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Abstract

The following thesis describes the exploration of lithium endohedral fullerenes (Li@Ceo)
on Au(111) and Cu(110)-(2x1)0O utilising an ultra-high vacuum low temperature scanning
tunnelling microscope (UHV LT-STM). In collaboration with researchers from the
University of Edinburgh and the University of Liege, the effect of Li-encapsulation on the
electronic structure of Ce has been experimentally identified on single molecules for the
first time, with particular attention to the superatom molecular orbitals (SAMOs). It was
hypothesised these would stabilise due to the hybridisation of orbitals from the carbon
cage and lithium. However, since the Li is known to stabilise in an off-centre position
within the Ceo, this asymmetry induces a non-degenerate stabilisation of the SAMOs. This
stabilisation is analysed with scanning tunnelling spectroscopy (STS), and our conclusions
are confirmed by photoelectron spectroscopy (PES) and time dependent density

functional theory (TDDFT) data provided by our collaborators.

Once the electronic structure is understood, the experiments detailed herein turn
towards studying the Li@Ceo for potential as a multi-state single molecular switch. Upon
identifying a set of parameters which allow the repeated, and reversible, manipulation of
Li@Ceo, the process is studied methodically and reveals that Li@Ceo can be switched
between 14 distinct states. This is the highest number of discrete, accessible states to be
observed on a single molecule switch to date. A mixture of scanning tunnelling microscopy
(STM) and spectroscopy (STS) is required to identify these states, and high manipulation
biases and tunnelling currents are needed to activate the switch. Since these parameters
are orders of magnitude higher than those typically used, a new mechanism is required
to describe the process. The suggestion made here is that resonant tunnelling electrons
couple with the p,,~-SAMOs to bypass the carbon cage thus activating the encapsulated Li
and avoiding vibrational excitation of the Ce. Upon exciting the Li, it rattles around the

interior of the fullerene before randomly stabilising in one of the identified 14 states.

vii
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Chapter 1 Henry Chandler

1 - Introduction

1.1 - Molecular Electronics

Modern technology is predominantly built around the concept of solid state electronics.
The use of materials like metals and semiconductors has allowed vast leaps in the
functionality of computers such that we now have devices in our pockets that are more
advanced than ones which filled a room 60 years ago. This miniaturisation of computing
power was first predicted by Gordon Moore in 1965 whose initial prediction was that the
density of transistors on an integrated circuit would double every year from 1965 to
1975%. After the extraordinary accuracy of his first statement, Moore re-addressed his
prediction in 1975 and altered the timeline to doubling every 2 years from that point2. As
if it were a challenge, research groups in both academia and industry maintained this level
of progression remarkably consistently for almost the next 40 years. However, as the
components shrank the physical limit of the materials was approached, heat generation
due to current leakage increased, and continued progression became more expensive?. In
1974 Aviram and Ratner proposed one method to continue the miniaturisation of
electronic technology: employing single molecules as replacements for solid state
components within the electronic circuits®. Their calculations identified that a molecule
composed of an electron accepting functional group and an electron donating functional
group separated by a methylene bridge would act as a molecular rectifier®. Thus, the

concept of molecular electronics was born.

Figure 1.1: Artistic rendition of how molecular electronic circuitry may appear. Schaub

group image courtesy of Dr R.O. de la Morena (St Andrews, 2019).
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>15 with the end goal of replacing silicon-

Molecular electronics is a thriving research area
based technologies with molecular arrays which are capable of completing similar
functions at a fraction of the size. One immediate example considers data storage density.
Current technologies employ around 1 million atoms to encode a single bit (0 or 1),
however with correct application of a single molecule fewer than 100 atoms could store
data encoded in two states or more!®®, Many researchers are exploring molecular
equivalents for key components in electronic circuitry, for example transistors?®?’,
wires?®32 sensors, and switches3*>’ (see Fig. 1.1 for an artistic rendition). But there are
some who feel that simply mimicking the functionalities of silicon-based devices is limiting
the potential of the field. Employing molecular arrays as components in circuitry could
allow exploitation of numerous behaviours which are exhibited by molecules, such as self-
assembly and finely tuneable properties by selective functionality. For example, the
versatility of chemical design could produce microscopic components that are flexible,
transparent, biocompatible and more energy efficient than solid state devices, provided

appropriate molecular structures are identified. One group of molecular devices to

explore this variation in functionality is the molecular switch.

1.2 - Molecular Switches

A molecular switch is defined as a molecule which, upon manipulation by some external
stimulus, can be reversibly altered between two or more stable states. An ideal solid state
switch is limited to two states which are discriminated by either measuring a conductance
(“on”) or not (“off”). Various stimuli can be utilised to change the properties of single
molecules including: light37:384047.48 electric field3*41743465253 tynnelling current36:394554,
mechanical interaction®>>>%’, and magnetic field***°. However, some of these have been
shown to simultaneously modify a vast number of different molecules. One requirement
for many molecular devices is that only specifically selected molecules are controllably
manipulated at any one time. The invention of the scanning tunnelling microscope (STM)
in 1982%, therefore, was a monumental boon to the research community. The resolution
and fine control afforded by the STM allowed certain manipulation methods to be

explored with single molecular selectivity.

The STM utilises an applied bias between an atomically sharp probe (tip) and a conductive

surface, which are in very close proximity to each other, to promote directional quantum
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tunnelling. The details of this process are discussed in greater depth in Chapter 2, but
essentially, monitoring the current which results from quantum tunnelling during a raster
scan of a surface can produce images of the electron density with atomic resolution.
Alternatively, by recording the tunnelling current over a single point a signal which is
proportional to the LDOS can be obtained. The three linked parameters within an STM
are: the width of the tunnel junction (z) (i.e. the distance between the probe and the
substrate), the bias applied across the tunnel junction (V) and the magnitude of the
tunnelling current (/). By carefully regulating these parameters some of the above
specified stimuli can be achieved with the STM and used as single molecule manipulation

techniques.

By reducing the tunnel junction width (z), for example, the STM tip can be employed to
mechanically alter a surface, as was first illustrated by Eigler and Schweizer in 1990 when
they produced the famous image of “IBM” written in Xe atoms®°. At low bias, the tip can
be forced into close proximity such that it mechanically interacts with the molecule due

to the resulting van der Waals forces.

Modulation of the tunnelling bias (V) varies the electric field which only molecules within
the junction are exposed to. This affords the manipulation of molecules with a permanent
dipole as was illustrated by Yasutake et al. and their work on Tb@Cg,*3. In their case, the
direction of the applied electric field altered the orientation of the polar molecule by

interacting with its dipole moment.

The final parameter, tunnelling current (/), can also be utilised to trigger molecular
alterations. One example of this can be illustrated by the work of Simpson et al. and their
use of inelastic electron excitations to actuate hydrogen tautomerisation>*. They observed
that exposing two different quinone derivatives to electrons of sufficient energy could
excite the molecules and trigger a migration of two hydrogen atoms between two
energetically equivalent positions. Thereby switching the molecule between two stable

structural isomers.

Many of the molecular switches which have already been identified, including those

examples above, employ reversible switching between two different states, i.e.

41,43,53

isomerism>%°%, polarity , spin state®”*® etc.. The versatility of molecular structures,

however, can allow stability of more than just states which equate to “on” and “off”.
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1.2.1 - Multi-state Molecular Switches

Computer processing power has drastically increased with the shrinking of transistors
such that current supercomputers are capable of completing more than 10** commands
per second®. However, the systems are based around binary logic gates (0/1) completing
each command in a sequence. This somewhat limits their capacity. Despite neurons only
triggering ~10% times per second, the human brain is more efficient at processing
instructions than a supercomputer®. This is because neurons form an extensive network
in which each neuron is connected to ~10* neighbours and are capable of processing
information in parallel. This type of network requires each component to be able to adopt
multiple discrete and stable states. This is not achievable with silicon-based solid state

electronics but is within the remit of molecular electronics.

Increasing processing speeds is one option for employing a network of multi-state
molecular switches, but another powerful use for such molecules is to increase the
density of data storage. The same binary logic gates mentioned above are currently
employed in storing data by forming strings of 1s and Os. Though this behaviour can be
imitated by molecular species®, thus continuing the miniaturisation of technology by
shrinking the components involved, employing molecules with multiple stable switch
states has the potential to far exceed the storage capacity possible from binary systems.
A simple example of this can be seen in Fig. 1.2. The top row shows 2 bits (capable of
adopting states which correspond to 0 and 1) and the bottom row shows 2 multi-state
components (let’s call these quadrits since these are capable of adopting 4 states which
correspond to 0, 1, 2 and 3). By considering the counting capacity of each pair of
components (top and bottom rows), the quadrits are observed to be capable of storing

much more data in the same number of units.

This simple illustration (bits counting from 0-3 and quadrits counting from 0-15) highlights
the drastic increase in potential data storage when utilising multi-state components
compared with those with only two states. By employing specially selected molecules and
appropriate manipulation techniques, various research groups have managed to achieve
this'"%, As Fig. 1.2 shows, for 2 data storage units with n stable states the number of
possible solutions can be described as n?. So, for a bit (n = 2) there are 4 solutions. For a
quadrit (n = 4) there are 16 solutions. The work in this thesis will illustrate a single

molecule with 14 stable states resulting in a possible 196 solutions (n? = 142 = 196).
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Figure 1.2: /llustration of two data storage techniques; one composed of bits (a unit

N =

Value of Unit

”

capable of adopting 2 different states [top row]), and one composed of “quadrits

(a unit capable of adopting 4 different states [bottom row]).

The current maximum number of accessible and controllable discrete states on a single
molecule is 6. This was achieved by Huang et al. using a low temperature STM (LT-STM)
to actuate switching within an endohedral fullerene (ScsN@Cgo) adsorbed on Cu(110)-
(2x1)0*8, Vibrational excitation of the Sc—N bonds by inelastic electron bombardment
resulted in the rotation of the ScsN encapsulated within the Cgo carbon cage which in turn
altered the conductivity of the fullerene. One intriguing characteristic that Huang et al.
identified is that the switching mechanism for this molecule is hierarchical. This means
that the activation barriers between the various azimuthal states are non-uniform
affording a degree of control over which states are available depending on the starting

configuration and the energy of the incidental electrons.

One particular benefit of the ScsN@Cso, as highlighted by Huang et al., is that the general
shape of the fullerene is unaffected by the internal motion of the ScsN*. This is a very
desirable feature for multi-state molecular switches because upon integration into a
circuit the switch molecule could maintain permanent electrical contact regardless of the
switch state. As a result of this consistent shape, endohedral fullerenes are of particular

interest when considering potential structures for molecular electronics.
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1.3 - Endohedral Fullerenes

Endohedral fullerenes are molecules composed of a closed carbon cage (e.g. Ceo, C0)
containing another species (e.g. atom, ion or molecule)®2%°, Depending on the size of the
internal species there are a number of different methods of achieving encapsulation

6667 and ion implantation®®. Due to the

including molecular surgery for large molecules
ease of functionalisation and altering properties by changing the encapsulated species,
endohedral fullerenes are being explored for a variety of applications to further the field
of nanotechnology. For example, gadofullerene derivatives (i.e. Gd@Cgo(OH)y) are being
studied for use as MRI contrast agents’, and Ce.@In-Cso has exhibited unprecedented
photo-induced charge transfer capabilities which could lead to efficient solar energy
conversion’. From a molecular electronics perspective, Harneit proposed that pairs of
group-V endohedral metallofullerenes (EMF) could be utilised as qubits’?. The electron
spins of the encapsulated atoms are protected by the fullerene cage and could therefore
be encoded and used in the development of quantum computing. This concept of
endohedral fullerenes acting as qubits is reminiscent of the idea of using these molecules
as switches in molecular electronics. Li@Ceo is one of the simplest endohedral fullerenes

and is the focus of the current work. In order to explore the properties of Li@Ceo, however,

it is useful to first consider those of the empty fullerene.

13.1-Ceo

Ceo, also known as the buckminsterfullerene, was first identified in 1985 by Kroto et al.”.
Due to its shape, the molecule was named after Richard Buckminster Fuller, an inventor
and architect known for designing geodesic structures. In the years closely following the
discovery of Ceo, and especially after macroscale production of it was first realised’, the
examination of the fullerene was extensive”™°, Intriguing behaviour like the ability to
contain other species® and form the basis of a high temperature superconductor®®®2 |ed
to huge initial excitement as to the possible applications of the molecule. However, since
Ceo exhibits such low solubility® commercial-scale production proved evasive and interest
waned. Over the last decade or so interest in the fullerene has experienced a resurgence,
coinciding with both the discovery of Ce in the interstellar medium of space®®> and the

further expansion of the available derivatives®.
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Modification of the Cg can allow easier handling of the molecule since properties like
solubility can be altered by functionalisation’92. Despite this facilitation in the production
of fullerenes, the general properties of these derivatives remain consistent with the
unaltered species”. There are numerous reviews which delve deeply into specific
properties of Ce’> 728, but since a lot of these properties are irrelevant for the current
discussion the following section will only provide a brief description of those most

pertinent to this thesis.

1.3.1.1 - Structure and Properties of Cso

Ceo is a truncated icosahedral molecule composed of 12 pentagonal faces (C5-faces) and
20 hexagonal faces (C6-faces) with a diameter of ~7 A7 (~10 A including the m-electron
cloud®) (see Fig. 1.3). The bonds between C5- and C6-faces (5:6 bonds) approximately
resemble single bonds (~1.45 A), and those between adjacent C6-faces (6:6 bonds)
resemble double bonds (~1.39 A)8”#8, Each of the 60 carbon atoms, therefore, has 2 single
bonds and 1 double bond so the truncated icosahedron forms a conjugated system. The
spheroidal curve, however, prevents the preferred planar orientation of the sp?-
hybridised carbon atoms typical of a conjugated system. This out-of-plane shape induces
strain across the surface of the carbon cage which is responsible for the high reactivity of
the external Ceo surface®. Despite this reactivity, Ceo is the smallest stable cage system;
i.e. reactions will not necessarily rupture the spheroid shape unlike fullerenes with fewer
carbon atoms. This is because it abides by the isolated pentagon rule (see Fig. 1.3).
Adjacent C5-faces, as is required on smaller fullerenes, demand greater curvature of the

bonding plane thus increasing the strain and destabilising the molecule.

o9
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Figure 1.3: Ball and stick model of Ceo.
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When studied in the solid phase at room temperature, Cso adopts a face-centred cubic
(fcc) crystal structure in which the nearest fullerenes are 10.01 A apart®. There is no long
range order in the alignment of the fullerenes since the activation barrier to rotation is
easily overcome by the thermal energy of the system. As this solid is cooled past 249 K
the crystal structure adopts a simple cubic structure and the free rotation is hindered®2.
The hindered rotations result in the fullerenes preferably adopting lower energy
orientations such that the electron rich regions over the double bonds align with the
electron poor C5-faces of the neighbouring fullerenes. Since electrons act as the charge
carriers within the carbon cage, this interaction between neighbouring fullerenes results
in the n-type semiconductor behaviour that is observed for Cso and can be utilised in the

production of n-channel field effect transistors (OFETs)>>%,

Though semiconducting behaviour is already useful for molecular electronics, further
exploration of the electronic properties of Ceo revealed greater versatility. For example,
exploration of intercalation within the fcc crystal structure (but external of the Ceo core)
identified that Cs3Ceo exhibits superconductivity at high temperature (>35 K)®. This
behaviour is known to relate to the electron affinity of Ceo (2.65 eV®*) which makes it an
electron acceptor when interacting with alkali metals and noble metal surfaces. In the
case of the alkali metal doped species (AsCso Where A = any combination of alkali metal
atoms), each metal donates a single electron to the fullerene®8293% According to the
molecular model of Ceo, the HOMO is completely filled by the 60 rt-electrons’. As a result,
the electrons donated by the dopant alkali metals half-fill the LUMO of the cage and are

therefore responsible for the increased conductivity of doped Ceo’®.

The movement of electrons through and around the Cg is of particular interest to the
study of the use of fullerenes within molecular electronics. ldentification of this
behaviour, however, only becomes pertinent once the Cg is adsorbed to a surface and
these effects can be observed within a junction. A myriad of surface science techniques
have been employed in the characterisation of Ce on a plethora of substrates’®9¢124,
Since the vast majority of the analysis contained in this thesis focusses on the Au(111)

substrate examined with scanning tunnelling microscopy, the next section will discuss

STM studies on the Ceo/Au(111) system.
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1.3.1.2 - Ceoon Au(111)

Au(111) is a common surface to explore because it is largely inert allowing the adsorbates
to be minimally affected by the process of adsorption, for example Ceo bonding to Au(111)
is much weaker than Cu(111) and even slightly weaker than Au(110)%. It is also the only
(111) surface of an fcc metal to undergo extensive reconstruction in order to maximise its
stability’?. Due to the zig-zag pattern first observed with an STM??¢, the reconstruction is
referred to as the herringbone reconstruction (see Fig. 1.4 for an example). The
reconstruction is the result of a long-range uniaxial compression along the {110} surface

direction causing ripples in the top layer of Au atoms as 23 surface atoms are

accommodated by 22 atoms on the second layer, essentially forming a 23x+/3 overlayer.

C) fecc bridge hcp bridge fcc
R TR L e e NNy g aqap apap apap
cell N AAANAY Y F

v

vy SR |

’ o - Y Y .
(12) "t WOV D DDV DD
{110} surface atom 2nd layer atom . 3rd layer atom
Figure 1.4: STM images of the 23x+/3 surface reconstruction of Au(111). The fcc and hcp
regions of the herringbone reconstruction are labelled. a) (+0.23 V, 0.34 nA),

b) (+0.02 V, 2.3 nA). c) lllustration of the atomic placement within the unit cell of

the herringbone reconstruction. All images courtesy of the Schaub group.
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Barth et al. first reported on the herringbone reconstruction and identified a
topographical displacement of 0.20£0.05 A across the bright region of the surface!?®.
Though the apparent height of other features in the STM images were bias dependent,
i.e. adsorbed impurities, this “ripple” was not. It was therefore determined to be the
region in which the top layer Au atoms are in transition from fcc-packing (wide regions of
the herringbone reconstruction seen in Figs. 1.4 (a) and (b)) to hcp-packing (narrow
regions in the figure). This changing atomic arrangement across the surface results in

variations in the local reactivity of the surface sites!?®

. When depositing small quantities
of molecules, such as Cep'??, these changes in local reactivity cause preferential adsorption
sites to be observed. Upon deposition of larger quantities of Cso on Au(111) the behaviour

of the system becomes more complex.

