayer, which
could correspond to a second layer Cgg island with gold clusters underneath the two
layers. Dim molecules were found to vary greatly in height, the smaller depths found
are most likely related to the orientation of the Cgy molecules. Some orientations were
observed in the investigation of the Cgo/Au HOPG samples, the orientations were seen
for a few dim molecules which were more hexagon face bonded to the sample. In the
next chapter the investigation into electronic details of both the Cgp/Au(111) sample
(discussed in the previous chapter) and the Cgy/HOPG samples (considered in this

chapter) will be discussed.
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Chapter 6

Scanning Tunneling Spectroscopy

Studies of Au(111), HOPG and Cg

on Au(111).

This chapter details the investigation using Scanning Tunneling Spectroscopy, of the
same samples detailed in chapters 4 and 5 with the aim of gaining more information
about the samples. Au(111) samples with Cgg molecules adsorbed on the surface were
investigated along with bare Au(111) and HOPG. The effect of the height of the tip
while performing spectroscopy measurements, along with the polarity of the bias voltage
was examined. On the bare Au(111) and the HOPG different lattice positions were

studied and the difference of the conductivity at various sites was explored.
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6.1 Experimental Method

The processes of tip etching and annealing discussed in section 3.3 were used within this
chapter to produce the tips needed for spectroscopy measurements. Sample production
techniques from section 3.2 were also used to create the samples for these experiments
and experiments in the previous chapters. Details of the lock-in amplifier that is used
for scanning tunneling spectroscopy (STS) to improve the signal to noise ratio in the

spectra will be discussed along with the analysis techniques used.

6.1.1 STS Tips

STS experiments require a stable scanning tunneling microscope (STM) tip due to the
small currents being measured during the I-V sweep. When scanning with an STM tip,
molecules can be picked up and this can affect the stability of the tip. Changing the
scanning voltage is often used while imaging to clean the tip, quick voltage pulses can
help to remove adsorbates from the tip. The STS I-V spectra were achieved by holding
the STM tip at a constant height and sweeping the voltage from a negative voltage to
a positive voltage. It is therefore obvious how an unstable tip could dramatically affect
measurements. If an adsorbed molecule is removed during the voltage sweep, effecting
the electronic structure of the tip, it could change the electronic response measured.

The STM tips were prepared using the methods laid out in section 3.3 (etched using

NaOH, recrystallised and annealed). Recrystallised tips were used in these experiments
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due to their more uniform electronic structure, recrystallisation can also reduce the
number of anomalous tips produced, when compared to non-recrystallised tungsten

[118]

wire. This technique was inspired by the work of Greiner et al. , where the tips

were used in field emission experiments, and the technique used by Alex Pattison 19,
who used the recrystallised tips in STEM tomography experiments. Since the local
density of states (LDOS) of the sample and the tip are measured during spectroscopy
experiments, the crystalline structure of the tungsten is thought to be advantageous
compared to amorphous tungsten wire.

Figure 6.1 shows an STM tip etched using tungsten wire with no additional processes
completed (viewed through an optical microscope) and a tip that has been recrystallised
and heated to remove the oxide layer before etching. As can be seen in the recrystallised
and annealed wire the end of the wire is a different colour to the main part of the

tungsten wire, this is due to the thick oxide layer being removed during the heating

process.
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Figure 6.1: a)lmage of an etched W tip magnified with an optical microscope, showing
the basic shape of a good tip. b) Image of a recrystallised and heated wire in the wire
etching holder, the brighter section at the end of the wire is where the tungsten oxide
layers have been removed, it appears a brighter silver to the rest of the tungsten wire.

6.1.2 Lock-in

Lock-in amplifiers can be used to measure small signals where the signal to noise ratio
is high. These amplifiers employ the use of a modulating reference signal (normally
sinusoidal) that is combined with the tunneling current data from the STM. This is
then compared to the reference signal, where constructive and destructive interference
occur, amplifying the signal from the STM over any noise. The lock-in amplifier can
also be used to extract an approximation of the first derivative of the current (4).
When a sinusoidal voltage with amplitude V;,,,4 and angular frequency w is applied to

the bias voltage (Vi) the current observed is represented as I(Viigs + Vinoasin(wt)) 7.
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This can be expanded to equation 6.1 using a Taylor expansion:

dI(‘/bias)
dV

dIQ (‘/bias)

IV ; ~ I (Vi
(Vlnas + VmodSZn(Wt)) (VbzaS) + A2

Vinoasin(wt) + V2 sin(wt)? 4. ..
(6.1)

dI(Vbias) V

0 Vinoasin(wt)) can be approximated

The first harmonic of the modulated current (
to % (when w is small) and hence the lock-in can be used to extract this term from
the current measured during spectroscopy. The frequency of the reference signal chosen

was not a multiple of 50Hz to prevent amplifying any electronic noise that might be

present.

6.1.3 Analysis

[-V spectra were taken and the % spectra could then be produced by taking the first
harmonic from the lock-in amplifier or by numerically differentiating the -V data. The
figure below 6.2a shows the current response to sweeping the voltage from —4V to +4 V.
The differentiated version of this spectrum is shown in 6.2b. The graphs presented here

are used as examples, the results shown here will be discussed in more detail in section

6.2.2.
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Figure 6.2: a) Graph of the IV sweep performed during the spectroscopy measurement.
b) Graph showing % against V for the same bias sweep as in a). The data for both
these graphs was taken on the bare HOPG surface.

The I-V signal (figure 6.2a) saturates at 330nA, this is due the STM pico-amplifier
saturating at this current and is not a feature specific to this particular curve. Some
of the graphs presented in the results section of this chapter are divided by I/V to
normalise the data and allow for comparison between spectra. Most spectra presented

in this chapter are calculated by averaging over multiple scans.

6.2 Results and Discussion

6.2.1 Spectroscopy measurements on Au(111)

Before spectroscopy of the Cgo-Au samples can be examined the background needs to be

investigated so any contributions from the substrate to the spectra can be negated. STS
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spectra of the Au(111) surface have been studied previously and the spectra achieved
by previous groups will be compared to the data extracted from this experiment. Figure
6.3 shows the STS spectrum averaged from 34 spectra taken on the Au(111) surface,

the left hand side of the image is the % spectrum and the right graph is the normalised

spectrum (45 /(1)).
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Figure 6.3: a) Graph showing the differential current vs voltage curve averaged from
multiple Au(111) spectra. b) Graph showing the normalised differentiated current data
for Au(111). The peaks observed on this graph are located at —0.53 V,—0.33 V,+0.34 V
and 0.58 V. The spectrum was taken at 200 mV set-point voltage and 0.2 nA.

As can be seen from the %(6.3&) spectra the conductance near zero volts is the lowest
point on the graph which results in the large observed spike around zero volts when it
is normalised (6.3b). While the conductivity does decrease as the voltage approaches
zero the conductance (%) is never zero which would be the case if the sample was

a semiconductor (the band gap of the material). The typical profile for metal STS

spectra have small variations in conductivity, when compared to either semi metals or
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semiconductors, with a slight dip around the fermi level (0V) 129 this can be seen in

figure 6.4.
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Figure 6.4: Figure showing the electronic structure, typical I-V and % curves for
metals, semi-metals, semiconductors and insulators. Image sourced from [120].

Au(111) has delocalised electrons on the surface that form a “free-like” electron surface
state which is an example of a Shockley surface state, they can also be found on other
metals such as copper and silver. The surface state peak for gold is located between
—0.5V and 0V on the STS spectrum. For previous measurements in ultra high vacuum
(UHV) it is observed closer to —0.5eV below the fermi level (0V) 12!} whereas in air or
liquid the energy is shifted higher towards zero (—0.43 eV in liquid '?? and —0.35 eV [123]
and —0.2eVI?4 in air). The only expected peak in the —1 to +1 range shown in figure
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6.3 is the surface state peak at &~ —0.5eV, any other peaks are most likely due to the tip
states or convolution of the tip and sample LDOS. The peaks observed on the positive
side of the spectrum are most likely due to the tip DOS influencing the measurement,
similar to the studies by Passoni et al.l'?%], where a peak at 0.6 V was found to be a result
of the tip states as opposed to the surface LDOS. Schouteden et al. 1?6l found that a
peak at —650 meV was also due to tip DOS as it was not present when different tips were
used to perform spectroscopy on the same sample. The shape of the curve in figure 6.3a
does not have good contrast between any potential peaks and the background signal.
The contrast is improved when the STS spectrum is normalised in figure 6.3b and the
peaks’ positions can be more easily identified. Enhanced conductivity is observed at
—0.53V and —0.33V, the peak at —0.53 V is most likely due to the surface state. There
are other peaks on the positive side of the spectrum which are at similar positions of
+0.34V and +0.58 V which are most likely due to the tip density of states. The —0.33 V
peak could also be due to tip states, however, a previous study by Reinert et al. found
that a peak at —300mV is also related to the Shockley state 1. Conversely, this peak
could be due to defects or features of the Au(111) surface such as step edges or point
defects. The spectra of varying lattice positions on the surface due to its reconstruction
(face centered cubic (FCC), hexagonal close packed (HCP), discommensuration line

(DL)) and the step edges will be examined in the next section.
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Spectroscopy of Au(111) surface sites

The spectra on different lattice sites: the FCC sites; HCP sites; and DL lattice positions
were treated separately and spectra were taken at each position. The DL’s are the small
ridges formed by the contraction of the surface, the FCC region is found between sets
of DL’s and the HCP region is found in the region between a pair of DL’s. Further
detail on these lattice positions can be found within the literature review chapter in
section 2.2. Figure 6.5 shows the spectra produced at FCC sites, figure 6.6 shows the
HCP spectra, the DL spectra is displayed in figure 6.7 and a normalised comparison of

these graphs can be found in figure 6.8.
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Figure 6.5: Graph showing the STS spectra averaged over 15 FCC positions on the
Au(111) surface. The spectra were taken at 500mV and 1nA set-point. The surface
state peaks on this graph are at approximately —0.36 V and —0.2 V. The vertical lines
on the graph help to highlight peaks that are at similar voltages to experiments found
in the literature and to guide the eye.
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The positions of the peaks shown on this curve are at —0.2V, —0.36 V, —0.63V they
are also reflected in the positive voltages with much smaller intensities. The peak at
—0.63V is most likely due to the tip density of states (DOS) and the small peaks in

the positive voltage range of the graph could be due to a convolution of the sample and

tip DOS.
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Figure 6.6: Graph showing STS data averaged from 26 HCP sites taken at 500 mV and
1nA set-point. Main peaks observed in this spectrum are observed at —0.31V and
—0.39 V. The vertical lines on this graph are used as a guide to show the shape of the

curve at certain voltages that have been previously associated to peaks or troughs in
conductance

The positions of the peaks in this spectra are found at —0.31V, —0.39V, —0.57V,
—.87V, 0.47V, 0.8V. The peak at —0.39V is most likely due to the surface state on

the gold surface with the peak at 0.47V due to the tip DOS.

The graph in figure 6.7 shows the spectra obtained when performing spectroscopy above
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the surface of the reconstruction lines (DL’s). The peaks found in this graph are located
at —0.16 V, —0.31V, —0.59V, —0.74V and —0.86 V, none of these peak positions cor-
respond directly to peaks on the positive side of the graphs where the peaks are located
at 0.37V, 0.61V, 048V, 0.8V and 0.71 V. The peaks found at positive voltages are
relatively evenly spaced and look like oscillations, similar to the results found near step
edges or in quantum corrals ). These peaks could be the result of the tip density of
states or perhaps an unstable tip influencing the oscillations of the tip DOS. The peak
at —0.31V is most likely to be the Shockley state surface peak, it is shifted from the
0.5V that was previously observed in the FCC spectra but similar to the value seen in

the HCP graph.
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Figure 6.7: Graph showing the averaged STS data from DL sites averaged over 22
spectra, taken at 500mV 1nA . Peaks of this spectra are highlighted with vertical lines
on the graph indicating their position. The —0.31 V peak is due to the surface state of
the gold.
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The comparison of these spectra can be obtained when the spectra are normalised, as
shown in figure 6.8. The spectra are offset from each other to improve readability and

so that the bias voltage that the peaks occur at can be easily compared.
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Figure 6.8: Graph showing the comparison between FCC HCP DL and an averaged
spectra over various positions of Au(111) surface. Peaks highlighted are at —0.6V,
—0.3V, —=0.2V,0.34V and 0.57V

When comparing the spectra averaged from the multiple positions on the Au(111)
surface (blue curve) with the HCP(yellow), FCC(red) and DL (purple) lattice sites
spectra, the components of the individual sites’ curves can also be seen in the averaged
spectra. The Au(111) averaged spectrum would be expected to show all the components

of the other site positions if those individual results were averaged to create the Au
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curve, however, the Au(111) curve presented here is the average of spectra taken on a

different day and not a composite of the lattice site positions shown here.