Three ordered domains of Cso overlayers have so far been observed with STM when
depositing <1 monolayer (ML): 38x38 (aka “in phase”)', (v/589xy/589)R14.5°'?7 and
(24/3x2+/3)R30°1%°, The prevalence of each 2D domain is closely related to the preparation
conditions of the surface!®122128129 Gimijlarly, under appropriate conditions, and despite
the known weakness of its interaction with Au(111), the chemisorbed Cg is capable of
lifting the herringbone reconstruction such that no ripples are observed across the 2D

arrays of Ceo'?°.

The exact structure of the Au surface beneath these Ceo arrays is difficult to determine.
Techniques like STM cannot observe it since it is buried, and those which are capable of
penetrating the overlayer, like surface x-ray diffraction (SXRD)%, do not have the spatial
resolution to identify specific molecules and the corresponding adsorption sites. The
general description of this surface, however, states that the lifting of the herringbone
reconstruction results in a decompression of the Au surface such that it instead resembles
bulk Au(111) with a surface lattice constant of 2.88 A. This is why the (2v/3x21/3)R30°
packing structure of Ce (illustrated in Fig. 1.5) is the most thermodynamically stable of
the three known domains®. The lattice constant of a (24/3x2v/3)R30° overlayer on the
relaxed Au(111) is 9.98 A which bears a remarkable similarity with the distance between
nearest neighbours in the bulk phase of Ce (10.01 A). Such close agreement results in a
very high commensurability between the (2v/3x2+v/3)R30° Cg domain and the relaxed

Au(111) substrate, hence the thermodynamic stability.

10
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Figure 1.5: Typical STM image (+1.0 V, 0.1 nA) of a portion of a large 2D array of

fullerenes adopting the (2v3x2/3)R30° domain on Au(111). Image courtesy of the
Schaub group.

The STM image (+1.0V, 0.1 nA) in Fig. 1.5 depicts a portion of a large 2D array of fullerenes
which has adopted the (24/3x21/3)R30° packing structure on the Au(111) substrate. Each
shape within the array represents a fullerene. The variation in the appearance of the
fullerenes is observed regardless of the packing domain that the molecules adopt. Similar
to the prevalence of each domain, the distribution of these molecular appearances is

closely linked to the preparation conditions04106:110,117,127,129

The molecular appearances are bias dependent in STM images and are often described as
shapes with segments of varying number, position and brightness. It is widely known that
these segments relate to the intramolecular structure of the Cs'%>3%; the 6:6 bonds are
electron rich resulting in the HOMO forming on the C6-faces, whereas the 5:6 bonds are
electron poor and form the LUMOs on the C5-faces. Understanding this allows the
adsorption orientation of each Ceo to be identified by the molecular appearance at positive
and negative bias. This is illustrated by the ball and stick models (top row) and the
corresponding simulated STM images (bottom row, courtesy of Wang et al.*!) in Fig. 1.6.
The adsorption orientations are named for the uppermost feature of the carbon cage

(coloured red to facilitate identification in Fig. 1.6 (a)).

11
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Figure 1.6: Ball and stick models (top row) and simulated STM images of the unoccupied
states of Cep (bottom row, reprinted figure with permission from [Wang et al.,
Physical Review B, 63, 085417 (2001).] Copyright 2019 by the American Physical
Society®®'). These pairs illustrate the following adsorption orientations of Cso:

a) C6-Ceg, b) 6:6-Cosp, €) 5:6-Cop, d) C5-Cs0, and e) C-Ceo.

To simplify comparison between the simulated STM images and the ball and stick models
in Fig. 1.6, the uppermost C5-faces are coloured with respect to their proximity to the
STM tip. Blue C5-faces are uppermost on the Cg (closest to the tip) and purple C5-faces
are further from the top. The position and relative height of the C5-faces is what
determines their contribution to the contrast in the simulated STM images of the
fullerenes. The further a C5-face is from the STM tip the dimmer the corresponding

segment, hence the fading purple within the ball models.

Fig. 1.6 (a) depicts a C6-Cqo, so called because of the C6-face at its apex. The adjacent C5-
faces impart a three-fold rotational symmetry to the molecule. Fig. 1.6 (b) illustrates a
fullerene with a double bond between two C6-faces uppermost on the cage and as such
is referred to as a 6:6-Cep fullerene. This adsorption orientation has two C5-faces equally
close to the STM tip so the corresponding segments are identical and therefore the
molecule has a two-fold rotational symmetry. Fig. 1.6 (c) represents a fullerene with a
single bond between a C5-face and C6-face uppermost on the cage and as such is referred
to as a 5:6-Ceo fullerene. The three C5-faces presented in this model result in a molecular
appearance with three segments and one-fold rotational symmetry because one of them
(blue) is closer to the apex of the cage than the other two (purple). Fig. 1.6 (d) depicts the

C5-Ceo orientation of a Cs molecule named after the C5-face at its apex which is

12
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surrounded by C6-faces resulting in a fullerene appearance with five-fold rotational
symmetry. Finally, Fig. 1.6 (e) illustrates a Ceo that is adsorbed such that a single carbon
atom is at the fullerene’s apex and is henceforth referred to as a C-Ce fullerene. This
adsorption orientation has two dominant C5-faces (blue and deep purple) which are
asymmetrically displaced from the STM tip and this results in a molecule with two
segments of inequivalent brightness and one-fold rotational symmetry. When imaging
with mediocre STM resolution, C-Cg fullerenes are occasionally mistaken for 5:6-C¢o due
to both molecular appearances having asymmetrical segment structures and one-fold

rotational symmetry in the STM images.

Observing the uppermost feature of a fullerene also allows identification of the feature of
the Ceo cage that is closest to the substrate due to the symmetry of the molecule. Cg is a
truncated icosahedron, a shape with a point of inversion symmetry at its centre. This
causes the uppermost cage feature, which can be observed by STM, to be equivalent to a
180° rotation of that which is adsorbed to the substrate, as is illustrated by the C6-Cg in
Fig. 1.7. This is useful for identifying the Ceo on the Au(111) surface but it becomes integral

when considering the specific interactions within the molecular system.

As mentioned above, the (24/3x2v/3)R30° packing order is the most thermodynamically
stable overlayer for Cso on Au(111)*°. The high commensurability results in each Cep in the
overlayer adopting the same adsorption site. Theoretical attempts to properly determine
the most thermodynamically favourable adsorption configuration for Cso on Au(111) are
numerous, but are yet to reach a unanimous description®104106.117.132-136 ‘The gdsorption
configuration contains information on the Cg adsorption orientation (as illustrated in Fig.
1.6), the azimuthal orientation of the fullerene and the specific adsorption site on a

Au(111) substrate (i.e. hcp, fcc, top or bridge site).

The interaction between Cg and the Au(111) has been identified as covalent-like since
there is only minimal charge transfer between the molecule and the surface (~0.2
electrons)33134 The covalent-like nature of this interaction leads to the suggestion that
the 6:6 bonds (which form the HOMO) are dominant in the interaction since these are
electron rich and can partially donate the electrons therein. Therefore, the greater

number of 6:6 bonds in proximity to the surface, the stronger the interaction between

13
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a) b)

Figure 1.7: Diagrams illustrating views of a C6-Ceo both a) orthogonal and b) parallel to
the Au(111) substrate to facilitate differentiation between the C5-faces which are
adjacent to the uppermost and lowermost C6-faces. These are indicated by the blue

and pink pentagons, respectively.

the two. This interaction explains why C6-Ce is widely known to be the preferred
adsorption orientation (as seen in Fig. 1.7). However, determination of the most

favourable surface site configuration remains open for discussion.

133,134 jdentified the adsorption configuration seen in Fig. 1.7 to be preferable,

Wang et al.
considering both the azimuthal orientation of C¢ and the surface site. Their calculations
revealed that the hcp surface site of a relaxed Au(111) substrate is preferable over fcc,
top or bridge sites. They also observed minor activation barriers to rotation of the Cq,
thus identifying this azimuthal orientation (Fig. 1.7) to be preferred over the others which
were examined. Considering the position of the 6:6 bonds on the lowermost Cé-face (see
Fig. 1.7 (a)), this orientation matches what is expected from the covalent-like nature of
the molecule-surface interaction. The 6:6 bonds are aligned with the 3 Au atoms which
form the hcp surface site, thus resulting in greater overlap between the HOMO and the
surface states, causing a stronger interaction. With a stronger interaction comes more
charge transfer which will affect the molecular appearance of the fullerenes in STM
images. The adsorption orientation is known to be at least partially responsible for the

variation in brightness of the molecular appearances!®®?3° (as illustrated by the simulated

STM images in Fig. 1.6) but the charge transfer resulting from each orientation is expected

14
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Figure 1.8: Ball and stick model of C6-Cso adsorbed to a nanopit (single atom vacancy).

to exacerbate this. Stronger bonding with the substrate leads to greater charge transfer
and thus provides one suggestion as to why the C6-Cg are dimmer than the other

adsorption orientations in the STM image in Fig. 1.5.

Other theories suggest that this enhanced charge transfer is insufficient to properly
describe the “dimming” that is observed for the C6-C¢ in the above STM image (Fig. 1.5).
Instead a topographic effect caused by a single atom vacancy, or “nanopit”, was proposed
by Gardener et al.'®®. Subsequent calculations identified that this would allow the
adsorption configuration seen in Fig. 1.8, which is shown to be even more
thermodynamically favourable than that depicted in Fig. 1.7°%104117.129 The surface
reconstruction resulting in these nanopits is thought to be sufficient to explain the
“dimming” observed in the STM image for two reasons. Firstly, since each C-atom on the
lowermost C6-face aligns with a surface Au-atom (see Fig. 1.8) this further increases the
charge transfer from the substrate!®. Secondly, the commensurability of the overlayer
results in the non-C6-Cso adsorbing to the top-sites. Without the reported strength of
interaction exhibited by the C6-Cso these other adsorption orientations do not cause the
formation of a nanopit. This, in turn, causes a greater geometric height difference
between the C6-Ceo and non-C6-Ceo exacerbating the difference in apparent height as seen

in the STM image.

Theoretical and experimental data illustrating nanopits are reported, and widely
accepted, on Cu(111)¥, Ag(111)*%%, and Au(110)¥%'%°, The identification of these
reconstructions is often used as justification for suggesting nanopits on Au(111) too.

However, these surfaces interact with Cso more strongly than Au(111)!’. In a recent

15



Henry Chandler Chapter 1

paper!®2, Villagémez et al. identify that the theoretically calculated adsorption energy of
a C6-Cgo adsorbed to a nanopit (3.36 eV) is much greater than the experimentally observed
value achieved by the monolayer thermal desorption experiments completed by Tzeng et
al. (1.90 eV), This suggests that, though the C6-Cso/Au(111)-nanopit configuration may
be the most thermodynamically favourable adsorption configuration®®%* such large-
scale reconstruction of the relaxed Au(111) substrate (resulting in ~4% surface
vacancies'®) is not achieved naturally during sample preparation. However, thermal
desorption, much like LEED'® and XRD®%, is an averaging technique, so these results must

also be taken with some scepticism.

As the discussion above illustrates, the (24/3x2v/3)R30° overlayer of Ce on Au(111) is a
complex system and the configuration of it remains a topic of discussion. As such, this will
be discussed in greater depth in section 4.1.2.3 with reference to a Au(111) sample

prepared during this work.

The main reason that the specific adsorption configuration for Cso on Au(111) is sought
after is linked to the charge transfer since this is known to be affected by the adsorption
orientation!?. The variations in the charge transfer become particularly important when
considering the molecule’s uses within molecular electronics®®!!, Both the charge
transfer and shielding effect are thought to be closely linked to the molecular orbitals and

how these interact, not only with the substrate but with neighbouring Ceo.

1.3.1.3 - Super-atom Molecular Orbitals (SAMOs)

The molecular orbitals lying close to the Fermi level (HOMO, LUMO, LUMO+1 etc.) are
centred on the atoms on the carbon cage, as was illustrated above when identifying the
orientation of adsorbed species. However, upon imaging higher energy unfilled states of

1.°7 observed a delocalised band which resembled a

1D and 2D arrays of Ceo, Feng et a
nearly-free electron (NFE) band more closely than a combination of individual molecular
orbitals. Studying the isolated species with STM and DFT, Feng et al. identified that the
higher energy molecular orbitals adopt wavefunctions with unusual properties. These
molecular orbitals are: more diffuse (extending far beyond the surface of the carbon

cage), centred on the core of the Cgo (rather than the carbon atoms), and symmetrically
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Figure 1.9: Calculated workfunctions of the three lowest-lying Cso SAMOs for an isolated
fullerene in the gas phase. Adapted with permission from Zhao et al., ACS Nano 3,

853-864 (2009)**2. Copyright 2020 American Chemical Society.

similar to hydrogenic atomic orbitals (see Fig. 1.9, adapted from Zhao et al.1*?). As a result
of this symmetry Feng et al. referred to these as super-atom molecular orbitals (SAMOs)
and labelled each based on the atomic orbitals with which these shared a likeness: s-

SAMO, p-SAMO, d-SAMO etc.”142143,

The s-SAMO for Cg (as seen in Fig. 1.9) is the lowest energy SAMO but is still observed
several eV higher than the LUMO®’. For the example above (isolated and in the gas phase)
the p- and d-SAMOs are higher in energy still. This is due to the SAMOs being the result of
the combination of the 3s (and higher) atomic orbitals from the carbon atoms on the Cgo®°.
The hybridisation of these diffuse atomic orbitals results in the wavefunctions of the
SAMOs also being very diffuse and extending far beyond the surface of the carbon cage,
both inside and outside the fullerene. It is this diffusivity which lends itself to the
formation of NFE bands when SAMOs hybridise in 1D and 2D assemblies of Cgo. Further
studies have found that SAMOs are not only limited to Ce but that many systems share
similar symmetries for higher energy molecular orbitals?** 2%, |t is thought that these
systems may also exhibit NFE band behaviours which could be exploited in the

development of molecular electronics.

Since the SAMOs extend beyond the confines of the molecules, perturbations induced
externally or internally can be employed to tune the properties of the SAMQs14%147-151,
One simple method of applying an external perturbation to the SAMOs is adsorption to a
substrate. Reecht et al.'*> acquired constant current differential conductance (dl/dV) STM

images of an isolated fullerene in the Ceo/Cu(111) system. Their images (see Fig. 1.10,
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Iso - LDOS
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Figure 1.10: Calculated wavefunctions (top row) and experimental constant current
di/dV images (bottom row) of an isolated Ceo on the Cu(111) surface as studied by
Reecht et al.**>. The SAMOs are referred to by their quantum numbers rather than
atomic orbital symmetries. From left to right these equate to the s-, p~ and px,-
SAMOs. Figure adapted from Reecht et al., New Journal of Physics 19, 113033
(2017)*** courtesy of the CC-BY 3.0 license.

adapted from Reecht et al.**®) highlight the loss of degeneracy when a species is adsorbed
to a surface; the py- and p,-SAMOs remain degenerate (hence the ring shaped px,-SAMO
instead of lobes as suggested by Fig. 1.9) but the p,-SAMO is stabilised due to greater

interaction with the surface states.

Sufficient stabilisation of the SAMOs by adsorption to a substrate could provide a facile
route for conduction. One application for such behaviour has been identified by Guo et

151 jn their work towards molecular methods of solar energy conversion. In their

al.
molecular dynamics calculations, they observed that the interfacial charge transfer from
the s-SAMO of the fullerene to the substrate in the Cs/M0S; system is 100 times faster
than electron-phonon interactions which would lead to excitation of the molecule. This is
the result of strong hybridisation between the substrate and the SAMO. This hybridisation

is one method of manipulating the energy of the SAMOs by external perturbations,

another method unique to fullerenes is encapsulation.

The SAMOs of fullerenes are centred on the core of the molecule. By encapsulating
another species within that hollow the energies and symmetries of the SAMOs can be

drastically altered by hybridising with the valence states of the dopant species®’ 142,
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Figure 1.11: Calculated workfunctions of the three lowest-lying Li@Cs SAMOs for an
isolated fullerene in the gas phase. Adapted with permission from Zhao et al., ACS

Nano 3, 853-864 (2009)**2. Copyright 2020 American Chemical Society.

Cu@Ceo, for example, is suggested to exhibit metallic-like conduction because calculations
indicate that the encapsulation of Cu lowers the s-SAMO of the endohedral fullerene
below the Fermi level of the system?!*2. Li@Ce is another example of an endohedral
metallofullerene (EMF) which calculations suggest exhibit SAMOs which are stabilised by

the encapsulation of Li®”142,

One important distinction between Cu@Cg and Li@Ce is the position of the dopant. Cu,
with its high ionisation potential, remains central to the carbon cage resulting in
stabilisation of the SAMOs but minimal alterations to the symmetries of them. Li,
however, has a low ionisation potential. Combined with the high electron affinity of Ceo™,
the Li partially donates its valence electron to the carbon cage and the consequent
Coulomb interaction causes the Li to stabilise off-centre’>2. Not only does this affect the
energies of the SAMOs but calculations indicate that it alters the symmetry too (see Fig.
1.11, adapted from Zhao et al.*?). The off-centre position of the Li within the Li@Ceo, and
its subsequent effect on the SAMOs, is the particular appeal for this fullerene from a
molecular electronics perspective. As such, the next section focusses specifically on the
current status of research into the properties and hypothesised potential applications of

Li@Ceo.

1.3.2- Li@Ceo
The inclusion of a single atom within a fullerene was observed shortly after the first
identification of Cg®. Encapsulating a Li atom within Ceo, therefore, was an early

consideration but due to its poor solubility the majority of preliminary works on Li@Ceo
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Figure 1.12: Ball and stick model of Li@Cgo

were theoretical’®>’, The concept of Li ion bombardment circumvented the solubility
issues’™® but it wasn’t until Tellgmann et al.*® improved the method that experimental
exploration of the Li*@Cso became more widespread. Okada et al.®® further enhanced the
production scale by employing Li* plasma instead of a beam, and this led to the reduction
method which Ueno et a/.1%%%6! developed to produce the neutral molecule Li@Ceso. With
these methods allowing production of both Li@Cso and Li*f@Cso in workable amounts

studies of the properties of both are numerous.