As can be seen in the 4 spectra (figure 6.5) and the normalised curve (figure 6.8), the
FCC and the HCP spectra show surface state peaks at differing voltages. The HCP
sites display a peak at —0.35V whereas the FCC sites do not and instead show a peak
around —0.2V which the HCP curve does not. The HCP peak at —0.3V could be the
same peak as the 0.2V peak in the FCC spectrum that has shifted to a slightly lower
energy, or this could just be due to noise affecting the signal and making the voltage
of the peak hard to determine. The DL curve has similarities to both the HCP and
FCC curves. Both DL and FCC have peaks at —0.2V, the HCP and DL have peaks
at —0.35V and 0.3V respectively. The Au curve shares a peak at —0.6 V with the DL
curve along with the previously mentioned —0.2V and —0.3 V peaks. The averaged Au
spectra, DL and the FCC spectra all show a peak at around —0.6 V which is either not
present or is shifted in the HCP spectra. This energy below the fermi level is unlikely

to be due to the surface state so can therefore be attributed to the tip.

Spectroscopy of Au(111) step edges

The step edges of the Au(111) surface have also been examined in this study. Work
by Avouris et al. showed that the spectrum found when scanning the Au(111) terraces

g [127]

differed from the spectrum achieved on atomic step , this has also been shown in

other studies®!, 221 1241 The gold spectra from figure 6.3 was averaged from multiple
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terrace sites on the gold surface. This is compared to the spectra produced at the top
and bottom edge of a step in figure 6.9. From this image it can be seen that the top edge
curve has a roughly similar shape and intensity to the terrace spectra (average Au).
The bottom edge spectra however has a much lower intensity and no obvious peaks
when compared to the gold terrace spectra. This is the same phenomenon observed in
previous work where the surface state peak is diminished or not present in the vicinity

of step edges as the step behaves like a potential barrier®!

. The two edge spectra also
appear to have more oscillations in the curve particularly after —0.5V, this could be due
to the step acting as a potential barrier where the wavefunction of the surface electrons
are reflected from the step. Work by Avouris et al. found that at 0K the magnitude

of the LDOS oscillations adjacent to a step could be up to 40% of the LDOS measured

on a flat terrace surfacel27,

134



T T T T T
Top edge
Bottom edge
[ Average Au
7\\\ 7
\ A

bV A |
a a A )
) \ \ . [\ PN |
E \ 4 \v ~, l‘" fk'\ / I‘l 4
3 \ \ A Vo \ \ [

L \ \ \ _ B
g | \J v \/\\“ / Ve jl ‘ \\\
£ Voo
o WA | Al
S ‘I [ -
3 s /
ST \ ‘-"‘I‘ i
2 v
o

| | | | | | | | |
1 0.9 0.8 0.7 0.6 -0.5 0.4 0.3 0.2 0.1

Figure 6.9: Graph showing STS of step edge sites and the averaged Au signal from
figure 6.3 taken at multiple points on a terrace. The terrace spectra taken at 500 mV
1 nA averaged over 34 spectra, and the step edge spectra taken at 500 mV 1nA averaged
over 18 spectra (upper edge) and 10 spectra (bottom edge).

The top edge of the step and the lower edge of the step were probed separately to
produce the spectra seen in figure 6.10. As discussed in section 2.2.1 the {111} micro-
faceted Au(111) steps are more abundant on the surface due to the FCC structure of
these steps. Following that, it is logical to assume the step STS profiles should hold
similarity to the FCC spectra since they have the same packing structure. However, it
has previously been found that the step spectra have lower intensity peaks than terrace

spectra as the steps act as a potential barrier for the surface electrons!*d (figure 6.9).
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The spectra from the upper edge of the steps in this experiment appears similar to the
shape previously observed in the HCP and FCC regions, whereas the spectra from the
lower step edge appears not to have a surface state peak in figure 6.10 or if present the

feature is of low contrast to the background data.
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Figure 6.10: STS taken at the top and bottom of a step on the Au(111) surface. Spectra
taken at 500mV and 1nA averaged from 18 and 10 data sets respectively. The peak
positions are at —0.49V (lower step edge) and —0.34 'V (upper edge).

The top edge spectrum show a peak at —0.49V and the highest contrasting peak in
the bottom edge spectrum was at —0.34 V. The background signal makes determining
the peaks more challenging, the spectra are normalised so that any peaks are clearer
(shown in figure 6.11).
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Figure 6.11: a) Graph of normalised edge spectra from —1V to 1 V. b) Enlarged portion
of (a) from —1V to —0.2V with peaks highlighted at —0.49V and —0.34 V. Upper

step edge spectra averaged over 18 curves, taken at 500 mV 1nA. Lower edge spectra
averaged over 10 curves, taken at 500 mV 1nA.

The edge STS spectra are shown in figure 6.10 unnormalised and again in figure 6.11a
where the spectra are normalised. The vertical lines on figure 6.10b show the positions
of the peak and trough on the top edge curve (blue). The normalised spectrum has a
large abnormality around zero volts which overshadows the other data so the negative
bias response is presented in figure 6.11b for clarity. When comparing the upper and
lower edge of the step it can be seen that the peaks observed in figure 6.10 are more
prominent in figure 6.11b. The peak position of the lower step edge is similar to that
of the surface state peak observed at the HCP sites. The upper step edge has a peak
at —0.5V which agrees with previous studies but not with the previously measured
spectra for FCC surface sites which it should also correspond to. It could be argued
that there is also a peak around —0.25V for the upper step curve and that corresponds

well to the peak observed at —0.2V in the FCC spectra. The purpose of this study was
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to develop a comprehensive understanding of the Au(111) spectra for later comparison

to spectra from Cgo-Au samples.

6.2.2 HOPG

Similarly to Au(111), HOPG was studied so that any electronic effects of the graphite
when performing spectroscopy of other adlayers on a HOPG substrate can be subtracted
from the signal. An averaged spectra of HOPG can be seen in figure 6.12. This spectrum

128][129] where around zero the graph forms

aligns with spectra previously observed 10Ul
a v like shape. Graphite has a characteristic STS profile of a semi metal; where the
the density of states decreases near the fermi level but does not reach zero. The dip in
LDOS is more pronounced than the spectra produced from a metal substrate but less
than for a semiconductor where a band gap can be seen 2 (illustrated in figure 6.4).
Similarly to other results on HOPG the increase in LDOS on one side of the spectra in
figure 6.12 is sharper than the other. For graphene the spectrum is more symmetrical

where both sides of the v shape curve have a similar gradient 128,
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Figure 6.12: STS profile from the HOPG surface averaged over 34 spectra and taken
at 100mV and 1nA set-point.

STS spectra were produced on HOPG at a variety of voltages, these curves can be seen

in figure 6.13.
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Figure 6.13: Graph showing STS curves on HOPG at different set-point voltages. The
positive and negative biases are shown in the same colour with the positive bias as a

solid line and the negative bias presented as a dashed line.

The set-point voltage that the spectrum is performed at corresponds to the fixed height
of the tip while completing the voltage sweep. The higher the voltage the greater the
distance from the STM tip to the surface. spectra were taken at 100 mV increments
from 100mV to 1V set-point, figure 6.13 shows the results for 100-500 mV (600 mV-1V
spectra are not included on this graph to improve readability). Similar experiments
have been performed before 100130 where instead of the bias set-point used to denote

the height of the STM tip the set-point current is used instead. The set-point current is
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highest when the tip is closest to the sample so high current corresponds to the lowest

voltages seen in the data presented from these experiments.

In figure 6.13, as the set-point voltage is increased (tip to sample distance increased) the
distance between the left hand peaks (negative applied bias) and the right hand peaks
(positive applied bias) for each voltage increases. The section of the graph where the
g—‘i value is ~ 0 (similar to a band gap) increases in size with the increasing magnitude
of the set-point voltage. This corresponds to data observed by Sode et al. 3% who
found that increasing the current set-point that the spectrum was taken at on graphene

nanoribbons, led to a shift of the peaks when compared to spectra taken at a higher

set-point current.

1. 199 where the increasing voltage led

The effects observed in the work by Kusunoki et a
to deformation of HOPG (discussed in section 2.6.3) were not seen in this investigation
of voltage effects. It can be assumed that during these spectroscopy measurements
the tip did not induce any deformation of the HOPG surface layer. Since all curves
presented in this section do not follow a perfect v shaped curve it is clear they are not
from graphene layers that have detached from the surface of HOPG but rather STS
profiles of the HOPG surface.

It can be seen that the positive bias set-point voltages produce similar data to the
negative bias voltage set-points, as all curves of the same colour are clustered in their

pairs on the graph. The +100mV spectra are not quite aligned with each other and

are shown in more detail in figure 6.14a.
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Figure 6.14: Graphs showing the unnormalised (left) and normalised (right) STS spectra

taken at positive and negative 100mV set-point voltages and 1nA . The blue line
represents +100mV and the red line represents —100 mV.

In figure 6.14 it can be seen that the curve taken at the negative bias and the curve
taken at the positive bias appear to be mirror images of each other. This is easiest to
observe in figure 6.14a by observing the slight dip in the curve at around 0.6 V on the
blue curve and —0.6'V on the orange. This is due to the direction the current flows
between the tip and the sample; when a positive voltage is applied the current flows
from the sample to the tip and when a negative bias is applied the current flows in
the other direction from tip to sample. Therefore, at the same voltage set-point but
different polarities the data is either representing electrons tunneling into the tip from
the sample or from the tip to the sample. This phenomenon is also observed in other
studies such as work done by Zhang et al. %8 where the spectra are taken on graphene
on Si0O4 at various voltages. When the bias voltage is negative the peaks appear on the

opposite half of the graph to when the bias voltage is positive.
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The results presented above are from single spectra, multiple measurements were taken
at 100, 200 and 300mV and averaged for each voltage to give a more comprehensive
view of the effects of set-point voltage. These results are illustrated in figure 6.15.
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Figure 6.15: Graph showing the curves averaged over multiple spectra taken at 300 mV

200mV and 100 mV set-point voltages and 1nA. a) differential current b) normalised
differential current.

All spectra taken in this experiment were performed at 77K. Previous research 3! has
shown that scanning at lower temperatures can increase the detail seen in the spectra.
In the study by Yin et al. they looked at 100K, 78K and 7.8K and though in all three
spectra the energies of the peaks were identifiable, the spectrum at 7.8K provided the
most detail. Using their observations as a basis it can be assumed that the spectra
observed in these experiments can be relied upon but may have a larger error than if
the spectra were taken at lower temperatures. From this investigation into the bare
HOPG substrate it can be assumed the spectra represent the HOPG surface and not

any graphene layer that has detached from the surface. Deformation of the surface by

143




the tip causing the detachment of a graphene sheet was also not observed. It can also
be seen that varying the set-point voltage can affect the energy that conductance is

enhanced at (shifting of peaks).

Atomic resolution and STS

Scanning the HOPG surface can sometimes result in atomic resolution of the surface
layer, figure 6.16 is an example of this type of image. The left hand image shows a
triangular lattice the right hand image shows the carbon atoms in a hexagonal lattice,

the hexagonal lattice is misshapen due to thermal drift whilst scanning.

Figure 6.16: Image showing the HOPG surface atoms. The left hand image shows the
triangular lattice and the right hand side image shows the hexagonal lattice, over both
images a diagram of 6 carbon atoms is superimposed to show the rough positions of
the atoms that make up the image.

The triangular lattice that is observed when scanning graphite with the STM can be
explained by the structure of graphite. The unit cell for the arrangement of the carbon
atoms that make up the graphite surface layer (graphene) is shown in figure 6.17. The
unit cell is made up of two different atoms shown in white and black (grey in figure

6.16) which form two different triangular lattices 1132,

One of the atoms (B in figure 6.17) is positioned directly on top of the atom below it and
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the other is positioned in a hollow site (no atom directly below). This causes the white
atoms to appear brighter in the STM image due to the higher LDOS contributed to by

the atom below. When the bias of the tunnel current is reversed the other triangular

lattice (black) can be seen instead 133,
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Figure 6.17: Image showing the layers of carbon atoms, their arrangement and the top
down view of the surface layer of carbon atoms. The A type atoms are shown as black
dots and the B type atoms are shown as white dots. The unit cells for A and B atoms
are shown with red triangles. Adapted from [134].