1.3.2.1 - Structure and Properties of Li@Ceg

The first point to raise is the charge transfer within the molecules. As mentioned above, the low
ionisation potential of the Li and the high electron affinity of the Ceo result in a charge transfer to
the latter. This is calculated to be equal to ~0.65 e°%1621%3 The Coulomb interaction resulting from
these partial charges is the reason for the characteristic off-centre position of the Li within the
carbon cage (see Fig. 1.12). Since the Ceo is known to act as an electron buffer for this molecule®,
the partially charged state of the encapsulated Li is consistent for both Li@Ceo and Li*@Cso. This
means that any difference between the properties of the two molecules can be largely associated
with the oxidation state of the Ceo i.e. Li@Ceso is often referred to as Li*@Cso. However, any
differences that have been observed are merely quantitative, therefore, the endohedral fullerene
shall simply be referred to as Li@Ceo for the remainder of this thesis. Another reason for this
grouping is that adsorption to a metal substrate, as in the current work, neutralises any charge
which has been induced on the carbon cage due to the electron source/sink nature of the metal.
Itis this surface interaction which could be the origin of the enhanced adsorption energy for Li@Ceo
(2.91 eV) compared to that of Ceo (2.24 eV) observed by Yamada et al.1%5, but this requires further

exploration before it can be confirmed.
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The ball and stick model above demonstrates the Li position to be displaced from the
centre of the Cg along one of the 3-fold rotationally symmetric axes which passes through
a Cé6-face and the centre of the carbon cage. Numerous calculations and experimental
measurements have been conducted to determine the off-centre displacement of the
encapsulated Li. These are seen to vary depending on the theoretical technique
employed!®3157,162163,165-171 andq experimental environment in which the Li@Ceo is
observed'’2173, put the displacement is generally considered to be ~1.5 A. Though the
partial charge transfer from the Li to the Cq is sufficient to cause this displacement, it is a
localised perturbation and thus is anticipated to have only a minor effect on the energies
of the LUMOs when compared to those of an empty Ceo'*2. However, the SAMOs are
centred on the core of the carbon cage and theory suggests these will hybridise with the
valence orbitals of any species which is encapsulated®. The asymmetry induced by the
~1.5 A displacement, therefore, is expected to alter both the symmetries (as shown in Fig.
1.11) and energies of the SAMOs considerably!*?'*, However, this is yet to be

experimentally observed.

Though the effect on the SAMOs is uncertain some other properties resulting from the
encapsulation have been recorded. For example, the increased conductivity of the thin
films when compared with those of Cso'’#17>. One suggestion for the origin of this property
is the partial charge induced on the carbon cage by the donation from the Li. This lowers
the LUMO sufficiently that it can be more easily accessed for conductance. Besides the
enhanced conductivity of the molecule, which has obvious connections to molecular
electronics, the manipulation of the Li within the carbon cage is also of interest as a

potential single molecule switch.

1.3.2.2 - Migration of Li within Li@Ceo

Migration of the Li around the internal surface of the Cg has been studied fairly
consistently over the past 30 years!®*1°6:157,162,166,169,170,173,174176-179 " After the off-centre
position of the Li was identified it was a natural progression to consider harnessing this
and employing the deliberate manipulation of the Li as a molecular switch. Early
theoretical studies of Li@Cgo identified that the energy barriers to migration are easily
overcome at room temperature®®®’%, These were confirmed shortly after by Raman and

infrared spectroscopic measurements completed by Gromov et al.X’#'’°, Further studies,
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both theoretical’®® and experimental’’>'¢178 then identified that the Li retains its
preference for the C6-faces of the Ceo cage. This means that at temperatures greater than
100 K there are 20 distinct positions which can be adopted by the Li*”’. However, these
experiments employed temperature!’®'’7 and terahertz radiation’®'’® to trigger the
migration of Li within the solid phase (Li*@Ceo)[PFs]” salt. Different manipulation
techniques are required to achieve the single molecular selectivity desired for the

utilisation of Li@Cso as a molecular switch.

The STM has been shown as an effective tool for exploring single molecule manipulation,
as is discussed above. With a mind to STM, Delaney et al. explored the potential for
utilising an electric field for activating the Li-migration within a single Li@Cso*®°. However,
their calculations identified a “Faraday cage-like” shielding effect of the Ce cage. This
shielding is linked to the polarizability of the carbon cage which acts to protect the core
of many fullerenes® 818 |n the case of Li@Ceo, the electric field which penetrated the
carbon cage was reduced to only ~25% of the magnitude of that which was externally
applied™®. From their calculations Delaney et al. concluded that the magnitude of the
electric field required to trigger a manipulation of the Li would preferentially cause

desorption of the molecule instead.

Another technique which is afforded by the use of an STM tip is excitation by current
injection. This is the direction Jorn et al. took with their calculations®2. Similar to the
experimental work of Park et al. in their studies of Ceo as a single molecule transistor®,
Jorn et al. contained Li@Ceo between two metallic electrodes and observed the
nanomechanical oscillations under the applied current. These oscillations were as a result
of both the Cgo “rattling” against the adsorbed electrode and the Li “shuttling” between
two fixed positions within the carbon cage. Jorn et al. identified that an inelastic, resonant
tunnelling event was required to couple the injected current with the internal dynamics.
Despite the promising results of these calculations, single molecule Li-manipulation has

not been achieved experimentally until now.

1.4 - Justification of this Work

Bearing in mind the current status of research regarding Li@Ceo as described in this
introduction, the initial goal of our work was to experimentally determine, for the first

time, the downshift of the SAMOs due to the encapsulation of Li. This work was achieved
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in collaboration with Eleanor Campbell’s research group at the University of Edinburgh
who provided the DFT and gas phase photoelectron spectroscopy data which aided in this
identification. Their gas phase techniques would allow this downshift to be observed with
relative ease, however, due to the preparation methods required for the Li@Cg the
results would be combined with those of Cg. By adsorption to a surface and observation
with LT-STM techniques, we were able to achieve identification of single molecules and
therefore, isolate the behaviour of Li@Cso from Ceo. After introducing the experimental
techniques utilised in this investigation (see Chapter 2) and the experimental set-up with
which the data was acquired (see Chapter 3), the analysis of the surface-bound molecular

system will be discussed (see Chapter 4).

At the time of starting the project there was no STM analysis of Li@Ce, since Yamada et
al.®> were completing their studies simultaneously. The first step, therefore, was to
identify the Li@Cso on the chosen substrates: primarily Au(111) for its inertness but also
Cu(110)-(2x1)0. Since Yamada et al. completed their research on Cu(111)'®* we remain
the first to publish STM analysis of the molecule on these substrates!®®. The initial
observations were towards determining the adsorption configuration of the Li@Cgo under
different preparation conditions and compare these with those known for Cg. Once the
adsorption configuration was understood, the electronic structure was also explored such
that the effect of the Li-encapsulation could be appropriately identified for the first time.
Introducing a frame of reference, whilst also conducting the experiments at ~5 K, was
expected to allow spatial distribution of the SAMOs to be determined too, similar to the
work Reecht et al. reported for Ceo*'>. This would provide further evidence to compare
with the angularly resolved gas phase spectroscopy completed by our collaborators since
their data, necessarily, is averaged over all possible orientations. Efforts towards both the
identification of the surface-bound molecular system and observation of these SAMOs

will be discussed in Chapter 4.

The final goal for this experimental investigation was to explore the potential for achieving
single molecule manipulation of Li@Cgo such that internal Li-migration could be actuated
within selected stationary fullerenes. Not only in an attempt to localise the Li-migration
which has been observed across samples of Li@Ceso, but to determine the number of
distinct final states which can be adopted with a mind towards its use as a multi-state

molecular switch. The conclusive proof of these manipulations will be discussed in

23



Henry Chandler Chapter 1

Chapter 5, along with a proposed mechanism for the manipulation. This mechanism
suggests the SAMOs allow the carbon cage to be circumvented, thus avoiding excessive

molecular excitation.

After a conclusive identification of the molecular manipulation, Chapter 6 will summarise
the observations made throughout this project and propose further paths for exploration
of surface-bound Li@Cgo. Specifically focussing on experimental proof of the proposed

manipulation mechanism.
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2 - Methods

The following chapter will describe the STM techniques employed in the analysis of the
surface-bound Li@Cso system studied during this thesis. Firstly, the scanning tunnelling
microscope will be introduced. Followed by a brief introduction to the theory of quantum
tunnelling, the phenomenon upon which the microscope relies to investigate surfaces.
This will lead to a discussion of the standard types of imaging and spectroscopic analysis
available when employing an STM at low temperature. Finally, the concept of single
molecule manipulation will be discussed and the specific methods utilised in exploring the

activation of Li-migration within a surface-bound Li@Cso will be presented.

2.1 - Scanning Tunnelling Microscope (STM)

The scanning tunnelling microscope (see Fig. 2.1 for example schematic) was invented by
Binnig, Rohrer, Gerber and Wiebel in 1981 and employs a phenomenon called quantum
tunnelling to analyse the surface of a substrate. Very simply, quantum tunnelling occurs
when two conductive electrodes are brought close enough for their wavefunctions to
overlap. This means that there is a probability that the electrons can leave the surface of
one electrode, tunnel through the vacuum and progress into the other. By replacing one
electrode with a metallic probe, images of the surface can be attained by raster scanning
the probe across a surface and recording the flow of tunnelling electrons. Upon achieving

suitable stability within the microscope, images of single atoms can be acquired.

Young et al. were the first to experimentally observe the phenomenon of electron
tunnelling?. They designed a set-up which they named a “topografiner” and appeared very
similar to a scanning tunnelling microscope (STM). However, they were plagued by
mechanical vibrations which prevented them from achieving the atomic resolution which

was observed by Binnig et al. after their invention of the STMZ.

The mechanical stability attained by Binnig et al. has been further improved upon using
common techniques like suspending the STM with springs or using magnetic levitation.
Also, separating the microscope housing from the surrounding building by placing it on its
own foundations or using air dampening legs. Improvements to the signal to noise ratio

have also been achieved by using shielded coaxial cables and converting the very low
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Figure 2.1: Basic schematic of the STM consisting of a conductive sample, a current
amplifier and an STM tip positioned by piezoelectric ceramics which respond to the
feedback controller and the computer. Depending on the technique, the signal

received by the computer is translated into spectra or 2D images.

tunnelling current (~nA) to a voltage signal. This converted signal is preferred because it
is less susceptible to noise from other electrical interference sources as it travels to the

digital signal processing (DSP) board.

It wasn’t long before the impact that the STM could have on the progression of surface
science was recognised by the scientific world. This is illustrated by the Nobel Prize in
Physics that Binnig and Rohrer won in 1986, only 5 years after the invention of the STM.
Since then the field of scanning probe microscopy (SPM) has exploded and other
revolutionary techniques have also been developed, like atomic force microscopy (AFM)
and Kelvin probe force microscopy (KPFM). Further refinements have been made to each
probe technique allowing hugely complex measurements to be achieved. For STM these
techniques include, for example, scanning with modified tips*>, vibrational
spectroscopy®’ and atomic manipulation® under a large range of environmental
conditions. All of these STM techniques are based on the concept of quantum tunnelling,
therefore an understanding of this must be achieved before any data analysis can be

approached.
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2.1.1 - Quantum Tunnelling

Quantum mechanics employs the Schrodinger equation (eq. 1) to describe the behaviour
of elementary particles, like electrons. Wavefunctions are used since the particles exhibit
wave-like behaviour as determined by the de Broglie equation (eq. 2). A more accurate
description considers these particles as wavepackets which have an inherent uncertainty
in their position and momentum, as described by the Heisenberg’s uncertainty principle
(eqg. 3). However, for the purposes of this introduction to quantum tunnelling, utilising

Schrédinger’s equation to describe the elementary particles is sufficient to illustrate the

phenomenon.
5%y 8mn’m
+ E—-uw=0 eq. 1
h
A=— eq. 2
p
h
Ax - Ap = > eq. 3
Where: 1 = wavefunction, m = mass, h = Planck’s constant, E = kinetic energy,
V = potential energy, A= wavelength, p= momentum,

N . N h
Ax = uncertainty in position, Ap = uncertainty in momentum, and h = >

Considering this wave-like behaviour of the particles, the introduction of a potential
barrier to the system results in some interesting observations. First, an infinitely high
potential barrier will result in reflection of the particle, which agrees with how classical
physics would describe the system. However, when one considers a finite potential well
the wavefunction of the incidental particle extends beyond the edge of the potential
barrier into a region which is forbidden by classical mechanics. This is known as quantum

tunnelling.

The simplest description of quantum tunnelling (see Fig. 2.2) considers a free particle
described by the wavefunction y; (x) with energy E;. This particle starts in a 1D potential
well (region 1) approaching a rectangular potential barrier of energy VV (region 2). Since
E, <V, classical mechanics states that the particle cannot progress and is reflected by
the potential barrier. However, for small particles like electrons, the solution of the
Schrédinger equation for region 2 shows that there is a non-zero probability of the particle

progressing beyond the edge of the potential barrier. If the potential barrier, for example
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Figure 2.2: Simplest illustration of quantum tunnelling: a free particle (i), (x), energy of
E,, solid black line, region 1) approaches a rectangular potential barrier (height of
V, width of d, region 2). A portion of the wavefunction is reflected at the barrier
(x = 0) (grey dashed line), but there is also a portion which enters the rectangular
barrier (region 2). The wavefunction within the barrier is described by ,(x), the
amplitude of which decays exponentially across region 2. Upon exiting the barrier

(region 3) the particle acts as a free particle described by P (x).

a region of vacuum between two metal electrodes, is finite in length there is a chance that
the particle will propagate through to region 3 where it returns to behaving like a free
particle. This example of quantum tunnelling (employing two metal electrodes separated
by a narrow region of vacuum) was first conceived of more than 90 years ago®'° and is

the basis for the scanning tunnelling microscope.

The wavefunction for the particle in regions 1, 2 and 3 are represented by egs. 4,5 and 6

respectively:

Pi(x) = A; - etf¥ + Ap - e7lkx eq. 4
Po(x) =B-e k> eq. 5
Y3(x) = C-elk> eq. 6
Where: A; = amplitude of incident wavefunction, Az = amplitude of reflected

wavefunction, B = amplitude of tunnelling wavefunction, C = amplitude

of transmitted wavefunction, k = f@= wavenumber of the
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2:m(V—Eo)

2 which replaces k when Ey <V (i.e. in

particle, and k' =

region 2) since this would make k imaginary.

The wavefunction for the particle in region 1 of Fig. 2.2 is composed of two parts:
A; - e" ¥ which represents the incident particle (solid curve), and Ag - e "% which
describes the reflected portion of the wavefunction (dashed curve). Upon breaching the
first edge of the potential barrier (x =0 in Fig. 2.2) and entering region 2, the
wavenumber (k) becomes imaginary because the energy of the particle is less than that
of the potential barrier (E; < V). As such, this wavefunction is instead described with the
wavevector k. This results in the loss of the wave-like nature of the particle propagating
through the potential barrier, instead the amplitude of the wavefunction decays
exponentially. If the potential barrier is finite in width, the amplitude of the wavefunction
upon reaching the terminating edge of the barrier (x = L in Fig. 2.2) is non-zero. This
results in the particle exiting the barrier, reacquiring its wavelike behaviour and
propagating freely again (region 3 in Fig. 2.2). The wavefunction for the particle in region
3 exhibits the same wavelength as in region 1 but with a smaller amplitude due to the

exponential decay as it progresses through the potential barrier.

The probability of a particle tunnelling through a potential barrier is known as the

transmission probability (T') and is described by the following equation:

[,|2 =T o e=2krd eq. 7
The exponential relationship between the transmission probability and the width of the
potential barrier is the behaviour that Binnig et al. sought to employ in their design of the
STM. It is also what affords the technique such high vertical resolution. This will be

discussed further in this chapter.

2.1.2 - Scanning Tunnelling Microscopy (STM)

STM enables the study of the electron density of a surface by replacing one of the
electrodes in Fig. 2.2 with a scanning probe, or “STM tip”, and applying a bias between

the two electrodes to promote tunnelling in a specific direction (see Fig. 2.3).
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Figure 2.3: /llustration of the effect of changing the applied bias between two
conducting electrodes (i.e. tip and sample). Red arrows indicate the direction of
electron tunnelling. a) A positive bias of magnitude Vap is applied to the sample. b)
A negative bias of magnitude Vqupi is applied to the sample. In this illustration, the

STM tip is grounded.

Fig. 2.3 illustrates the effect of applying a bias across the electrodes in an STM junction.
By applying a positive bias to the sample with respect to the tip, the Fermi level of the
sample is lowered. Tunnelling is therefore promoted from the valence band of the tip into
the conduction band of the sample, providing information on the unfilled states of the
sample (Fig. 2.3 (a)). Applying a negative bias to the sample reverses this, instead probing

its filled states (Fig. 2.3 (b)).

Fig. 2.3 is an overly simplified representation of the band structure of a system being
studied. However, it does raise one issue which requires refinement of the description of
guantum tunnelling utilised in Fig. 2.2. The previous description (Fig. 2.2) is a reasonable
first approximation of quantum tunnelling, but is quickly complicated with the
introduction of non-ideal potential barriers, like those exhibited in Fig. 2.3 (trapezoidal
rather than rectangular). Since the height of the potential barrier changes across the
width of it (indicated by the slope of the dashed line in the tunnel junction), the value of
k' will also change. This alters the decay rate of the particle as it propagates through the

barrier. In an attempt to describe the tunnelling current through these potential barriers
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an approximation was identified, known as the Wenzel-Kramers-Brillouin (WKB)

approximation®?,

The WKB approximation essentially treats a non-ideal potential barrier as if it were an
infinite number of consecutive ideal barriers. This allows the varying k’ to be accounted
for and produces infinite transmission probabilities which can be multiplied together to
form the transmission probability for the non-ideal barrier. This is represented by the

following equation:

T e—%f:,/z-m(V(x)—Eo)ax eq. 8
The integral represents the combination of the infinite number of ideal barriers that
approximate the non-ideal barrier where V' (x) is the potential barrier height at x when:

0<x<L.

Despite the application of the WKB approximation, the exponential decay exhibited by
the wavefunction in the potential barrier is qualitatively similar. As understanding of the
phenomenon of quantum tunnelling progressed, however, the WKB approximation was
considered overly simple since it treats both electrodes as having featureless density of

states (DOS). This is obviously not true when studying real electrodes.

The first success towards describing the tunnelling current more realistically was made by
Bardeen?? but only considered the case where the states being probed were close to the
Fermi level (<10 meV). By making two assumptions: a) tunnelling is a single electron
process (no interactions within the tunnel junction) and b) that the tip and surface are
sufficiently separated to avoid direct interaction, Bardeen produced a definition of the
probability of electron tunnelling using time dependent perturbation theory and Fermi’s

golden rule. This approximation was later expanded upon by Tersoff and Hamann.

Firstly, Tersoff and Hamann explained the exponential dependence of the resolution that
is afforded by STM?3, and followed this by recognising that the tunnelling current is
proportional to the local density of states (LDOS) of the sample!®. These conclusions both
centre on the assumption that the apex of the STM tip can be considered a spherical s-
orbital upon probing a surface at energies close to the Fermi level (see Fig. 2.4). As such,
the DOS of the tip are considered constant and can therefore be excluded from being

responsible for any variation observed in the tunnelling current.
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Figure 2.4: /llustration of the Tersoff-Hamann*** and Chen®*® models of the apex of

an STM tip during tunnelling when in proximity to the Fermi level.

The Tersoff-Hamann model of an s-orbital terminated tip also provided an explanation for
why atomic corrugation could be achieved in STM imaging®. Due to the exponential decay
of the tunnelling current in the tunnel junction, 90% of the tunnelling current is
transmitted through an apex atom (assuming a tip structure like in Fig. 2.4). This allows
the tunnel current to be assigned to specific coordinates as the tip is raster-scanned across
a surface, and hence an image of the electron density of a region of the surface can be

acquired.

Upon considering the corrugation of such experimentally acquired STM images, Chen
suggested that the Tersoff-Hamann model of the apex of an STM tip was insufficient since
the corrugation was greater than an s-orbital would record®®, Instead they suggested
that the d,z-orbital of the apex atom was responsible for transmitting the tunnelling
current. The difference between these two conclusions is illustrated in Fig. 2.4. When
scanning close to the Fermi level (*meV), the Chen model is considered most accurate.
However, at higher scanning bias (~1-3 V) this model proves insufficient and the WKB
approximation is used instead. In depth analysis of STM images therefore requires a

different model depending on the bias regime in which the images are recorded.
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Figure 2.5: /llustration of the two most common scanning modes for STM: a) constant
current scanning tunnelling microscopy (c.c. STM) and b) constant height scanning

tunnelling microscopy (c.h. STM).

STM images are 3D representations of the electron density of a surface at a selected bias
range, the x and y coordinates of the tip are two of the dimensions and the third is
conveyed by the contrast within the images. On a clean, monometallic surface the map of
the electronic density is comparable to a topographical map since the atoms all have the
same electronic structure. When studying mixed metal surfaces or systems with
adsorbates this comparison is no longer reliable since they have different electronic

structures (as is shown in Fig. 2.5).

Fig. 2.5 illustrates the two most common scanning modes employed by an STM, how they
respond to the electronic density as the surface is scanned, and how this signal can differ
from the topographic appearance of the surface. The first is constant current scanning
tunnelling microscopy (c.c. STM) (see Fig. 2.5 (a)). In this scan mode a feedback loop in
the electronics of the microscope is employed to ensure the piezoelectric ceramics
maintain a constant tunnelling current (/) throughout the raster scanning of the probe
(see the red line profile in Fig. 2.5 (a)). These ceramics moderate the distance between
the tip and the surface (see the black line profile in Fig. 2.5 (a), this is the z-signal).
Throughout the scan the tip can be seen reacting to the atomic corrugation of the
substrate. However, in region 1 of the profiles (between the corresponding dashed lines)

the tip retracts as the tunnelling current increases due to the proximity of the step edge.
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Note that the tip reacts before the step edge is directly below it, this is due to tip
convolution. In region 2 of the scan, the tip encounters an adsorbate with a wavefunction
that does not extend as far as the bare surface. In order to maintain the required
tunnelling current the tip approaches the surface causing a dip in the z-signal. Due to the
response of the tip, the variation in the electronic density appears like a height change
across an STM scan. However, the interaction with the adsorbate in region 2 highlights
that it does not always correspond with topographic variation. As a result, the z-signal in

this scan mode is referred to as apparent height.

Fig. 2.5 (b) illustrates the same portion of the surface scanned by the other most
commonly used scanning mode; constant height scanning tunnelling microscopy (c.h.
STM). In this case, the tip maintains a constant height (z) (see the black line profile in Fig.
2.5 (b)) and the varying tunnelling current (/) illustrates the changing electron density of
the surface (see the red line profile in Fig. 2.5 (b)). In this instance the same data is
collected, with respect to the changing electron density of the substrate in regions 1 and

2, but the useful information is instead observed in the tunnelling current profile (/-signal).

There are advantages and disadvantages to both of the above mentioned scanning
modes; the requirements of the system and the intended investigations determine which
is employed. Over atomically flat planes, c.h. STM is often preferred since raster speeds
can be increased because the piezoelectric ceramics do not need to alter the vertical
component of the tip trajectory. However, variation in the topography of the substrate,
due to multiple terraces or large adsorbates for example, can result in the probe colliding
with the sample which is likely to be detrimental for both the tip itself and the substrate.
By engaging the feedback loop during data collection, c.c. STM can accommodate for large
topographic height variation since the displacement of the tip can be adjusted to maintain
a constant tunnelling current. This allows expansive areas of surfaces and large
adsorbates to be examined without endangering the scanning probe. During these scans,
the sensitivity of the feedback loop is very important as this determines the
responsiveness of the piezoelectric ceramics (which control z) to variations in the
tunnelling current (/). If the sensitivity is too low the probe responds slowly and features
of the image are smoothed out resulting in distortions on the surface. If the sensitivity is

too high the signal can cause ripples to appear on the image as the piezoelectric ceramics
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overcompensate for the variation in current and oscillate during the scan. The sensitivity

of the feedback loop therefore determines the speed at which the scans can be recorded.

For the purpose of the current work, c.c. STM is preferred over c.h. STM for its versatility.
The size of the fullerenes (~7 AY diameter, ~10 A including the m-electron cloud®)
prevents the simultaneous scanning of molecules and bare surface in constant height
mode. Though c.c. STM requires more time to scan the surface, this does not cause issues
within the current work since the microscope is cooled to ~5 K which prevents diffusion
of adsorbates and limits thermal drift. Cooling the STM allows further techniques to be

employed in the study of surfaces. These will be the topic of the next section.

2.2 - Low Temperature Scanning Tunnelling Microscope (LT-STM) Techniques

Operating an STM at low temperatures is commonly achieved by employing cryogenic
liquids to cool the microscope (i.e. LN, and LHe). This is fairly regularly used with STM
studies since it quenches the surface, fixing the substrate and adsorbates in place. Not
only does this immobility afford the possibility of identifying specific adsorption sites and
orientations of molecules, but also the possibility of manipulating single atoms or
molecules. Another benefit of cooling the substrate is that the thermal drift is minimised,
the STM tip can therefore be positioned over a single molecule for minutes (even hours)
at a time. This allows the study of the electronic structure of the molecule using

spectroscopic techniques.

2.2.1 - Scanning Tunnelling Spectroscopy (STS)

Scanning tunnelling spectroscopy (STS) is the most commonly utilised technique to
examine the electronic structure of single molecules. Other methods of acquiring this
information, such as PES, are incapable of being molecule specific so the results are
representative of all species in the system. A standard STS procedure fixes the x and y
coordinates of the STM probe such that the transmitted tunnelling current is recorded
only through a single point. This leaves three parameters which can be monitored and
manipulated to vary the data acquired; tip-sample displacement (z), the tunnelling

current (/) and the bias applied to the system (V). There are many different modes of STS
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Table 2.1: Table showing some common types of scanning tunnelling spectroscopy.

Constant parameter Varied parameter Examined signal
z v /
z % (c.h.) di/dV
z % d’l/dv?
/ v z
/ % dz/dVv
/ % (c.c.) di/dV

which can reveal different information about a surface or an adsorbate. By fixing one of
the above parameters, controllably varying another and monitoring the response of a
third, different properties can be examined. Table 2.1 shows some of the most commonly

employed combinations of this technique.

The first combination in Table 2.1 is a mode in which the tip-sample displacement (z) is
maintained whilst the tunnelling bias (V) is varied over a specific range, and the resulting
current (/) is monitored. As a result of these parameter changes, the tunnelling current is
expected to increase with the magnitude of the bias since the number of electronic states
available for tunnelling also increases. This relationship is more striking when considering
the first derivative of this signal (differential conductance [dI/dV]) since these variations
are observed as peaks. This dI/dV signal can be acquired by employing either of two
methods. The first is numerical differentiation of the I/V signal, however this can result in
noisy spectra so more commonly a bias modulation is superimposed onto the bias ramp.
This, in turn, induces a modulation in the tunnelling current and the dl/dV signal is then
recorded by using a lock-in amplifier. A lock-in amplifier is a device which identifies the
portion of the incoming signal which shares the frequency of the superimposed bias
modulation and strongly attenuates all other signals in the spectrum. This leaves a much
cleaner dlI/dV signal for analysis. Though the dI/dV signal is known to be proportional to
the LDOS™92° no compositional data can be directly analysed from this technique so it
must be used in conjunction with other analytical methods (e.g. XPS, AES, DFT) in order

to identify adsorbates/molecules on a surface.

In the current work, two modes of dl/dV STS are utilised in the analysis of the adsorbed

fullerenes. The first is referred to as constant height differential conductance
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spectroscopy (c.h. di/dV STS) since the tip-sample displacement is held constant as the
variation in the tunnelling current is recorded. The second is referred to as constant
current differential conductance spectroscopy (c.c. di/dV STS). As the name suggests, this
technique maintains a constant current as a bias with a superimposed modulation is
swept across the range of interest. In order to maintain a constant current the tip-sample
displacement varies, however, the recorded signal is not this displacement but the small
variations in the current as the piezoelectric ceramics readjust. The majority of di/dV
spectra discussed in the following chapters are acquired with a bias modulation of 50

mVpp oscillating at 1470 Hz, and the c.c. dl/dV spectra have a set point of 0.1 nA.

Both c.h. and c.c. di/dV STS are utilised in the analysis of Ceo and Li@Ceo because of the
large range of biases that is required during the study of these fullerenes. Due to
limitations in the dynamical range of current measurement, the c.h. di/dV STS technique
is constrained to sweeping a small bias range. If this range is increased, the preamplifier
responsible for current measurement is likely to saturate. This can be circumvented if the
gain stage of the preamplifier is reduced, but this comes with a reduction in the sensitivity
of the measurement. This behaviour is not observed for c.c. dl/dV STS. The resonance
peaks in c.c. di/dV spectra can be recorded over a much larger range because the current
is moderated by the tip-sample displacement. One drawback of c.c. dI/dV STS is that
crossing the Fermi level (V=0) leads to crashing the tip into the surface as it attempts to
maintain a rapidly reducing tunnelling current by approaching the substrate. Another
drawback for this technique is that the signal is not proportional to the LDOS of the
molecule. More complex correction factors must be applied for the c.c. dl/dV signal®! than
for the c.h. dI/dV signal**?® in order to relate it to the LDOS. Without these corrections
quantitative comparisons between the techniques are meaningless since specific

resonance peaks will differ in energy.

Beside the single point techniques that are afforded by the above mentioned
spectroscopic modes, both c.c. and c.h. dI/dV STS can also be applied to complementary
imaging modes. By applying a small modulation to the tunnelling bias during a raster scan
a small portion of the spectrum is recorded on each point of the image, compiling these
spectra results in a 2D map of a portion of the electron density. This technique is known
as differential conductance scanning tunnelling microscopy (dl/dV STM). Careful selection

of the appropriate parameters (scanning bias, modulation and scan speed) can allow
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images of specific electronic resonances to be captured. The most common method
engages the feedback loop during scanning which results in the simultaneous capture of
c.c. STM and c.c. dI/dV STM images. The images acquired are a reasonable approximation
of a 2D map of a portion of the LDOS and thus lead to useful discussion regarding the
distribution of electron density at different energies. These dl/dV imaging techniques are
time-consuming but provide spatial representation of the orbitals which can be beneficial

for the discussion.

2.2.2 - Manipulation of Adsorbates

After the successful utilisation of the STM probe in observing the electron density of single
atoms, it wasn’t long before the idea of manipulating these atoms was conceived. Though
a small hop conceptually, it was no easy feat to accomplish. It wasn’t until almost 10 years
after the design of the STM that a different team at IBM, this time in California, first
achieved controlled atomic manipulation with a cryogenically cooled STM&. Since then
atomic and molecular manipulations have been studied via various methods resulting in
a plethora of responses such as: lifting of single atoms?* and polymerisation reactions®.
Most importantly for this project, however, are those responses which are reversible and

could be utilised within a molecular switch.

As was introduced in section 1.2.1, there are numerous manipulation methods which can
be employed using an STM tip. These are controlled very similarly to the various
spectroscopic modes detailed above; the three parameters (tip coordinates [x, y, z], / and
V) can be varied, monitored and maintained. In this case an alteration of the molecule is
desired, not merely an observation of its state. Some previous methods that have been

26-29

explored include use of the electric field between the tip and the surface**~*°, mechanical

manipulation (both vertical and lateral*®32) and excitation by inelastic electron collision3~

37

The method of manipulation predominantly used in this project is similar to a technique
employed by Schulze et al.3®% in their work studying the decomposition of Ceo on surfaces.
In their work, they employ resonant tunnelling to efficiently excite the selected molecule
until decomposition of the carbon cage occurs. Resonant tunnelling occurs when the
incidental tunnelling electrons share the same energy as one of the molecular orbitals of

the adsorbate, as illustrated in Fig. 2.6.
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Figure 2.6: /llustration of how resonant tunnelling occurs when an adsorbate is
introduced into a tunnel junction. The adsorbate is represented by the energy levels
in the tunnel junction (purple) between the tip (grounded) and the metal sample.
Resonant tunnelling electrons can be transmitted to the sample with no energy loss
(upper red arrow), or after interacting with the adsorbate and losing energy (lower

red arrow).

Fig. 2.6 is a simple illustration of how resonant tunnelling electrons can interact with
molecules inserted into the tunnel junction of an STM. Electrons traversing the tunnel
junction can be transmitted to the sample by two methods. Elastic tunnelling electrons
lose no energy to the adsorbate before being transmitted to the sample, this is very
efficient but requires the incidental electrons to share the energy of a molecular orbital
in the adsorbate. The second method is inelastic tunnelling, these electrons lose energy
upon interacting with the adsorbate and thus are transmitted to the sample with less
energy than when leaving the tip. This excitation of the molecule can result in a variety of
responses. Schulze et al.*®% identified thermal excitation of the Cso which resulted in more
efficient decomposition of the carbon cage when the incidental electrons coupled with
the LUMOs (LUMO, LUMO+1 etc.) of the fullerene. The current work uses resonant

tunnelling slightly differently, and thus the manipulation method varies appropriately.

The dominant manipulation technique used during this work involves selecting a
tunnelling current set point and disengaging the feedback loop. The manipulation
parameters are then chosen such that a constant tunnelling bias is applied to the fullerene

and a z-offset is utilised to lift the tunnelling current as required. During the application
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of these parameters the tunnelling current is monitored for spontaneous changes which
denote an alteration to the tunnel junction. Though the parameters vary slightly
depending on the manipulation being explored, the standard parameters used
throughout this thesis are +5.0 V and £1.85 pA. Any variation from these is detailed in the

relevant text in Chapter 5.

The second manipulation technique utilised in this work matches that described by
Schulze et al. since decomposition of the fullerenes is the intended consequence3®%.
Instead of selecting and maintaining both parameters throughout the manipulation
process (as described above), this second technique involves maintaining a constant
tunnel bias as the STM tip is forced closer to the substrate. This increases the tunnelling
current, which is monitored, until such a point where a spontaneous reduction is observed

indicating an alteration to the tunnel junction. The manipulation parameters are then

removed and the STM returned to the set point.
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3 - Experimental

What follows is an account of the experimental set up and procedures employed during

the undertaking of this research.

3.1 - Instrumentation

The system used to acquire all of the STM images and spectroscopy in the following
chapters is a CreaTec Low Temperature Scanning Tunnelling Microscope (LT-STM) cooled
to ~5 K. Not only does this low temperature prevent spontaneous molecular migration on
the surfaces but it minimises both thermal creep and drift of the piezoelectric ceramics,
and reduces the z-noise to about 1 pm. CreaTec are a German manufacturer of highly
customisable ultra-high vacuum (UHV) systems who work closely with their clients to

design systems to suit specific experimental requirements.

For this project the UHV LT-STM system (see the CAD model in Fig. 3.1) houses a Besocke
beetle-type microscope? inside a chamber which can be isolated from the rest of the
system using gate valves (Fig. 3.1 (e)). The microscope is suspended by springs within a
double layered radiation shield and is cooled by two cryostats (15 L outer and 5 L inner,
see Fig. 3.1 (6)). The whole system is situated on four Newport Dampener Legs (Fig. 3.1
(g)) which can be inflated with nitrogen gas to provide added vibrational isolation for the
most delicate experiments. These are rarely needed, however, because the housing is
situated on a 14 tonne concrete block which acts as its own foundations. This separates
the system from the rest of the building minimising the vibrations which could be
transmitted to the microscope from elsewhere in the department. A pressure of <10
mbar is attained in the microscope chamber by a combination of turbo-molecular vacuum
pumps and ion pumps (Fig. 3.1 (b)). This level of cleanliness and stability are vital for the
projects discussed below due to the requirement to study single molecules for days at a
time. This complex system (Fig. 3.1) can be simplified by considering the 6 distinct sections
and discussing the role of each in the process of moving the sample from the workbench

and into the microscope for analysis.
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Figure 3.1: Front and back views of the CAD model (kindly supplied by CreaTec and
published with their permission). a) Load lock with magnetic arm. b) Pumping
system comprised of turbo-molecular pumps and ion pumps. ¢) Manipulator arm.

d) Preparation chamber. e) STM chamber. f) Cryostats. g) Newport dampener legs.

3.1.1 - Load Lock

The load lock (Fig. 3.1 (a)) is a small chamber that is most often used for easy transfer of
samples in and out of the vacuum chambers. The uppermost flange allows for either a
copper-gasket sealed permanent view-port (with a base pressure of ~10° mbar) or a
hinged view-port sealed with a Viton ring (with a base pressure of ~107 mbar). The
magnetic arm facilitates quick transfers between the load lock and the preparation
chamber. The load lock also has a gate valve allowing direct access to the turbo-molecular
pumping system positioned below it. This facilitates removal of the majority of the

vacuum from the load lock before introducing the sample to the preparation chamber.

3.1.2 - Pumping System

The pumping system (Fig. 3.1 (b)) can be split into three distinct sections: the combination
of pumps which remove the bulk of the pressure from the system, the ion pumps and the

additional pumps.
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The first set of pumps, located beneath the load lock, are responsible for reducing the
pressure throughout the system from atmosphere (1 bar) to ~10%° mbar (UHV), and for
maintaining sufficient cleanliness in the preparation chamber during sample preparation.
This is achieved by a combination of a two-stage membrane pump which reduces the
pressure behind a 60 L/s turbo-molecular pump so that it can bring the pressure to ~10®
mbar. This small turbo-pump is responsible for reducing the pressure behind the 240 L/s
turbo-molecular pump which achieves the standard operating pressure of ~10° mbar

throughout the UHV system.