The data in figure 6.18a and fig 6.18b show the differences when spectra are taken above
the two different atoms in the unit cell (A or B). it also shows the A and B atoms and

at positive and negative applied bias.
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Figure 6.18: a) Graph showing the averaged spectra produced for —100 mV and 100 mV
on the two types of triangular lattice. b) Graph showing the averaged spectra produced
for —200mV and 200 mV on the two triangular lattice atoms. Peaks have been shifted
vertically for clarity.

Similarly to the previous investigation of applied bias polarity on HOPG spectra, the
+100 and —100mV spectra should mirror each other along x=0. The solid black and
blue curves that represent the A and B lattices at positive bias show a similar shape
with a peak deviating from the v shape at around 0.4 V. The blue curve has the shoulder
like peak at an energy slightly closer to the fermi level than the black curve. The curves
taken at negative bias are shown with a dashed line, these appear to be slightly broader
curves than the positive bias spectra. The shoulder is less distinct in the negative bias

spectra and appears to be closer to -0.25V than -0.4 V.

The curves taken at +or—200mV are broader than the curves taken at 100 mV, this

is due to the height of the tip while performing the spectroscopy, discussed in the
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previous section. The positive bias curves show the same behaviour as the positive
curves at 100mV. The shoulder appears at approximately 0.4V with the blue curve
appearing a touch closer to zero volts than the black, a second peak on the positive side
of the graph appears at 1V. Spectra taken with a negative sample bias have a more
exaggerated shape at negative voltages, the shoulder peak also appears to be shifted

closer to the fermi level than -0.4V appearing around -2.5V.

Work by Teobaldi et al. 3% investigated the difference in conductance of the two
carbon atom types in HOPG. It was found that the atom sitting directly on top of
an atom in the layer below (A type) had a higher LDOS than the atom that sits in a
hollow site (B type). This was previously known to be the case at lower bias voltages

136] Teobaldi et al. showed that at larger bias voltages the effect is

near the fermi level |
still present and the B type atoms have a smaller LDOS when a positive bias is applied.
When the polarity is reversed the B type atoms have a higher LDOS than the A type

this corresponds with what was observed in STM images where at one polarity one

lattice is bright and the other dim, this then switches with the reversed polarity.
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Figure 6.19: Graph showing the spectra of A and B atom types taken at 200 mV 1nA
set-point.

The data in figure 6.18b and figure 6.18a do not correlate with these results, but for
both set-point voltages the B atoms have lower conductance at energies close to the
fermi level but as the applied voltage increases in magnitude the B atoms have a higher
conductance than their counterpart. This is demonstrated more clearly in figure 6.19.
At voltages approaching zero (0 to -1V and 0.1 tol V) the blue curve lies above the
black curve, this stays constant on the right hand side of the graph except for a couple
of crossings of the black and blue curves. At larger negative bias the black curve has

a higher conductance than the blue curve. This replicates data taken by Teobaldi et

dl

al.’%] who found that near zero the A type atoms had a stronger 2 response and away

from zero the B type overtook the A type atoms.
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Patil et al. [¥? examined the conductance of differing points on superlattices on
graphite. Superlattices are formed when multiple layers are stacked in various an-
gles so that certain atoms appear brighter due to atoms beneath them. For graphite
these superlattices are also referred to as moiré patterns as they behave similarly to
the moiré pattern that can be observed in watered silks. It was found that there are
electronic differences between bright and dark spots on the superlattices shown in figure
6.20. The single layer superlattices shown in figure 6.20a and b are formed by a single
layer of graphene on top of graphite. For the triangular lattice observed in figure 6.20a
there is very little difference between the two atomic sites, whereas for the hexagonal

lattice in figure 6.20b the electronic difference is much larger.
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Figure 6.20: Graph showing the I-V response at bright and dim spots on 1 layer (a and
b) 2 layer (c) and 3 layer (d) superlattice lattices. The Blue circle shows the position
where the red curve was taken and the yellow circle shows the position of where the
black curve was measured. Image sourced from [132].

Andrei et al. '8 compare the conductance of graphite with triangular and hexagonal
lattices observed by STM, where the hexagonal lattice has a v shaped % curve and the
triangular lattice has a slightly distorted shape. In this case the shape of the % spectra
can be used to identify if the graphite is similar to bulk graphite (like the spectrum
observed for the triangular lattice) or whether it is more likely to be due to a graphene
sheet that has detached from the surface. In the case of a detached sheet of graphene

the spectra would appear almost perfectly v shaped.
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Figure 6.21: Images of triangular lattice and hexagonal lattice observed via STM imag-
ing and the corresponding % spectra for each lattice. a) triangular lattice b) spectra

from the triangular lattice area c) hexagonal lattice d) spectra from the hexagonal
lattice.

When comparing the differences observed in conductance in the two different atomic
positions from this experiment and previous research, it can be seen that the spectra
achieved do represent differing lattice sites. The STS data for the A type atoms (atop
site) shows a larger conductance response than the B type atom (hollow site) at energies
close to the fermi level; as energy increases this switches so that the B type atom has
a larger conductance measured. This information can be taken into account when
depositing monolayers on top of the graphite sample, as the lattice site has an effect
on the conductance measured so could potentially affect results. None of the spectra
taken in this experiment showed detached graphene layers, as all the spectra deviated

from the perfect v shaped curve expected for graphene.
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6.2.3 Cg on Au(111)

Once the spectra for base samples of highly oriented pyrolitic graphite (HOPG) and
Au(111) were obtained, the spectroscopy for Cgp on Au and Cgy on HOPG could be
analysed. For Au(111) substrate if a peak is present between —0.5V and 0V this could
be due to the gold surface state peak. On HOPG any deviation from the v shaped

curve expected from graphite would be due to the adsorbate on the substrate.

Figure 6.22 and 6.23 show the two investigations of Cgy molecules on Au(111). As can
be seen from the figures the response is not consistent across the two investigations.

137 performed spectroscopy on a Cgy monolayer on Ag(110)

However, Pascual et al.
and found that the LDOS is not consistent across the sample. The position of the Cg
molecules, both in terms of gold lattice site they are sitting on and the orientation
of the Cgp molecule, has previously been shown to affect the spectra produced by

STS38I139][140][141) * Both spectra in 6.22 and 6.23 are analysed below and compared to

previous research.
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Figure 6.22: Figure showing graphs of the STS spectra from Cg, molecules adsorbed
on the Aulll substrate, averaged from 9 spectra taken at 700 mV 0.2 nA set-point.