The ion pumps are used to achieve the highest levels of cleanliness in the system since
turbo-pumps are inefficient when working with lighter species such as hydrogen and
helium. The preparation and STM chambers each have an ion pump to ensure they can
be isolated from each other whilst maintaining sufficient cleanliness. These pumps are
rarely turned off but gate valves can be employed to separate them from their respective
chambers in order to maximise the operational lifespan. This is particularly useful during
preparation of the samples when employing partial pressures greater than 10° mbar or
gases which can be harmful to the pumps (e.g. Ar for sputtering and O, for Cu(110)-(2x1)O

reconstruction).

The additional pumps on this system are mostly combination pumps (a singular unit with
a 60 L/s turbo-molecular pump backed by a two stage membrane pump). This type of
pump is used in two places: the manipulator and gas storage system to maintain the
cleanliness of these lines, and during preparation of the molecular evaporator. In the
second case an additional 60 L/s turbo-molecular pumping unit is also employed to ensure
the evaporator achieves sufficient pressures and cleanliness before introduction to the

preparation chamber.

3.1.3 - Manipulator

The manipulator arm (Fig. 3.1 (c)) affords control over the sample once it is transferred to
the preparation chamber from the load lock. The four-degrees of freedom for the
movement of the manipulator (x, y, z and 360° rotation) allow the millimetre precision
required when positioning the sample holder for each stage of the preparation, and
transferring it in and out of the STM. The temperature of the manipulator can be finely

controlled by a combination of resistive heating and cryogenic cooling employing,
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respectively, a set of wires and a capillary tube running along its length. Type K
thermocouple wires (alumel/chromel) allow accurate temperature reading of both the
sample and the manipulator at mid-range temperatures, and at extreme temperatures
give an error of only £50 K. This heating system allows a large range of temperatures to

be experimented with (~20 K = >750 K).

3.1.4 - Preparation Chamber

The preparation chamber (see Fig. 3.1 (d) and the blue portion of Fig. 3.2) is where the
majority of surface modification occurs before the sample is transferred into the STM
chamber (see Fig. 3.1 (e) and the red portion of Fig. 3.2). Besides the devices required for
preparation of the samples, there are also some analytical techniques available in the

preparation chamber. The flanges utilised for these devices are labelled in Fig. 3.2.

The Ar* ion gun (Fig. 3.2 (a)) is used to clean the substrates by repeated sputter/anneal
cycles to ensure a good quality surface for the deposition of the intended species. Some
sample preparations require the introduction of deliberate partial pressures of selected
gases, this is achieved by the 2 small reservoirs with needle valves which are connected
to the gas inlet (Fig. 3.2 (b)). These needle valves allow very fine control over the pressure
so that accurate conditions could be repeated in the preparation of specific surfaces, for
example the Cu(110)-(2x1)O which will be introduced in section 3.2.1.2. These gas
reservoirs are connected to the gas storage system, which is mentioned above, but also
to an inlet on the STM chamber such that small amounts of gases could be introduced

directly into the microscope if desired. This function is not utilised in the following work.

The other components attached to the preparation chamber include: a storage garage for
other samples and spare STM tips (Fig. 3.2 (c)), an ion pressure gauge (range of 10°-1012
mbar) (Fig. 3.2 (d)), a view-port into the vacuum system (Fig. 3.2 (e)), an Auger electron
spectroscopy (AES) unit and low energy electron diffraction (LEED) device with fluorescent
screen (Fig. 3.2 (f)), and a residual gas analyser (RGA) mass spectrometer (range of 0-100
amu) (Fig. 3.2 (g)). The final occupied flange on the preparation chamber has a gate valve
attached to it allowing the molecular evaporator to be separated from the preparation
chamber (Fig. 3.2 (h)). This allows for baking and degassing of the molecular samples
before introduction to the UHV system ensuring the cleanliness of the system can be

maintained.
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Figure 3.2: Magnified images of the front and back views of the CAD model in Fig. 3.1.

To facilitate identification of the two chambers the preparation chamber is shaded
blue and the STM chamber is red. The labelled positions correspond with flanges
which accommodate the following devices: a) Ar* ion gun, b) gas reservoirs, c)
sample storage garage, d) ion pressure gauge, e) window, f) Low Energy Electron
Diffraction (LEED) and Auger Electron Spectroscopy (AES), g) residual gas analyser
(RGA) mass spectrometer, h) gate valve to separate the molecular evaporator from

the preparation chamber, i) windows for the STM chamber.

Due to the system of pumps described above, the standby pressure in the preparation
chamber is typically <102° mbar. Maintaining this pressure is important to avoid transfer
of pollutants into the STM chamber when placing the sample in the microscope for
analysis. This transfer process was delicate since the view-ports on the STM chamber (Fig.
3.2 (i)) only allow limited visual access past the radiation shields and into the microscope

itself.

3.1.5 - STM Chamber

The STM chamber (Fig. 3.1 (e)) houses the microscope which is suspended on springs,
further stabilisation is afforded by magnets which dampen any movements induced in the
microscope by external vibrations. The microscope is also shielded from radiation to
ensure that the cryostats can maintain a constant temperature on the sample. This
reduces the thermal drift to ~1 A/hr in the x and y directions and 1 pm/hr in the z direction.

The wiring in the microscope is set up such that the bias is applied to the sample. When
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operating at negative biases, therefore, the filled states of the surface are probed and vice

versa.

In order to minimise the noise induced in the signal between the tip and the digital signal
processing (DSP) unit, the current transmitted to (or from) the tip is converted to a voltage
signal by a variable gain, low noise Femto pre-amplifier. Voltage signals are less
susceptible to noise than current signals; with the working currents employed in this
microscope (~nA) the noise induced in the signal would be significant given the metres of
coaxial cabling along which the signal is transmitted. The DSP converts the voltage into a
signal which can be processed by the scanning software (detailed in section 3.3) into the

images and spectra used for analysis.

3.1.6 - Cryostats

The entirety of the following work is achieved at ~5 K by utilising cryostats filled with
cryogenic liquids (Fig. 3.1 (f)). The inner cryostat (5 L) is regularly filled with liquid helium
(LHe) and the outer cryostat (15 L) with liquid nitrogen (LN;). Since LN, is more readily
available and reasonably cheap the outer cryostat is used as insulation for the inner
cryostat, thus reducing the rate of evaporation of the LHe. This helps maintain stability
because top ups are only required every couple of days. We are fortunate that our
department has an inbuilt LHe recovery line capable of retaining >95% of the LHe,

recompressing it and allowing waste to be minimised.

3.1.7 - Sample Holder
Each of the metal single crystals employed during this project is attached to a sample
holder in order to interface with both the manipulator and the STM. An illustration of the

sample holder can be seen in Fig. 3.3.

The “top hat” single crystal metal samples (Fig. 3.3 (a)) (detailed in section 3.2.1) are
secured with a tantalum clip (Fig. 3.3 (b)) to maintain a solid contact between the sample
and the button heater oven (Fig. 3.3 (c)) ensuring efficient heating of the sample. The
oven is held in place by a ceramic collar (Fig. 3.3 (d)) allowing the height of the oven to be

accurately set whilst the set-up in Fig. 3.3 is constructed, but more importantly insulating
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Figure 3.3: CAD rendered image of the sample holder (kindly supplied by CreaTec and is
displayed with their permission). The labels indicate: a) the single crystal metal
sample, b) the tantalum clip, c) the button heater oven, d) the ceramic collar and e)

the ceramic backplate.

it from the sample holder which is predominantly made of copper. Two pairs of wires pass
through small ceramic pieces in the sample holder and contact the electrodes on the
ceramic backplate (Fig. 3.3 (e)). One pair is connected to the button heater supplying both
the resistive current for heating the sample and the bias application for STM
measurements. The other pair are the Type K thermocouple wires which enable

temperature measurements whilst in the STM and during the sample preparation.

3.2 - Preparation

The work of Gardener et al. on Ce on Au(111)? in combination with advice from our
collaborators in the Campbell group formed the basis of our preparation process for
Li@Ceo. The preparation of the samples follow general protocols for Cso on metal
substrates as seen in the literature?™. Once the sample holder is introduced to the vacuum
system the metal crystal is cleaned by repeated sputter/anneal cycles and prepared for
the molecular deposition. The specific conditions for the surface preparations can be seen
in Table 3.1, these vary with the metal crystal and the type of surface required. For
example, the Au(111) sample is prepared with 2 different molecular structures (large 2D
arrays of fullerenes and small islands with some isolated species, see Chapter 4 for details)
but the Cu(110) crystal undergoes a partial oxidation before the fullerenes are deposited.

The preparation of these surfaces is the discussion for the following sections.
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Table 3.1: Preparation conditions for each of the three surfaces studied below.

Metal Crystal: Au(111) | Au(111) Cu(110)

Ordering of Large Small Islands/ | Decorated

Fullerenes: Islands Isolated Edges/Isolated

Temperature (K): 300 300 300

Beam Energy (eV): 1500 1500 1000
Sputtering:

Ar* lon Current (nA): | 0.7 0.7 0.7

Duration (mins): 7.5 7.5 7.5

Temperature (K): 823 823 773
UHV Annealing:

Duration (mins): 15 15 15
Sputter/Anneal: | Cycles: 2 2 2

Treatment: N/A N/A Oxidation (0,)
Surface Temperature (K): N/A N/A 623
Modification: Pressure (mbar): N/A N/A 5x10°8

Duration (s): N/A N/A 45

Molecule: LI@Cso LI@CGO LI@Ceo

Sample Temp. (K): ~290 ~320 ~320
Sample

Molecule Temp. (K): | ~663 ~663 ~663
Deposition:

Pressure (mbar): ~1x107 | ~5x10® ~5x1078

Duration (mins): 8 4 4
Post-Adsorption | Temperature (K): ~570 ~320 ~320
Anneal Duration (mins): 0.5 60 60

3.2.1 - Metal Single Crystals

3.2.1.1- Au(111)

Au(111) was selected for this project largely due to the inertness of the surface, as

described in section 1.3.1.2. Since the spectra obtained are to be compared with gas

phase spectra, minimal surface induced perturbations are desired. The cleaning process

is fairly simple for Au(111) requiring only 2 sputter/anneal cycles before the molecular

deposition (as seen in Table 3.1).
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Figure 3.4: Cu(110)-(2x1)0 reconstruction. a) STM image (250 mV, 32 pA) of a partially

oxidised Cu(110) surface with a small patch of the Cu(110)-(2x1)O reconstruction
indicated by the overlay. Image courtesy of the Schaub group. b) Ball model of the
Cu(110)-(2x1)O reconstruction which illustrates the atomic arrangement of the

surface.

3.2.1.2 - Cu(110)

The purpose for including the Cu(110) crystal in this exploration is to allow direct

comparison between our di/dV STM images and those which are observed in literature®.

The Cu(110) surface is more reactive than Au(111), but oxidation is known to somewhat

passivate this reactivity as it results in a reconstructed surface (Cu(110)-(2x1)0) which is

commonly used as an alternative to Au(111). The reconstruction, as shown in Fig. 3.4, was

first identified by Jensen et al.” and has previously been utilised to study Ce®®. This

provided some useful background knowledge for the current analysis. Fig. 3.4 (a) shows

a portion of this reconstruction (with a partial overlay to identify the unit cell) alongside

an unaffected region of the Cu(110) surface. Fig. 3.4 (b) is a model showing the atomic

construction of the overlayer.

Fig. 3.4 (a) is an STM image (250 mV, 32 pA) showing the difference between the

reconstructed oxidised-Cu(110) (right side of image) and the unaltered surface (left side).

The overlay illustrates the unit cell for the Cu(110)-(2x1)O reconstruction which can be

compared to the unit cell in the ball model of the substrate in Fig. 3.4 (b). The rectangular
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packing of the reconstructed copper surface may express an anisotropic perturbation on
the adsorbates, rather than the hexagonally close-packed Au(111) substrate. However,
the passivation as a result of the oxygen is intended to reduce this perturbation effect

preventing any strong interactions between the molecular overlayer and the substrate.

3.2.2 - Molecular Sample

The [Li*@Cso](PFs) samples utilised during this project are a product of Idea International
Inc. (>99% purity)®, supplied to us by our collaborators in Edinburgh. These samples are
prepared by placing the salt in a homemade molecular evaporator (Fig. 3.5). This
evaporator is then degassed before the molecular sample is sublimed (~663 K) and the
fullerenes are deposited on the substrates. The degas procedure is important because it
removes the vast majority of the PF¢ (which acts as a stabilising ligand for the Li*@Ceo)
from the salt before sample preparation. However, the degas temperature must be
carefully monitored because Li@Ceo begins to decompose when exposed to temperatures
in excess of ~570 K'°. This decomposition results in the ejection of Li from the carbon cage,

thus the molecular sample is instead composed of a combination of Li@Cg and Ceo.

The crucible (Fig. 3.5 (a)) is composed of a capillary tube with a ceramic insert with two
holes. These holes allow the Type K thermocouple wires direct access to the molecular
sample affording more accurate temperature measurements during preparation. These
thermocouple wires are accessed via the indicated electrodes (Fig. 3.5 (b)). The crucible
is also wrapped in tungsten wire which is evenly distributed along its length to ensure
homogeneous heating of the crucible via resistive heating. Copper rods (Fig. 3.5 (c)) allow
external power supply access to provide the tungsten wire with the current required for

heating the crucible.

Once compiled, the molecular evaporator (Fig. 3.5) is attached to the UHV system such
that the blue portion of the image above is under vacuum and the red portion is not. This
affords access to the thermocouple wires and resistive heating system from outside the
vacuum. The molecular samples are subsequently degassed for a number of hours at
temperatures between 420 K and 620 K to remove the PFg. This leaves only the Li*@Csgo

to be deposited on the metal substrates.
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Figure 3.5: This homemade molecular evaporator is composed of: a) crucible, b)
connections daffording accurate measurement of the temperature of the molecular
sample, and c) copper rods which connect to the external power supply enabling
heating of the crucible. Blue represents the portion of the evaporator inside the UHV

system, the portion which remains outside is red.

3.2.3 - Surfaces

Once the metal single crystal samples have been prepared (following the conditions
observed in Table 3.1) and the molecular evaporator has been degassed, the surfaces can
be prepared for observation. Heating the molecular sample to ~663 K results in an effusive
beam of Li*@Ceo. For the Au(111) sample with large 2D arrays of fullerenes, the substrate
is maintained at room temperature during the molecular deposition, but for the other
Au(111) sample (small islands and isolated fullerenes) and the Cu(110)-(2x1)0O sample the

metal substrates are maintained at ~320 K.

After the deposition is completed, the first Au sample is subjected to a flash anneal to
~570 K for 30s in order to trigger the mass transport of fullerenes before rapidly
guenching the substrate with LN, to transfer into the microscope. However, the other two
substrates are maintained at ~320 K for an hour after deposition to ensure any remaining
pollutants are desorbed from the surface and only minimal diffusion of the fullerenes is
observed. These samples are also quenched with LN, before being transferred into the

microscope for observation.
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3.3 - Software

The software used to record the following data is the proprietary software supplied by

CreaTec (AFM-STM) and provides sufficient functionality to complete all acquisition

measurements required. This includes the bias modulation which allows internal lock-in

techniques to directly record differential electronic spectroscopy.

Igor Pro (from Wavemetrics) is predominantly used to analyse the data and relies on a set

of useful procedures that have been computed in-house.

The following chapters discuss the observations resulting from the various analyses of the

different Au(111) and Cu(110)-(2x1)0O substrates described in this chapter.
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4 - |dentifying the electronic structures of Li@Cso and Ceo on Au(111) and

Cu(110)-(2x%1)0 substrates

The following chapter aims to identify the electronic structure of Li@Ceo and compare it
with that of Ceo such that the stabilisation effect of the Li-encapsulation can be
determined. The surfaces which will be discussed are composed of a mixture of the
fullerene molecules adsorbed on both the Au(111) and Cu(110)-(2x1)O substrates after
the preparation cycles described in the previous chapter. Each set of preparation
conditions results in a slightly different molecular overlayer due to the varying post-
adsorption anneal temperatures. Three systems are studied in total: large 2D islands on
the Au(111) surface as a result of extensive molecular diffusion at elevated temperatures
(~570 K) (section 4.1), small islands on Au(111)with some isolated Li@Cso resulting from
a lower anneal temperature (320 K) (section 4.2), and a system with isolated fullerenes

on Cu(110)-(2x1)O (section 4.3).

As discussed in section 1.3.1, C¢ has been studied by STM on various substrates with
increasingly improving imaging resolution™, This means there is a wealth of information
to refer to and build upon. However, the experimental studies presented here are

1. published their work

amongst the first to report on surface-bound Li@Ce (Yamada et a
on Cu(111) during the data collection of this project). In order to determine the
differences between the electronic structures of Cso and Li@Ceo, both must first be

identified on each of the three surfaces.

4.1 - |dentifying the electronic structures of Li@Ceso and Ceo on Au(111) after a post-

adsorption anneal at ~570 K

The following section will first focus on identifying the fullerene structures on Au(111)
which result from the molecular deposition and post-adsorption anneal at ~570 K (section
4.1.1). With a focus on the 2D arrays, the adsorption configurations exhibited by both
Li@Cso and Cgo Will be identified and their population distribution analysed (section 4.1.2).
Upon differentiating between the Li@Cg and Ceo present on the substrate the electronic
structures of each will be explored; firstly by scanning tunnelling spectroscopy (sections

4.1.3 and 4.1.4), and subsequently by c.c. di/dV STM imaging (section 4.1.5).
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4.1.1 - Identifying the 1D and 2D arrays of fullerenes

Au(111) has been selected as a substrate for this exploration due to its chemical inertness.
This results in weakly coupled adsorbates allowing for more reliable comparison with the
gas phase experiments that were completed by our collaborators. Evaporating the
molecular sample onto the Au(111) crystal and subsequently flash annealing it at ~570 K
(as detailed in section 3.2) results in the surface exhibited by Fig. 4.1 (a). Upon scanning
the surface with standard parameters (+1.0 V, 0.1 nA) three different regions are
immediately recognised. The first and most apparent is the large hexagonally close-
packed 2D island of fullerenes. Each of the small, rounded protrusions within the island
on the left of the STM image is a fullerene, irrespective of the various apparent heights.
The second region on the surface is the empty terrace with visible herringbone
reconstruction (see bottom right corner of Fig. 4.1 (a)). The third region of interest is the
partially decorated step edge that presents the fullerenes in distinct dashed lines (see top
right corner of Fig. 4.1 (a)). The behaviour that formed these three regions will be

explored further below.