The peaks in figure 6.22 are highlighted with a dashed line and are located at —1.36 'V,
—0.88V, —0.37V, 0.37V, 0.95V, 1.41 V. The spectrum for Au(111) is displayed below
the Cgo spectrum for comparison; the only peak position that aligns is at 0.4 V therefore
this peak on the spectrum could be due to the Au(111) surface state. Previous studies
of Cgo on Cu(100)38 and Cu(111)M011142 have observed peaks closest to the fermi level
(lowest unoccupied molecular orbital (LUMO)) at 0.4V for Cu(100) and 0.7V or 0.8 V
for Cu(111). Other peaks have been found at 1.5V, 2.1V and 1.8V but these peaks
have been found to depend on the orientation of the molecule, for example the peak
at 1.5V was only observable directly above the centre of the Cgy molecule but was not

present if the STS was taken off-centre. Similar studies on Au(111) have LUMO peaks
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at 0.7 VIR 0.6 VI3 and 0.84 V24, Further peaks were observed at 2V, 1.1V and in
all studies a peak around —1.7V was observed. This peak is due to the band structure
of the Cgy molecule and this —1.7V peak represents the highest occupied molecular
orbital (HOMO). The gap between the HOMO and LUMO states in previous studies
of Cgp on Au(111) was observed to be ~ 2.3-2.8 V. Comparing this data to the graph in
figure 6.22 there is a peak at around -1.8 V which could correspond to the HOMO peak
for Cgg, there is however not a substantial peak observed around 0.7 V. The peaks in
this graph are spaced quite evenly which leads to the conclusion that these peaks are
not due to the sample LDOS but instead from electronic oscillations due to an unstable

tip or contributions from the tip DOS.

C60 on Au(111)
Au(111)

Average (dI/dV)/(I/V) (arbitrary units)

Figure 6.23: Figure showing a graph of the STS spectra from Cgy molecules adsorbed
on the Aulll substrate. The data was averaged from 3 data sets taken at 1.5V 0.2nA
set-point.
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The results displayed in figure 6.23 are less evenly spaced so are less likely to be due to
electronic noise. Peaks on this graph are observed at —1.08 V, 0.41V, 1V and 1.25V.
Comparing the Cgo on Au(111) curve to the averaged gold curve below it can be seen
that the peaks at 0.4V, 1.25V and —1.1V align relatively well with the Au(111) curve.
A peak is not observed at -1.7V in this spectra. However, this spectrum was taken
above a large island of Cgy molecules, this has previously been found to shift the energy
of this peak away from the fermi level when compared to single Cgg molecules’ spectra.
It is unlikely that this spectrum is a result of probing the Cgy molecules” LDOS as the
peak energies are not observed at similar energies to previous work. If the spectrum
did represent the Cgy LDOS, the 0.4V peak could be due to the Au(111) surface state
and the LUMO peak would be the amplified conductance at 1 V. The HOMO would
be at —1.1V, this would lead to a LUMO-HOMO gap of 2.1 V which is slightly smaller

than that observed previously.

Unfortunately the STS of isolated magic number clusters was not taken during this
experiment. When the STS experiments were taking place the magic clusters could not
be located on the sample. The orientation of the individual Cgy molecules was unable
to be studied in detail by STS, so the spectra above represent the Cgy monolayer as

opposed to specific sites on the Cgy molecules.
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6.3 Summary

The STS experiments detailed in this chapter will be summarised here; conclusions
for the whole thesis can be found in found in chapter 7. The STS measurements
of the Au(111) surface illustrated the difference in spectra produced from measuring
different lattice sites on the sample. The difference between FCC, HCP and DL spectra
was subtle but the difference between the top edge of the step (which behaved in a
similar way to the terrace sites) and the lower edge of the step was much larger. The
results from the Au(111) experiment correlate to the previous work done on Au(111)
and provided a good basis for examining Cgy monolayers on the Au(111) substrate.
Although the Cgg on graphite sample was not studied by STS, the investigation of
bare HOPG provided a good insight into the electronic structure of the substrate. The
HOPG experiment demonstrated some operating principles of STS: set point voltage
and its relationship with the spectra produced was investigated along with the polarity
of the bias voltage applied. It was found that as the set-point voltage is increased the
conductance peaks become broader and the energy that the peaks occur at shifts away
from the fermi level. STS measurements were performed while the STM had atomic
resolution and the two types of graphite unit cell were examined and compared. It was
found that the A and B type carbon atoms produced slightly differing STS curves, the
comparison of this experimental data to theoretical studies shows a strong correlation
between the measurements from this experiment and previous density functional theory

(DFT) calculations. Finally, the Cgp Au(111) sample measurements were discussed and
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while the data collected does not perfectly match up with previous studies, the results
could represent peaks that occur at shifted energies due to the Cgy molecules that were

studied being a component of a monolayer not a cluster or individual molecules.
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Chapter 7

Conclusion

Within this thesis the experiments of Cgy on Au(111) and HOPG using STM and STS
were discussed. This work follows on from previous studies where magic number clusters
were produced on reconstructed Au(111) surfaces and within a Cgy matrix on HOPG
surfaces. The STM investigations examined the orientation of the Cgy molecules on
both substrates and detailed the characteristics of the bright and dim molecules within
the monolayers deposited. STS investigations were undertaken for the bare Au(111)
and HOPG surfaces and some investigation of the Cgp monolayers on Au(111) was also
undertaken. The STS experiments on HOPG highlighted the impact of the set point
voltage and the polarity of the bias applied on the STS spectra. The STS spectra showed
differences when taken at two different points on the unit cell for HOPG and at different
locations on the reconstruction for Au(111). The spectroscopy data collected for both

gold and HOPG correlated with previous studies and provided a good background
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spectra for comparing the Au/Cgy spectra to.

7.1 STM investigation of Cg on Au(111)

The study of samples with Cgy deposited onto Au(111) confirmed and built upon pre-
vious work. The Cgy molecules formed islands nucleated from steps on the Au(111)
surface. At sub-monolayer coverage the Cgy formed islands in some areas and in other
areas only the face centered cubic (FCC) packed areas of steps were decorated with
fullerenes. Within the islands, bright and dim molecules were observed at varying

heights compared to the monolayer surface.

The dim molecules’ heights were found to have a large distribution of depths from
0.02nm to 0.1nm. The deeper molecules are thought to be due to the fullerene in
question sitting within vacancies in the gold surface layer directly below the Cgq island.
The smaller differences in height between the average of the monolayer and the dim
molecules is thought to be due to the orientation of the Cgy molecule and variations
in the electron density of the sample. The most commonly observed height difference
between dim molecules and bright molecules was found to be 0.03nm and 0.07 nm.
The 0.07nm height corresponds to previously measured differences in height for Cg

molecules on surfaces due to differences in orientation of the molecule.