Alarge hexagonally close-packed island of fullerenes (>100 nm across) dominates the STM
image (Fig. 4.1 (a)) and is one of many like it across this substrate. The variation in
apparent height of the fullerenes within the island is reminiscent of the behaviour of Ceo
on Au(111)¥21317-20 however there is no obvious indication of the presence of Li@Cego.
Two explanations are possible: that the Li@Ceo is indistinguishable from the Cgo at this
scanning bias, or that there are no Li@Ceo within the island. A refined strategy is therefore
required to determine whether Li@Cqo is present in the 2D array. The random distribution
of these apparent heights is also similar to what is observed for some pure Ceo islands. It
is reported that, after low temperature post-adsorption anneals, the islands adopt highly
ordered structures with domains of fullerenes assuming identical adsorption
orientations®. As the anneal temperature is raised, more disorder is introduced into the
packing structure and the islands approach closely-packed arrays of fullerenes with a
random distribution of adsorption orientations. This results in an island with various

apparent heights like that observed in Fig. 4.1 (a).
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Figure 4.1: a) STM image (+1.0 V, 0.1 nA) of the Au(111) substrate after post-adsorption

flash anneal to ~570 K. b) Line profiles extracted from the STM image with arrows
indicating the step height of Au(111) and the apparent height of the fullerenes with

respect to each terrace.

Inspection of Fig. 4.1 (a) does not reveal which terrace the island is adsorbed to; it could,
therefore, be stabilised at the top of the step edge or at the bottom, as one might naively
expect. The line profiles in Fig. 4.1 (b) can be used to determine this. The red curve shows
the apparent height of the island with respect to the lower terrace is ~6.6 A + 0.5 A,
whereas the blue curve shows a height difference of ~4.5 A + 0.5 A between the island
and the upper terrace. The difference between the two terraces can be seen as ~2.3 A
which is comparable to the 2.35 A expected for the separation between (111) planes of
the substrate. At these scanning parameters the expected apparent height of the
fullerenes is ~7 A® which indicates that the island is adsorbed to the lower terrace. The
fullerenes lining the step edge are therefore stabilised by both the lower terrace and the
step edge. This increased coordination with the substrate may be responsible for these
fullerenes exhibiting a greater apparent height than those within the 2D array which are

only stabilised by the terrace (see Fig. 4.1 (a)).
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Figure 4.2: STM image (+2.5 V, 0.1 nA) showing a partially decorated step edge on the
Au(111) surface after a post-adsorption flash anneal at ~570 K.

The 1D structures seen along the step edges in the top right corner of Fig. 4.1 (a) and in
Fig. 4.2 are secondary fullerene structures that seem to result from molecules which don’t
condense into 2D arrays during the anneal process?. The fullerenes, which are also
adsorbed to the bottom terrace, are all limited to the fcc regions of the herringbone
reconstruction on both the top and bottom terraces resulting in this “dashed line” effect
(see Fig. 4.2). This leads to a hypothesis which proposes that fullerenes preferentially
stabilise on the fcc regions of the herringbone reconstruction. The majority of the
fullerenes on this substrate are found in the 2D arrays suggesting that this structure is
preferable over the 1D arrays seen in Fig. 4.2. As such, no further analysis of these dashed
lines will be discussed. However, the apparent interaction between the fullerenes and the
herringbone reconstruction, seen starkly with the 1D arrays, suggests an interaction

which does require further analysis.

Two other observations are made regarding the distinctive herringbone reconstruction
(seen in the bottom right hand corner of the Fig. 4.1(a)). First, the herringbone
reconstruction on the substrate terraces is clear of fullerenes. The elbows of the
herringbone are known to act as nucleation sites, hence the pollution observed at those
sites on the upper terrace in Fig.4.1 (a). The mostly naked Au(111) surface indicates that
the anneal temperature is not only sufficient to cause diffusion of the fullerenes, but also
to prevent their stabilisation on the terraces. The second observation is the lack of any
sign of the herringbone within the island. This also matches the lifting of the Au(111)
surface which is reported for 2D Ceo arrays under appropriate preparation conditions?, as
discussed in section 1.3.1. These general behaviours of the molecular system (formation

of 1D and 2D arrays, and relaxation of the herringbone reconstruction) are all similar to
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Figure 4.3: a) STM image (+1.0 V, 0.1 nA) of a large, hexagonally close-packed island of
fullerenes. The lattice overlay illustrates a unit cell with the parameters: a = 9.9 A,
b=10.5Aandy=59.5°. b) STM image (+20 mV, 2.3 nA) of the Au(111) surface. The
lattice overlay illustrates a unit cell with the parameters: a=2.9A, b=2.9A and y
= 58.5°. ¢) By combining the lattices from a) and b) the packing directions of the
island are seen to coincide with crystallographic directions of the substrate (as seen

by the white compass). Comparing the unit cells identifies the island as a

(2V3x2V3)R30° overlayer with a high commensurability.

what is known for surface-bound Cgo. Therefore, closer inspection of the large 2D arrays
is required to identify any distinction between the current molecular system (expected to

contain Li@Cso) and those observed in literature (pure Ceo).

By examining the islands at a greater magnification, the molecular appearances of the
fullerenes within the island are resolved (see Fig. 4.3 (a)) and seen to closely resemble
those from previous reports on the Cso/Au(111) molecular system#317:18 The STM image
has been overlaid with a lattice in which the vertices are centred on the fullerenes to
illustrate the lateral coherence of the island. The overlay on the image shows the island

exhibits unit cell parameters of a=9.9 A, b=10.5 A and y = 59.5°.

Fig. 4.3 (b) is an STM image of the bare Au(111) surface in which atomic resolution has
been achieved across a portion of the herringbone reconstruction (seen in the image as
the bright stripes proceeding diagonally across the surface). A similar lattice overlay has
been applied to this image and aligned with the Au atoms in the top right corner. In this
case the overlay shows the unit cell parameters for the bare Au(111) surface to be: a =
2.9A, b=29A andy = 58.5°. These are almost identical to the expected value of 2.88 A

for the distance between closed-packed Au atoms in the (111) plane. By taking the two
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lattices and overlapping them (see Fig. 4.3 (c)) a direct comparison can be drawn between

the island and the surface allowing a partial deduction of their registry.

The high symmetry packing directions within the island are aligned with crystallographic
directions of the Au(111) surface ({211}, {121} and {112}, see the white compass in Fig.
4.3 (c)). This alignment between the molecular and substrate packing directions, and the
lack of Moiré pattern in the molecular overlayer in Fig. 4.1 (a), illustrates a high degree of
commensurability. Combining this information with the unit cell parameters identifies
that the fullerene island is a (2\/§><2\/§)R30° overlayer. This is consistent, yet again, with
the structures observed for Ceo/Au(111) and suggests that if Li@Ce is present it behaves
similarly to the empty fullerene. Other techniques are therefore required to identify

Li@Ceo within the 2D array, this is the topic of the next section.

4.1.2 - Identifying the adsorption configurations of the Li@Cso and Cso

The adsorption configuration of the fullerenes contains information regarding the
adsorption orientation, the azimuthal orientation and the adsorption site of the molecule.
The adsorption and azimuthal orientations of the fullerenes can easily be identified with
an STM, this is addressed in section 4.1.2.1 with the statistical distribution of these
orientations detailed in section 4.1.2.2. However, the adsorption site cannot be directly
determined with STM, since it is buried beneath a molecular overlayer. As was introduced
in section 1.3.1.2, the adsorption site for Ceo in the (2\/§x2\/§) R30° overlayer is a topic of
discussion. Section 4.1.2.3 delves deeper into the evidence from the current molecular
system which justifies why the hcp surface site is assumed rather than the proposed

nanopit reconstruction.

4.1.2.1 - Determining the adsorption orientation of the fullerenes

It is well known that the adsorption and azimuthal orientations of Ce can be determined
with STM by imaging the low energy unfilled states of the fullerene*®. The 5:6 bonds are
electron-poor which results in the C5-faces appearing as bright segments in each
molecular appearance within these STM images, as was illustrated in section 1.3.1.2.

Directly observing the uppermost C5-faces on the carbon cage, and making an assumption
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Figure 4.4: a) Same image as Fig. 4.3 (a). STM image (+1.0 V, 0.1 nA) of a 2D,
hexagonally close-packed island of fullerenes. The 8 ringed fullerenes within the
island are colour coded to correspond with the ball and stick models. The dominant
azimuthal orientations of the three types of Ceo fullerenes are illustrated on a model
of the Au(111) to indicate the alignment of each molecular appearance with respect

to the hcp surface site: b) C6-Cso, €) 6:6-Cs, d) C-Ceo.

of the adsorption site based on DFT calculations, allows identification of the adsorption
configuration of the fullerenes within an STM image like that depicted in Fig. 4.4 (a). The
ball and stick models on the model Au(111) surface (Fig. 4.4 (b)) illustrate the dominant
adsorption configurations observed in the STM image. The models correspond with the

molecular appearances indicated by the coloured rings.

Studying the STM image in Fig. 4.4 (a) reveals that there are three different fullerene
appearances within the island. With the knowledge of the segments and symmetries
mentioned previously (section 1.3.1.2), the molecular appearances can be deciphered.
The triangular shapes (indicated by the blue rings in Fig. 4.4 (a)) are easily identified as
C6-Ceo (Fig. 4.4 (b)) because of the three-fold rotational symmetry and two azimuthal
orientations which are 180° rotations of each other. The adsorption configuration with
the sky blue ring matches the most thermodynamically stable configuration for Ceo on an

hcp site of Au(111) as calculated by Wang et al.?%%".

The other two molecular appearances in the STM image (Fig. 4.4 (a)) are described as

having two segments and a central axis along their length which acts like a mirror plane.
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The first can be described as “coffee-bean” shaped (orange and yellow rings in Fig. 4.4
(a)) because its two segments are equally bright. This induces another mirror plane along
the short axis of the molecular appearance. The symmetry of this shape therefore denotes
it as 6:6-Cqo (Fig. 4.4 (c)). The long axis of this shape is seen to predominantly align with

the close packing directions of the island.

The second feature with two segments exhibits an asymmetry in the brightness of the
molecular appearance (green rings in Fig. 4.4 (a)) which could be the result of two
orientations: 5:6-C¢o and C-Cg. However, recalling that the C5-faces of the Cg cage
coincide with the segments of the molecular appearance in the STM image, this leads to
the conclusion that this shape is representative of C-Cg (Fig. 4.4 (d)). The distinction
comes because it has two segments and not three, as would be required for 5:6-Ceo. The
asymmetry in this molecular shape affords the description that the central axis “points”
in particular directions. This directionality will become pertinent during the extensive

statistical analysis of the molecular appearances later in this section.

Though identifying these three adsorption orientations (C6-Ceo, 6:6-Ceo and C-Ceo)
corroborates what is observed in the literature of (2\/§><2\/§)R30° overlayers of Cg 0N
Au(111), there remains no indication of the presence of Li@Cso within the 2D array. This
is perplexing because species with different electronic structures are expected to appear
different within STM images. These images can be considered a 2D representation of the
local density of states (LDOS) integrated from the Fermi level to the scanning bias. Li@Ceo
is electronically distinct from Ce due to the additional presence of the Li, so it is
anticipated to have its own molecular appearance. Imaging the same portion of the
fullerene island shown in Fig. 4.4 at various scanning biases is one attempt to exploit this
variation in the electronic structure. Acquiring such images, as shown in Fig. 4.5 for -2.5
V,-1.0V,+1.0Vand +2.5V, a fourth feature is observed at +2.5 V (red ring in Fig. 4.5 (d)).
The other three molecular appearances, identified above, are also bias dependent; these
have been highlighted in Fig. 4.5 to illustrate how their appearances change whilst

maintaining the same symmetry.

When scanning at -2.5 V (see Fig. 4.5 (a)) there are three different molecular shapes
possessing distinct symmetries: three-fold rotationally symmetric truncated hexagons

(blue and red), two-fold rotationally symmetric dumbbells (orange) and one-fold
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Figure 4.5: STM images recorded on the same area of a 2D island of fullerenes on
Au(111). The four ringed species correspond with C6-Cso (blue), C-Cso (green), 6:6-
Ceo (orange) and C6-Li@Cg (red). a) (-2.5 V, 0.1 nA). b) (-1.0 V, 0.1 nA). c) Same
image as Fig. 4.3 (a), (+1.0 V, 0.1 nA). d) (+2.5 V, 0.1 nA).

rotationally symmetric Y-shapes (green). The symmetry of the molecular shapes is
maintained throughout the four images but the segment distribution is also maintained
for the blue, orange and green fullerenes in the other three images (Figs. 4.5 (b-d)). The
blue ringed fullerene retains its three-fold rotational symmetry, though the three
segments are much more distinct at -1.0 V and +2.5 V than at +1.0 V. The two-segment
molecular appearances both retain their general oval shape and symmetric/asymmetric
brightness in Figs. 4.5 (b) and (c), but the difference between the two adsorption

orientations becomes much more distinctive at +2.5 V (see Fig. 4.5 (d)).
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The most apparent difference between Figs. 4.5 (a-c) and (d) is the emergence of a
distinctive fourth molecular appearance (red ring) from amongst the C6-fullerenes (red
and blue rings). This “diffuse beacon” no longer exhibits a three-fold rotational symmetry
but instead is circular with no sign of internal structure. The similarity of this molecule to
C6-Cso (blue ring) in all images except Fig. 4.5 (d) indicates that there are two types of C6-
fullerenes on the surface. This knowledge allows for the differentiation between the C6-
fullerenes in Figs. 4.5 (b) and (c) by observing very slight variations in the shape and
brightness of the segments in their respective molecular appearances. In Fig. 4.5 (a),
however, the two appearances remain indistinguishable. The factors that differentiate the
diffuse beacon from C6-Cgo lead to the conclusion that the fourth molecular appearance
represents C6-Li@Cqo.This reaffirms that the other three molecular appearances (blue,
orange and green rings) are merely different adsorption orientations of Ceo which can be

described by simple rotations of the fullerene around its core.

Given the purity of the [Li*f@Cso](PF¢) salt that is used during the sample preparation
(>99%), the high proportion of Cs on the surface is determined to be a result of Li@Ceo
decomposition at the elevated temperatures required for evaporation?. In order to
properly identify the population density for the Li@Ces, and the other adsorption
configurations present in the 2D array, an extensive statistical analysis of the surface is
achieved. Table 4.1 summarises the results after analysing 3229 fullerenes and reveals
that these largely adopt specific azimuthal orientations. A number of key observations are

revealed through this statistical analysis; these are discussed in the next section.

4.1.2.2 - Statistical analysis of the large 2D array of Li@Ceo and Ceso

Table 4.1 illustrates the most pertinent information from the statistical analysis of the
large 2D array of Li@Ce and Ceo. The first two columns on the far left identify the
fullerenes by the specific adsorption configurations that are observed within the large 2D
array (see both Figs. 4.4 and 4.5). The orientations of 6:6-Cgo and C-Cso Without a coloured
ring represent all of the non-standard adsorption configurations observed during the
analysis. The remaining three columns display different percentages depending on the
specific population being considered. The left column of percentages considers the

proportion of each fullerene cage orientation. This results in 3 distinct groups: the 6:6-,
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Table 4.1: Statistical analysis of 3229 fullerenes in a mixed 2D array of Cso and Li@Cso
on Au(111). All models are depicted adsorbed to hcp surface sites due to the high
commensurability of the large 2D array. The 6:6-Cso and C-Cso models not highlighted
by coloured rings are representative of all other fullerenes which did not match the three
orange and green Cgo respectively. These unlabelled fullerenes adopt various alternative
azimuthal orientations but no individual orientation is repeated, hence grouping them
and representing them with a single model.

% of
% of
adsorption % of total
azimuthal
Adsorption orientation of number of
Model orientation of
Configuration each molecule fullerenes
a single cage
(i.e. Ceo OF analysed
orientation
Li@Ceo)
26.8 6.4 5.6
32.7 7.9 6.9
6:6-C60
27.0 6.5 5.7
i 13.5 3.3 2.8
Od"% e
g o
oo ‘:?b 40.2 10.9 9.6
oo
C-Ceo
33.7 9.2 8.0
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% of
% of
adsorption % of total
azimuthal
Adsorption orientation of number of
Model orientation of
Configuration each molecule fullerenes
a single cage
(i.e. Ceo OF analysed
orientation
Li@Ceo)
25.6 7.0 6.1
C-Ceo
0.5 0.1 0.1
66.4 41.9 36.6
C6-Ceo
10.8 6.8 5.9
20.8 90.9 11.5
C6-Li@Ceo
21 9.1 1.1
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Figure 4.6: a) STM image (+2.0 V, 0.1 nA) of a 2D array with the Li@Cg indicated by
dots; grey for monomers and white for “polymers”. b) The same fullerene
distribution as a) but with the Cso indicated by black dots; this facilitates comparison
with the simulated image. c) A simulated image showing a statistical distribution of
12.6% Li@Cso coverage on a surface. The colour-coding matches that of b) (grey for

Li@Cso monomers, white for Li@Ceo “polymers” and black for Ce).

the C- and the C6-fullerenes (the C6-Cso and C6-Li@Cso are combined). The middle column
considers the proportion of each molecule; collecting all of the Cs and Li@Cso separately.
The final column considers the proportion of the total number of fullerenes that each

configuration represents.

The most striking observations from the statistical analysis are that only 12.6% of the
fullerenes are Li@Ceqo and that all of these adopt the C6-Li@Ce adsorption orientation.
This could indicate a favourable interaction either between the Li@Ceso and the substrate,
or the Li@Cso and the neighbouring fullerenes. In previous studies Li@Ces has been
observed preferentially forming dimers?-33 so the first test is to identify any evidence of
interaction between the Li@Cs on the surface; be that attractive or repulsive. A
rudimentary exploration of similar interactions in this molecular system is achieved (Fig.

4.6).

Firstly, the fullerenes in an STM image of the 2D array (+2.0 V, 0.1 nA) are identified and
labelled (Figs. 4.6 (a) and (b)). This array is subsequently compared with a simulated
surface exhibiting a statistical distribution of 12.6% Li@Ce to match the proportion

observed in the experimental molecular system (Fig. 4.6 (c)).

The simulation is achieved by randomly placing 12.6% Li@Cgo across a surface of Cso 0N

the assumption that there is no distinctive interaction (attractive or repulsive) between
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two Li@Cso compared to a Li@Cs and a Cs. Upon formation of this 2D array, the
neighbouring fullerenes are considered for both the simulated (Fig. 4.6 (c)) and the
experimental (Fig. 4.6 (a)) images. If a Li@Cq is isolated from other Li@Cq it is labelled a
“monomer” (see grey dots in Fig. 4.6), but if one or more of its nearest neighbours is also
a Li@Ceo it is labelled a “polymer” (see white dots in Fig. 4.6). Analysis of 3229 fullerenes
in experimental STM images (like that seen in Fig. 4.6 (a)) reveals that 45.7% are
monomers. Examining a simulated surface of 3249 fullerenes, and repeating 1000 times
to acquire a suitable standard deviation, reveals 45.3 +4.3% of the Li@Cso are observed as
monomers. The remarkable agreement between the experimental and theoretical studies

is strong evidence that the distribution of Li@Cgo across the surface is random.

Besides the population of Li@Ce compared to Ceo, the other stark observation from the
results in Table 4.1 is the distinctive preference for each adsorption orientation to adopt
specific azimuthal orientations. For example, both 6:6-Cso and C-Cg are seen, almost
entirely, to adopt the 3 azimuthal directions illustrated in Fig. 4.4. Only 13.5% and 0.5%
of each adsorption orientation, respectively, are observed stabilising in any other
alignment (indicated by the Cso models not indicated by coloured rings). Secondly, the
population of each of these alignments is roughly equal for each adsorption orientation,
though 6:6-Cs is marginally more evenly split (~30 +3%) than C-Ceo (~33 £8%). In order to
explore these surface interactions in greater detail, complex DFT calculations (similar to
those conducted by Shin et al.X®) are required. However these are prohibitively expensive

so are yet to be completed within the scope of this project.

Complex DFT calculations could also provide evidence to support hypotheses for why
these adsorption configurations, with specific azimuthal directions, are observed and
others are not. For example, on initial inspection of the directionality of the C-Ceo
(“pointing” in the various directions seen in Fig. 4.4) one might naively expect 6 different
azimuthal orientations: each pointing at one of the nearest neighbours the 2D array.
However, as shown in Table 4.1, the 3 orientations illustrated in Fig. 4.4 (d) are observed
to be distinctly dominant. Upon close inspection of these adsorption configurations (as

depicted in Fig. 4.7) this preference is clearly surface induced, as explained below.

With the bottom C-atom of the Cgo cage stabilising in the hcp surface site, the 3 adjacent

C-atoms (highlighted red in Fig. 4.7) are seen to align with two different surface sites. For
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Figure 4.7: Ball and stick models of the 3 observed azimuthal orientations of C-Ceo and
3 of the unobserved orientations which also “point” along the high symmetry
directions of the island. The atoms adjacent to each surface bound C-atom are

highlighted in red to facilitate identification.

the azimuthal orientations which are observed (top row of Fig. 4.7), these adjacent C-
atoms align with the Au-atoms which form the hcp surface site. The three unobserved
configurations depicted in Fig. 4.7 illustrate the C-C¢ “pointing” along the other packing
directions within the 2D array. These orientations would result in the three adjacent C-
atoms aligning with fcc surface sites. Evidently this configuration is not favourable since
these are not observed in an analysis of over 3000 fullerenes in the 2D array. The
combination of a 3-fold rotationally symmetric molecule on a 3-fold rotationally
symmetric substrate is sufficient to determine favourable adsorption configurations
exempt from the effect of neighbouring fullerenes. The detailed DFT calculations
suggested above would, no doubt, provide further explanation for why this distinction is

observed.

The 3-fold rotational symmetry of the unreconstructed Au(111) surface is also suspected
to be responsible for the stark azimuthal preference exhibited by the Cé-fullerenes (both
C6-Ceo and C6-Li@Cgo). Table 4.1 shows that more than half of the fullerenes in the array
(55.1%) adopt the C6-fullerene adsorption orientation suggesting it is the most

thermodynamically stable orientation. This is in agreement with what is reported in the
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Figure 4.8: Models illustrating: a) M-C6-Ces, b) m-C6-Cesp, ¢) M-C6-Li@Cso, and d) m-Cé6-
Li@ Ceo.

literature (see section 1.3.1.2). 42.5% of the 2D array are C6-Cqo (48.7% of all Cso) and the
other 12.6% are C6-Li@Cqo (as discussed above). Importantly, each of these adsorption
orientations only adopt 2 azimuthal orientations, and there is a distinct preference for
one over the other. C6-Cgo exhibits a ~6:1 ratio between the two configurations (see Figs.
4.8 (a) and (b)), and C6-Li@Ce exhibits a ~10:1 ratio between similar adsorption

configurations (see Figs. 4.8 (c) and (d)).

Since one of the two C6-adsorption configurations for Cso and Li@Cgo is distinctly favoured
over the other, these are denoted the majority (M) and minority (m) species respectively.
This affords specific identification of these C6-fullerenes (as illustrated in Fig. 4.8) which
will become particularly important in Chapter 5 when exploring the switching capabilities
of Li@Ceo. This identification method facilitates discussion of the results of Table 4.1. For
example, 41.9% of all Cs adopt the M-C6-Cso configuration (Fig. 4.8 (a)) whereas m-C6-
Ceo (Fig. 4.8 (b)) only represent 6.8% of the Cgo in the 2D array, hence the ~6:1 ratio
mentioned above. The ~10:1 ratio for Li@Ceo results from 90.9% adopting the M-C6-
Li@Ceo (Fig. 4.8 (c)) configuration and only 9.1% adopting m-C6-Li@Ceo (Fig. 4.8 (d)). The
starker ratio between the azimuthal orientations for Li@Cso is unsurprising because it

24 causing an exacerbation of any

couples more strongly with the substrate than Cgo
preference between the adsorption configurations of the fullerenes. The preference for
the M-C6-fullerene configuration is strong evidence that this is the most

thermodynamically stable orientation for both Cg and Li@ Ceo.

Close inspection of the models in Fig. 4.8 provides a suggestion for why this azimuthal
preference occurs. In Figs. 4.8 (a) and (c), the double bonds between the lowermost C6-
face and adjacent C6-faces (6:6-bonds) are located on top of the Au atoms which surround

the hcp surface site. As discussed in section 1.3.1.2, these 6:6-bonds are electron rich.
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Therefore, aligning these with Au-atoms optimises the charge transfer into the surface
states strengthening the stabilisation and thus resulting in the preferred azimuthal
orientations M-C6-Csp and M-C6-Li@Ceo. For the minority species (m-C6-C¢o and m-C6-
Li@Cso depicted by Figs. 4.8 (b) and (d) respectively) the single bonds between the
lowermost C6-face and adjacent C5-faces (5:6-bonds) are located on top of the Au atoms

instead. These 5:6-bonds are electron poor resulting in a reduced surface interaction.

The differences between these azimuthal orientations is not something that is frequently
considered in great detail when theoretical studies of the Ceo/Au(111) molecular system
are conducted. The specific interactions which lead to these preferences are determined
by the adsorption site and its resultant symmetry. The next section discusses the reasons
for our adoption of the hcp surface site as the adsorption site for our system and

compares this to another that is proposed in the literature; the nanopit.

4.1.2.3 - Identifying the fullerene adsorption site

The distinction between the azimuthal orientations of C6-Cs is observed in the
calculations of Wang et al.®%, and resulted in their definition of M-C6-Ce on the hcp
surface site of Au(111) as the most thermodynamically stable adsorption configuration.
Their detailed study of the azimuthal preference of the molecular adsorption, which
revealed activation barriers to rotation of the fullerene, and the recent study by
Villagémez et al.3* is why the hcp surface site is selected as the assumed adsorption site
for the fullerenes studied in this portion of the project. As a result of the fullerene
stabilisation, Wang et al. report a minor buckling of the Au-atoms around the hcp surface
site resulting in a 0.08 A “dimple” beneath the fullerene®®. A combination of this minor
geometric depression and the increased interaction between the fullerene and the
substrate is hypothesised to be responsible for the C6-Cso appearing “dim” when

compared to the other fullerenes in the STM images.

Gardener et al. suggested, however, that this increased interaction was not sufficient to
cause this “dimness”; instead they proposed that the C6-Cqgo interaction with the Au(111)
is strong enough to create a single atom vacancy. This is the concept of the nanopit which
was introduced in section 1.3.1.2. Considering the 3-fold rotational symmetry of the
substrate, similar azimuthal preference for a Cso adsorbed to a nanopit could be expected

(as shown in Fig. 4.9).
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Figure 4.9: Models illustrating: a) M-C6-Css, and b) m-C6-Cep stabilised by nanopits on
Au(111).

Similar to the adsorption configurations seen in Fig. 4.8, the difference between the
models in Fig. 4.9 is due to the atoms in the second Au layer. In Fig. 4.9 (a), the electron
poor 5:6-bonds are stabilised over the 2" layer Au atoms, whereas in Fig. 4.9 (b) it is the
electron-rich 6:6-bonds which adopt these positions. These C6-Ceo configurations have
been explored in detail by Shin et al.13. By employing DFT and LEED, they identified that a
(2\/§><2\/§) R30° overlayer composed of C6-Cg on nanopits and 6:6-Ce on top sites is the
most thermodynamically stable state for the 2D array®. The fullerenes adopt slightly
altered adsorption sites because C6-Ceo reportedly interacts strongly enough to form a
nanopit, but 6:6-Ceo does not. The commensurability of the overlayer therefore results in

the 6:6-Ce adsorbing to a top-site.

The recognition that a mixed layer of C6-Ceo and 6:6-Ce is the most thermodynamically
favourable indicated that the preferable state of the 2D array is a compromise between
interfacial and intermolecular interactions®. PaRens et al. sought to understand this
balance by employing STM to closely observe the adsorption orientations and identify
favourable interactions within the overlayer8, They reported that dominance of M-C6-Ceo
is a result of less favourable surface interaction with the nanopit than m-C6-Ceo, which in
turn results in stronger Coulomb interactions between neighbouring M-C6-Cs. These
Coulomb interactions result from the alignment of electron-poor pentagonal faces of one
fullerene with the electron-rich 6:6-bonds of its neighbour, similar to what is seen in bulk
Ceo (see section 1.3.1.1). This intermolecular stabilisation is sufficient to make it more
preferable across the 2D arrays. The conclusions that PaRens et al. draw regarding the

universal favourable interaction (compromising between interactions with the 3-fold
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symmetric substrate and nearest neighbours) are made on the assumption that the
nanopit concept is correct’®. However, it is my belief that their observations also appear

to be consistent with the C6-Cgo on the hcp sites.

One argument that is consistent across discussions of nanopits is the origin of the
“dimness” of the C6-C¢o when observed in STM images. Shin et al. identified that the
adsorption orientation coupled with the nanopit results in a geometric height difference
of 0.6 A between the C6-Csp and the 6:6-Cso'2. They conclude that this geometric effect is
the reason that C6-Ceo appears shorter in STM images, arguing that 0.6 A matches the
variation in apparent height. However, geometric and apparent height not synonymous,

thus cannot be directly compared.

One suggestion for experiments which would afford direct comparison requires the tip-
induced manipulation of Cg in the 2D array. By rotating C-Ceo or 6:6-Cso into C6-Ceo, the
apparent height of these induced C6-Cs could be directly compared with that of the
native C6-Ceo. Simplistically, the Ceo would be in the same adsorption orientation but the
induced C6-C¢ would be geometrically taller since it would be stabilised by a top-site
rather than a nanopit. The rotation of Cs is observed in Chapter 5, but the methodical
experiments required to explore the apparent heights of each natural and induced
adsorption orientation are yet to be achieved. The innate randomness in the rotation of
Ceo results in a technique which is plagued by inconsistencies. Another complication of
these experiments could be expected since there would a difference in the charge transfer
between the substrate and a C6-Cq 0N a top site or on a nanopit. However, this variation
in coupling could be observable in the stabilisation of the electronic structure of the
fullerene. Similarly, variation in the stabilisation effect of the nanopit (compared to the
hcp surface site) is also expected to be apparent. However, there is no discussion of this

variation in the literature.

Shin et al. refer to the enhanced strength of the C6-Cg interaction with the substrate
affording the reconstruction resulting in the nanopits, but there is no comment on how
this interaction may affect the charge transfer compared to an hcp surface site. If the C6-
Ceo surface interaction is capable of stabilising vacancies which cover >4% of the Au(111)
(i.e. the formation of nanopits for ~50% of fullerenes in the array'®), one could speculate
that the enhanced surface interaction would stabilise the LDOS compared to 6:6-Ce. With

a mind to identifying this effect, and to unequivocally ascertain that the “beacon”
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molecular appearance corresponds with Li@Cs, the next section focusses on the

examination of the LDOS for the 4 species identified in Fig. 4.5.

4.1.3 - Discriminating between Li@Csp and Ceso using scanning tunnelling

spectroscopy

Scanning tunnelling spectroscopy (STS) is a common method that allows an STM to record
the LDOS within the tunnelling gap. This LDOS arises from complex convolution of the
LDOS of the adsorbate, the surface and the tip. The technique does not directly allow for
chemical identification of the adsorbed species, but electronic resonances belonging to
each contributor to the LDOS can be identified if the surface composition is approximately
known. In the case of this work, STS was most useful for determining whether the

fullerenes contained Li or not.

Two spectroscopic modes typical to STS are employed and discussed below. The first is
constant height differential conductance spectroscopy (c.h. di/dV STS). This mode consists
of positioning the STM tip over the selected molecule, removing the feedback loop to
ensure a constant tip height, and acquiring the 1t order derivative of the current signal
(using an internal lock-in technique) whilst the bias is swept across the desired range with
a small superimposed modulation. The c.h. dl/dV signal is known to be proportional to

the LDOS**™% and as a result is most commonly used in literature.

The second spectroscopic mode utilised is constant current differential conductance
spectroscopy (c.c. di/dV STS). This mode consists of positioning the STM tip over the
selected molecule, leaving the feedback loop engaged to maintain a constant current by
varying the tip height with respect to the surface, and acquiring the 1%t order derivative of
the current signal whilst a small superimposed modulation is applied to the bias as it
sweeps the desired range. Fig. 4.10 exhibits examples of both spectroscopic modes for a

C6-Cgo within the large 2D array.

Resonance peaks can be identified in both spectra and at both polarities (filled and empty
states). The difference between the spectroscopy techniques is discussed in greater detail
in section 2.2.1, but the spectra in Fig. 4.10 illustrates the requirement for both modes.

Since c.h. dI/dV spectroscopy maintains the STM tip at a constant height, the spectrum
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Figure 4.10: Spectra of C6-Csp within a large 2D array. The constant height differential

dl/dVv

conductance spectrum (c.h. di/dV STS, with bias modulation of 50 mVpp at 1470 Hz)
is represented by the dashed line and the constant current differential conductance
spectra (c.c. dl/dV STS, ls: = 0.1 nA, with bias modulation of 50 mVpp at 1470 Hz)

by the solid lines at positive and negative bias.

(dashed line in Fig. 4.10) can display electronic states close to the Fermi level (0 V).
However, the technique is restricted to scanning a smaller range; a limitation which the
other spectroscopic mode (c.c. di/dV STS) overcomes by maintaining a constant current.
Though this constant current allows a larger range to be examined in a single scan (solid
lines in Fig. 4.10), it also prevents the technique from being able to cross the Fermi level
since this would result in crashing the STM tip into the substrate as the tip attempts to
maintain a constant current. The shortcomings of each spectroscopic technique illustrates
why both are required to fully explore the bias range observed in Fig. 4.10. A second
drawback for c.c. di/dV STS is that the signal is not proportional to the LDOS of the
molecule, unlike c.h. dI/dV STS. A correction factor, described by Ziegler et al.®, must be
applied for both spectroscopic techniques to be equivalent, otherwise quantitative

comparisons are meaningless since specific resonance peaks will differ slightly in energy.

Close inspection of the two spectra in Fig. 4.10 reveals the discrepancy between
equivalent resonance peaks on c.h. and c.c. dl/dV spectra to be on the order of ~100 mV.
Though this can be a considerable shift for some molecular systems, it is negligible when
considering the magnitude of the energies between the resonance peaks for Ce. Given

that the purpose of the spectroscopy in this study is as a semi-quantitative analysis of the
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resonance peaks of fullerenes (i.e. to differentiate between LUMOs and SAMOs of C¢ and
Li@Ceo), this variation is inconsequential to the overall goal. Therefore, c.c. di/dV STS is
sufficiently accurate and selected as the dominant spectroscopic method since it allows a
larger energy range to be analysed, and affords better resolution on the high energy

resonance peaks.

Fig. 4.11 displays an STM image, ball and stick models, and c.c. di/dV spectra to directly
illustrate the variation between the four molecular appearances observed in the
(2\/§><2\/§)R30° overlayer discussed above. The STM image (+2.5 V, 0.1 nA, see Fig. 4.11
(a)) depicts a small area of a 2D island of fullerenes with colour-coded rings indicating the
four fullerenes selected for spectroscopic study. The individual spectra (Figs. 4.11 (b-e))
correspond with the molecular appearances in the STM image, and the inset ball and stick
models illustrate the adsorption configuration of each of the fullerenes: three adsorption
orientations of Cg and one of Li@Ceo. Fig. 4.11 (f) collects the c.c. di/dV spectra of the
four molecules to directly compare the resonance energies of both the filled (<0 V) and

unfilled (>0 V) electronic states.

The negative bias range of the spectra (Figs. 4.11 (b-f)) illustrates the filled states
(HOMO:s) of the fullerenes. The four adsorption configurations appear to be split into pairs
by intensity of the HOMO peaks. Despite the difference in the peak heights, these pairs
(the C6-fullerenes and the non-Cé6-fullerenes) exhibit HOMOs which are almost identical
in energy (~-1.5 V), regardless of Li-encapsulation. This is why Li@Cgo is indistinguishable
from C6-Cso Wwhen imaging at negative bias (Figs. 4.5 (a-b)); the electronic structure is not

sufficiently different to indicate the endohedral fullerenes in the STM images.