Both orientation of the molecule and the adsorption site of the surface can impact the

apparent height measured with the STM. Since the STM does not directly measure
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height but probes the LDOS of the sample, any electronic effects can impact the ap-
parent height of the molecule measured. The electron density is not consistent across
the whole Cgy molecule since there are two bond lengths (bonds between two hexagons
and a bond between a hexagon and a pentagon) that make up the structure. The bond
between two hexagons (6:6) is 1.4 A and the bond between a hexagon and pentagon
(6:5) is 1.45 A in length, the shorter 6:6 bond leads to a higher electron density on
those bonds. When the electron density across the fullerene is modelled, the pentagon
rings of the molecule are electron deficient and the hexagons are electron rich. When
a hexagon facet binds to the substrate, the bond formed can be stronger due to the
higher electron density of that facet in comparison with a pentagon facet binding to
the surface. LaRocca et al. found that the binding energy can vary by 140-240 meV

1] Comparing results from previous experiments to the results

between orientations!
collected within chapter 4 it is suggested that the dim molecular heights and the broad

range of the distribution measured is due to a combination of orientation of the fullerene

and the adsorption site the molecule sits on.

The raised (bright) molecules within the monolayer were found at 0.045nm, 0.173 nm
and 1.3nm heights compared to the average monolayer. The heights of gold islands
measured at elbow sites on the sample was approximately 0.17 nm, it can be assumed
that the molecules raised by this height are due to a gold island sitting below the
monolayer. The 1.3nm height difference is attributed to either a larger cluster of gold

sitting beneath the monolayer or to a second layer Cgy molecule adhering on top of the
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first layer.

The height difference of 0.045nm is most likely due to the orientation of the molecule
as it is of a similar scale to the depths measured previously for dim molecules and

corresponds to previously observed height of 0.04 nm!®6).

When examining the orientation of the molecules, height profiles could be taken and
the heights of each orientation could be measured and compared. From this study the
height variation in the average monolayer was 0.1 nm where the “bridge down” and
the “hexagon down” molecules had similar heights and the “pentagon down” molecule
was the tallest. The height difference measured between bridge and hexagon adsorption
facets was found to be approximately 0.04 nm; this corresponds to one of the most com-
mon heights observed when measuring the bright molecules’ heights. It can therefore
be assumed that the hypothesis that the 0.045 nm height difference observed is due to

the orientation of the Cgy molecule is correct.

The majority of dim molecules observed had a hexagon down orientation (80%) with
bridge down orientation being the second most commonly observed (20%). The orien-
tations of the Cgy molecules in islands was investigated over multiple images and it was
found that the hexagon down orientation was the most commonly observed orientation.
The phase of each Cg island where the orientation was analysed was calculated and the
impact of the phase on Cg orientation was examined. It was found that the majority of
islands, independent of phase, had “hexagon down” as the most commonly observed and

“bridge down” the second most commonly observed. The exceptions to this were the
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R14° island and the R30° island which had bridge down as a more commonly observed

orientation.

7.2 STM investigation of C; on HOPG

Ceo was deposited onto HOPG and Au adatoms were deposited subsequently to create
a Cgo/Au matrix on HOPG. The Cgy molecules form a monolayer and the Au atoms
are small enough to diffuse through the Cgy cages. The Au atoms can then agglomerate
to form islands and clusters underneath the the Cgy layer, or the gold atoms can form
magic number clusters with the Cgy - where one Cgy molecule is raised due to gold
adsorbed underneath it. Examining the results from this experiment it can be ascer-
tained that the Cgp/Au matrix was formed. Bright molecules on the monolayer surface
were analysed and the comparative heights were clustered in two groups of 0.24 nm and
1.4 nm height differences. The 0.24 nm height increase corresponds with the height of
a single layer of gold atoms, it can therefore be assumed that the molecules that are
raised by this amount are due to a single layer of gold sitting underneath the raised
molecule. The larger height difference of 1.4nm could correspond to second layer Cg
islands sitting above the Cgy surface with a gold cluster or island also contributing to
the height increase of the molecules. Dim molecules within the Cgy monolayer were
also investigated in this chapter and the height differences most commonly observed
were 0.05nm, 0.1nm and 0.13nm. An atomic step in HOPG has been found to be

0.34nm when measured by STM 9 and as stated previously the gold atomic step
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height is 0.24 nmP%. When comparing the heights of the dim molecules observed, it is
clear that the most common heights are not due to vacancies in a large gold island or
defects in the HOPG surface. The dim molecules’ heights are thought to be due to the
orientation of the Cgy molecules. Previous work has shown that molecular orientation
can account for height differences between 0.04nm and 0.09 nm 96, This accounts for

the peak observed in the distribution of heights observed (figure5.7 ) at 0.05 nm.

The orientation of fullerenes was also investigated in this experiment and it was found
that only dim molecules’ orientation was easily observable on HOPG and that all orien-
tations observed had a three lobe structure. This suggests that the dim molecules are
bound with the hexagon facet attached to the HOPG surface. No other orientations
were easily distinguished in the STM images which could be a result of Cgy molecules

contaminating the tip.

7.3 Comparison of results from Cs on HOPG and

Au(111)

When comparing the results from chapter 4 and chapter 5 it can be seen that the
heights observed for dim and bright molecules are similar between samples increasing
the validity of the conclusions drawn. The dim molecules’ depths observed for HOPG
were 0.05nm, 0.1nm and 0.13nm and for Au(111) they were 0.03nm and 0.07 nm.

The height differences observed are assumed to be related to the orientations of the
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Cgo molecules. Bright Cgg molecules were found at 0.24nm and 1.4nm on HOPG and
0.045nm, 0.17nm and 1.3nm on Au(111). The 0.24 nm and 0.17 nm heights correspond
to the molecules being raised by a gold island underneath the Cg, monolayer. The
1.3nm and 1.4nm heights are also considered to be due to the same phenomenon, a
larger gold cluster forming underneath the molecule raising it by a larger amount than
a single layer of gold. The height difference could also be contributed to by a second

layer Cgq island forming in these areas.

On both HOPG and Au(111) the orientations observed most commonly were the 3 lobe
orientation (‘“hexagon down”) this was the case for the dim molecules on both samples.
Orientations of molecules within the island as a whole were not able to be analysed
for HOPG, but for gold it was shown that “hexagon down” is the most prominent
orientation. The ease of determining orientation on Au(111) compared to HOPG can
be explained by the energies of the Cgy molecules on both substrates at 77 K. The Cg
molecule on gold forms a stronger bond than when the fullerene is deposited on HOPG.
The gold bond is ionic in nature and 0.8 electrons are shared between the gold surface
and the Cg molecule!™?. For Cqy on HOPG the bond is very similar to the bond
between graphene layers, the van der Waals interaction has 0.85eV strength*4. From
this it can be assumed that the Cgy is more mobile on HOPG than on gold, at the
same temperature the gold would provide a stronger interaction with the fullerenes and
would result in less movement of the molecules than the HOPG. At room temperature

the Cgp molecules are mobile on both HOPG and Au(111) and the orientation cannot
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be imaged as the molecules rotate freely. At 77 K the molecules should be ‘pinned’ to
the surface as they have less kinetic energy. If the samples were to be imaged at lower

temperatures than 77 K it may improve the ability to determine the orientation of the

Ceo molecules on HOPG.

7.4 STS investigation of Au(111), HOPG and Cg,

on Au(111)

The STS investigation on Au(111) examined the different spectra produced at different
packing sites on the surface. It was found that the FCC sites and discommensuration
line (DL) sites both shared a peak at -0.2V and the hexagonal close packed (HCP)
sites had a peak at -0.3V. These peaks are assumed to be due to the surface state
electrons and this peak is commonly referred to as the Shockley state. The position of
these peaks is different from some of the literature which places the Shockley state at
closer to -0.5V, however, studies have also shown that the surface state can result in a
peak at around -0.3 V). The step edges of the sample were also examined with STS
measurements and the spectra taken from the top edge of the step and the lower edge
were compared. The spectra from the top edge of the step appeared very similar in
shape to the averaged Au curve, whereas the lower edge step spectra did not resemble
the shape for the averaged spectra on the sample. The position of the surface state

peak also differed between the top and lower edge steps, with the top edge having the
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peak positioned at -0.3V and the bottom edge peak was shifted to a lower voltage.
The intensity of the bottom edge spectra was lower than the top edge which was to be
expected, since previous work has shown that the presence of a step acts as a potential
barrier and impacts the LDOS of the sample in areas near the step. 9192 The top
edge of the step behaves in the same way as other areas of the sample and the electron

density is unhindered by the step.

The STS investigation of HOPG examined the two different lattices that make up
HOPG and how the difference in site affects the spectra produced. The impact of
set point and other settings relating to the technique of STS were also examined in
this experiment. The averaged spectra produced for HOPG match what is expected
for graphite and were not the symmetrical V shaped curves expected for a layer of
graphene. The comparison of the shape of the spectra to previously measured data
allowed for classification of the surface. In some STM imaging the atomic structure
of graphite could be seen, this can appear similar to when a sheet of graphene has
detached from the HOPG surface due to attraction between the tip and the graphene
layer. Both images appear to have a hexagonal lattice pattern. The STS data could
be used to determine that the images were of the structure of the graphite and not
a detached graphene sheet. If the spectra were more symmetrical and followed more
closely to the V shape expected for graphene then the conclusion drawn would have
been different. The impact of tip set point on STS was investigated and it was found

that at smaller set point voltages (smaller tip sample distances) the peaks observed
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were closer in energy to the fermi level and as the voltage is increased the peaks shift
further away from the fermi level. These results are in accordance with work by Sode

et al. where the same phenomenon was observed!['3’

. The final STS experiment on
HOPG was the influence of lattice site of the LDOS. It is known that the different
lattice sites on HOPG (A and B atoms) have similar LDOS at energies near the fermi
level. The two curves observed in this chapter were similar at low voltages and the A
type atom had a higher conductance measured than the B type atoms. However, at
larger negative biases the B type atom shows a higher conductance, this correlates with

previous data taken by Teobaldi et al.l'39].

The STS experiment of the Cgy molecules was only performed on Au(111). Unlike the
studies of bare Au(111) and HOPG spectra produced were not consistent between ex-
periments. It is therefore harder to draw any firm conclusions from this study. If the
spectra are assumed to be viable, then peaks at -0.37V could correspond to contribu-
tions from the Au(111) surface peak and the LUMO and HOMO peak positions could
be identified at 1V and -1.1V respectively. This HOMO LUMO gap is smaller than
the previously measured gap of 2.3-2.8 V observed for Cgy on Au(111). It is possible
that the spectra produced show the LDOS of the tip and convolutions between the tip
DOS and the sample LDOS. This requires more measurements to determine which if

any peaks are due to the LDOS of the Cgg molecules.
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7.4.1 Comparison of STS and STM Investigations

The STS experiments show the impact of binding site on the LDOS and contribute to
the hypothesis that the heights observed of the Cgg molecule can be impacted by the
binding site that they bond with. Unfortunately detailed analysis of the Cgy molecules
on both substrates was unable to be performed by STS and so no further conclusions

about the arrangement of Cgy molecules in magic number clusters was able to be drawn.

7.5 Suggestions for future work

To build upon the work previously done in the literature and knowledge gained in
the experiments detailed in this thesis more experiments could be carried out. Fur-
ther investigations into the local density of states (LDOS) of the Cgyp molecules within
magic number clusters could help to improve the theorised arrangement of the Cgg
molecules and the gold islands that make up the clusters. Within this work no sub
cluster LDOS of the clusters was able to be obtained and extracting this information
could inform the models of the arrangements within the clusters. Orientation of the
molecules within the clusters were not examined in this work and this would also aid
in the understanding of the formation of the Cgg clusters, both within a matrix and
isolated on the Au(111) surface. Scanning the Cgo-Au clusters on both gold and highly
oriented pyrolitic graphite (HOPG) at low temperatures with a very stable tip would

be able to illustrate the sub molecular orbitals and therefore the orientation of the Cgg
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molecules that form the magic number cluster. Low temperature studies of the samples
examined within this experiment would also be beneficial to reduce the kinetic energy
of the fullerenes and improve the contrast (reduce the noise) in STS measurements.
Liquid helium measurements often provide the best stability and lowest signal to noise
ratio therefore providing a more accurate representation of the LDOS within the STS
measurements. These suggestions would build upon the work presented in this thesis

to hopefully provide a fuller picture of the clusters that have been studied in this case.
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