The positive bias range of the spectra (Figs. 4.11 (b-f)) illustrates the unfilled electronic
states of the fullerenes. Literature identifies the low energy unfilled states as LUMOs and
the higher energy unfilled states as SAMOs®. As mentioned previously, LUMOs are
molecular orbitals centred on the cage atoms and are predominantly located on the C5-
faces'®. The small variations in the LUMO peaks for the four fullerenes (~+0.5 V) can
therefore be assigned to the various adsorption orientations of each fullerene causing
different degrees of coupling with the substrate*%. A similar variation in the energy of the
peaks can be observed for the LUMO+1 for Ce (~+2 V), though at this stage there is some

uncertainty about which of the Li@Cgo peaks represents the LUMO+1 since there are two
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Figure 4.11: a) STM image (+2.5 V, 0.1 nA) of a small area of a fullerene island. The

coloured rings correspond with the STS spectra and the ball and stick models. b-e)

Each graph contains two c.c. dl/dV spectra (positive and negative voltage ranges).

The inset ball and stick models link the adsorption orientations of the molecular

appearances in a) to the spectra in the following sequence: b) 6:6-Cso. ¢) M-C6-Cgo.

d) C-Ceo. €) M-C6-Li@Cso. f) Compilation of the c.c. dl/dV spectra depicting the filled

(<0 V) and unfilled (>0 V) electronic states for comparison of the four adsorption

configurations.

in close proximity (~+1.5 V and ~+2 V) which are easily observed in the isolated spectrum

in Fig. 4.11 (e).

One key point to recognise here is that the LUMO and LUMO+1 of the C6-C¢ are no more

stabilised than those of the non-C6-Ce (see Fig. 4.11 (f)), contrary to what might be

expected for a fullerene adsorbed to a nanopit. This lack of extra stabilisation, combined

with the symmetry arguments above, is further evidence that the hcp surface site has

been adopted by the fullerenes in this thesis. As mentioned above (see section 4.1.2.3),

further experimental work could be achieved to provide additional evidence for this
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proposed adsorption configuration. However, the assumption that the fullerenes adopt
the hcp surface site is sufficient for the purpose of commenting upon the data contained

in this thesis since the surface symmetry does not alter the conclusions herein.

Unlike the lower energy peaks, the variation in the orientation of the fullerene is observed
to have a negligible effect on the higher energy resonance peaks (see peaks at ~+3 V, ~+4
V, ~+5 V and ~+6 V for Figs. 4.11 (b-d)). The latter are suggested to be representative of
the SAMOs® which are known to be more diffuse and, for Ce, centred on the core of the
fullerene rather than the cage atoms. Rotation of the Cg cage, therefore, would have
minimal effect on the SAMOs compared to what is observed on the LUMOs. Upon
considering the higher energy resonance peaks, particular attention is drawn to the red
spectrum (Fig. 4.11 (e)) because the distribution of the SAMOs is markedly different from
what is observed on the other three. The altered SAMO structure can only be due to a
different electronic structure resulting from a different molecule under the tip. It is with
this observation that the red spectrum, and therefore the beacon molecular appearance

in STM images like Fig 4.11 (a), can be unambiguously assigned to Li@Ceo.

By combining the unique peak distribution of the red spectrum (Fig. 4.11 (e)) and the
observations made on the fullerene’s changing molecular appearance in Fig. 4.5, the
adsorption configuration of the fullerene is identified as M-C6-Li@Ceo. This is illustrated
by the corresponding ball and stick model in Fig. 4.11 (e). The identification of Li@Ceo
finalises the confident assignment of all four fullerenes on the surface. The next step is to
label the resonance peaks, but this requires techniques other than just STM and STS to
have any certainty in the identification. This is where the PES data and TDDFT calculations
provided by our collaborators from the University of Edinburgh and the University of Liege

are required, in combination with DFT from literature.

4.1.4 - |dentifying the resonance peak structure for Li@Cgo and Ceo

DFT is a powerful tool for simulating the behaviour of complex systems that can be
difficult to study experimentally. Many studies of Li@Cs have been conducted
theoretically with the vast majority exploring the molecule in the gas phase. Some of these
results have been confirmed using suitable gas-phase experimental techniques, but this
thesis details the first extensive study by STM. The goal of this section is to identify the

electronic structure exhibited in the STS data above (see Fig. 4.11). This is achieved by
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combining four sets of data: the STS data detailed above, DFT calculations completed by
Feng et al® and experimental photoelectron spectroscopy (PES) data and time-
dependent DFT (TDDFT) provided by our collaborators (and detailed in ref?). The PES and
TDDFT are particularly necessary because understanding the symmetry of the resonance
states is a key factor in differentiating between LUMOs and SAMOs. The symmetries of
the SAMOs for Ce and two configurations of Li@Ce are illustrated in Fig. 4.12. These were

calculated for fullerenes in the gas phase.

Super-atom molecular orbitals (SAMOs) are named as such because the wavefunctions of
the SAMOs of Ceo bear a striking resemblance to atomic orbitals (see Fig. 4.12 (a), adapted
from ref®) as was first introduced in section 1.3.1.3. These SAMO states extend both
beyond and inside the Cgo cage and are centred on the hollow core of the molecule. Upon
encapsulation of the Li, however, this hollow core is no longer empty. When positioned
centrally within the hollow, the presence of the Li in the cage is reported to stabilise the
resonance energies of the SAMOs8. This stabilisation is exhibited by the contraction of the
SAMO:s in Fig. 4.12 (b) and the downshift in the energy of the corresponding resonance
peaks in Fig. 4.13 (b)) (adapted from ref®). However, calculations reveal that the most
favourable position for the Li is ~1.5 A off-centre along an axis towards one of the C6
faces?* 4949 This results in the SAMO distortions seen in Fig. 4.12 (c) illustrating that, even

in the gas phase, the SAMOs are strongly affected by the position of the Li within the Cqo.

The Li@Ceo ball and stick model in Fig. 4.12 (c) illustrates the orientation of the molecule,
with the Li closest to the uppermost C6-face, to allow understanding of how the Li affects
the SAMOs. As is seen above, the spherical electron density of the s-SAMO is strongly
shifted away from the side of the Cso now occupied by the Li. The p-SAMOs lose their
degeneracy because the p,-SAMO aligns with the axis which passes through the Li and the
centre of the Ceo, whereas the py- and p,~-SAMOs are orthogonal to it. Since these maintain
their degeneracy in the gas phase they will, henceforth, be referred to as the p,,-SAMOs.
The electron density of the p-SAMO is seen to shift such that the node of the p-lobes is
positioned on the Li. This results in the Cso cage predominantly containing one of the lobes
whilst the other extends far beyond it. The px,-SAMOs also lose their p-orbital symmetry
though the distortion is less severe; the node is maintained at the centre of the core but

the lobes are bent towards the Li causing a loss of their linearity. The d-SAMOs (not
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=

Figure 4.12: /llustrations of the SAMO:s for: a) Cso and b) Li@Cso with Li atom centrally

located in the Ceo cage, (adapted from Feng et al. Science 320, 359-362 (2008)%.
Reprinted with permission from AAAS.), and c) Li@Cso with Li off-centre by 1.6 A

towards a C6 face (calculated by collaborators at the University of Edinburgh).

pictured) are more diffuse than the p-SAMOs so the distortion of the lobes resulting from
the Li encapsulation is suitably minor. This strong dependence on the position of the
encapsulated Li is of particular importance when manipulation of the Li is discussed in

Chapter 5.

The gas phase PES data acquired by our collaborators also reports distortions in the
symmetry of the SAMOs?, but the resonance energies at which these are reported differ
from what was expected based on the DFT calculations. This permits no more than a semi-
guantitative analysis of the peak structure. The discrepancy in the resonance energies of
the PES and DFT data is likely to be due to the averaging nature of the experimental
technique. Firstly, the PES analysis was completed on a mixed sample of Cso/Li@Cso (much
like the STM data above); this requires removal of the Cg signal before the Li@Cgo data
can be analysed which may affect the results. Secondly, some broadening of the

resonance peaks in the PES data is likely to occur because various rotational isomers of
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Li@Cso will have been observed since there is no method of fixing the axes of the molecule
in the gas phase. Both of these reasons justify the use of STS to further analyse the
resonance peak energies; the lateral sensitivity of STS allows the study of single fullerenes,
and the adsorption to a substrate at ~5 K fixes the axes of the SAMOs in an observable

orientation.

The chemical bonding and subsequent charge transfer that results from the surface
adsorption of fullerenes varies depending on the substrate selected’. The relative
inertness of Au(111) is the reason why it was chosen for the initial study of this molecular
system. However, regardless of reactivity, surface adsorption of fullerenes is known to
cause some stabilisation of the electronic resonances of Cgo due to the resultant coupling
between the molecule and the substrate’. This stabilisation is expected to be enhanced
for Li@Cep since it is known to couple more strongly to surfaces?* and because the Li will
be stationary within the Ce cage at ~5 K*. Unlike gas phase studies, where the Li is
observed rattling around the inside of the cage®®*%?, the thermally quenched Li is
observed preferentially stabilising in an off-centre position towards the uppermost C6-
face when adsorbed to a surface?*, as illustrated above. This results in the s- and p,-SAMOs
being orthogonal to the substrate and the px,-SAMOs being parallel to it, necessarily

affecting the energies of the corresponding resonance peaks.

Fig. 4.13 depicts two sets of data presenting the resonance peak structure for both Ceo
and Li@Ce. The first data set (Figs. 4.13 (a) and (b)) is comprised of figures adapted from
the seminal paper of Feng et al.® (reprinted with permission from AAAS) which report
calculations of the LDOS of gas phase Cso and Li@Ceo (in which the Li atom is situated in
the centre of the cage). The second data set (Figs. 4.13 (c) and (d)) illustrates the
experimental c.h. and c.c. di/dV spectra from the C6-Cs and Co6-Li@Cs on Au(111)
described in Fig. 4.11. These fullerenes are selected because they adopt the same
adsorption orientation and can, within a reasonable approximation, be considered
identical except for the encapsulated Li. The presence of the Li, and the resulting
distortions of the SAMOs, can therefore be considered the sole reason for any variation

in the energy of the resonance peaks.
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Figure 4.13: LDOS for a) Cso and b) Li@Cso with the Li atom in the centre of the cage
resulting from gas phase DFT calculations (adapted from Feng et al. Science 320,
359-362 (2008)8. Reprinted with permission from AAAS.). Experimental c.h. and c.c.
di/dV spectra (dashed and solid lines, respectively) for c) C6-Cso and d) C6-Li@Cgo.

These are the same data as shown in Fig. 4.11.

The LDOS produced by DFT (Figs. 4.13 (a) and (b)) illustrates the resonance peaks relating
to LUMOs using a solid line and to SAMOs using a block colour graph. The calculated peaks
in the Cg spectrum (Fig. 4.13 (a)) are in the expected order: LUMOs lowest in energy
followed by s- and p-SAMOs with the d-SAMOs highest in energy. The encapsulation of
the Li atom results in the stabilisation of all resonance peaks (see Fig. 4.13 (b)) due to
hybridisation effects with the atomic orbitals of the Li atom. The LUMOs exhibit a rigid
downward shift of ~0.5 eV but the SAMOs are affected by varying degrees; the d-SAMOs
are only stabilised by ~0.5 eV, the p-SAMOs by ~1.2 eV and the s-SAMO by the greatest
amount at ~2.5 eV. This brings the s-SAMO roughly level with the LUMO+1. Due to the
calculations being completed for the fullerenes in the gas phase, and with the Li atom in
the centre of the Cgo, the p- and d-SAMOs maintain degeneracy and are described by a

singular peak.
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The experimental spectra (Figs. 4.13 (c) and (d)) display the resonance peaks observed on
C6-Ceo and C6-Li@Cqo from within the large 2D array. Both c.h. di/dV spectra (dashed lines)
and c.c. di/dV spectra (solid lines) are presented to provide as much information about
the peaks as possible. The identification of these resonance peaks for C6-Ce (Fig. 4.13 (c))
is achieved by semi-quantitative comparison with the DFT calculations. The minor
differences are thought to be due to resolution of the spectroscopic technique and
splitting of the peaks due to adsorption-induced loss of degeneracy. The LUMO+2/+3
peak, located around +3 V, is the merger of the LUMO+2 and LUMO+3 peaks due to
convolution of the signals. The same is observed for the LUMO+4 which appears as a
shoulder of the s-SAMO. The slight broadening of the peak ~+5 V is likely to be the result
of a loss of degeneracy in the p-SAMOs because the surface adsorption stabilises the p,-

SAMO further than the p,,-SAMOs.

The stabilisation that results from the Li encapsulation is observed in all of the resonance
peaks in Fig. 4.13 (d), but the degree of stabilisation varies between LUMOs and SAMOs
(as expected from Fig. 4.13 (b)). The distortions to the SAMOs (as seen in Fig. 4.12 (c)) will
alter the peak energies since coupling of each to the substrate will necessarily change
compared to Ce. With this knowledge, assignment of all the peaks, except for the p,-
SAMO, is achieved by comparing the spectrum of Li@Ce with that of the Cs and
considering the molecular appearance in the STM images. The p,-SAMO requires various
techniques to identify due to the complexity of the distortion of the SAMO and the

resultant coupling with the substrate.

The rigidity of the shift in the LUMOs allows fairly straightforward identification of the
corresponding peaks in Fig. 4.13 (d). The LUMO+2/+3 appears lost in the intensity of the
peak at ~+2 V in the c.c. dI/dV spectrum but is visible in the c.h. dI/dV spectrum allowing
confirmation of its stabilised position. The LUMO+4 remains at ~+4 V and becomes more

pronounced since it is no longer convoluted with the s-SAMO.

The beacon molecular appearance of the Li@Cg when imaging at +2.5 V is reminiscent of
the s-SAMO: diffuse and circular. The large peak ~+2 V is clearly a strong contributor to
this molecular shape and is therefore determined to be the s-SAMO resonance peak. The
Pxy- and d-SAMOs are known to exhibit only minimal stabilisation due to the encapsulated

species. The px,-SAMOs remain roughly parallel to the substrate so added surface
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stabilisation is minimal compared to Cg, and the d-SAMOs are barely affected by the

encapsulation of the Li; hence the peak assighnments at ~+4.5V and ~+6 V.

The p,~SAMO, much like the s-SAMO, is strongly affected by the encapsulation of the Li
(as seenin Fig. 4.12) and is orthogonal to the substrate. Given that Li@Cgo is more strongly
coupled to the substrate than Cg, it is expected that the p,-SAMO will be greatly stabilised.
However, there are no immediately obvious unassigned resonance peaks remaining in the
spectrum. The symmetries observed in the PES data suggest that the p,-SAMO is expected
to be ~+1 V2?8, After considering the results of the Li-manipulation data (discussed in
Chapter 5), the p,-SAMO is identified as having stabilised closer to the Fermi level, and is
therefore combined with the signal for the LUMO peak ~+0.5 V.

The combination of DFT, PES and STS data discussed above provides solid evidence for the
peak assignment observed in Figs. 4.13 (c) and (d). However, capturing the symmetries of
the SAMOs with differential conductance scanning tunnelling microscopy (dl/dV STM), as
seen in the work of Reecht et al.?, would identify these peaks unambiguously. This is the

focus of the next section.

4.1.5 - Exploring the electronic states of fullerenes with c.c. dl/dV STM imaging

By incrementally sweeping the local voltage range of each resonance peak in a di/dV
spectrum, dl/dV STM imaging can facilitate the identification of the electronic states.
Reecht et al. compared calculated symmetries for the various electronic states of Cg with
experimentally acquired c.c. di/dV STM images of C¢o on Cu(111) (see Fig. 4.14, adapted
from ref'?). As such, they were able to accurately identify the peaks in the corresponding

spectra.

Some of the dl/dV images in Fig. 4.14 are slightly distorted compared to the appearance
of the DFT-produced isosurfaces, for example the s-SAMO. Reecht et al. determined that
this is because the spectroscopic technique is coupled with a constant current imaging
technique®?. This results in the “single point spectra” which form the 2D image being
recorded with varying tunnel junction gaps across the molecule. This in turn causes slight
shifts in the energies of the electronic states, and affects the image that is produced such

that is not a true reflection of the LDOS. For 3D molecules like Ce this is a particular issue
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Figure 4.14: A collection of images of Ceo wavefunctions calculated with DFT (top row)

and experimental c.c. dI/dV STM images of various electronic states of a C6-Cso on
Cu(111) (bottom row) as reported by Reecht et al.*?. The c.c. dl/dV STM images of
the SAMOs are 3D rendered and labelled with their quantum numbers in place of
the SAMO symmetries: from left to right these correspond with the s-, p,- and py,-
SAMOs. The figure has been adapted from Reecht et al., New Journal of Physics 19,
113033 (2017) courtesy of the CC-BY 3.0 license.

since the height variation across the image is so dramatic. Despite the approximations
required to compare the experimental images to the DFT images, c.c. di/dV STM imaging
is shown to provide strong evidence in the identification of the electronic states. Given
this capability, similar experiments to those exhibited by Reecht et al. (Fig. 4.14) are
sought on the current system of Ceo and Li@Cgo on Au(111) to unambiguously identify the
peaks in the spectra observed in Fig. 4.13. One example of such measurements is depicted
in Fig. 4.15 which shows a small region of a 2D array simultaneously examined with c.c.
STM (Fig. 4.15 (a)) and c.c. dl/dV STM (Fig. 4.15 (b)). Example spectra of the four fullerene
configurations seen in these arrays are illustrated in Fig. 4.15 (c) to facilitate discussion of

which electronic states the images are illustrating.

Figs. 4.15 (a) and (b) illustrate the same region of a large, 2D array that is imaged at +2.12
V with a superimposed bias modulation of 100 mVpp at 1470 Hz (this bias scan range is
indicated by the thin green stripe on Fig. 4.15 (c)). Both the c.c. STM (Fig. 4.15 (a)) and c.c.
di/dv STM (Fig. 4.15 (b)) images are recorded simultaneously allowing for direct
identification of the species within the region. This can be used to determine the

appearance of each adsorption configuration in the c.c. di/dV STM image.
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Figure 4.15: a) c.c. STM image (+2.12 V, 1.1 nA) and b) c.c. di/dV STM image (+2.12 V,
1.1 nA, 100 mVpp at 1470 Hz) of the same portion of a 2D array composed of Cep
and Li@Cso. A C6-Cso (blue) and a C6-Li@Cso (red) are highlighted to facilitate
identification in both images. c¢) Example c.c. di/dV spectra for the molecular
configurations observed within the array; C6-Cso (blue), C-Cso (green), 6:6-Ceo

(orange) and C6-Li@Ceo (red). The thin green stripe indicates the range over which

the bias modulation swept during the capture of the c.c. di/dV STM image.

The fullerene highlighted with a blue dot in Fig. 4.15 (a) is M-C6-Cs and is almost
indistinguishable at +2.12 V from what is observed above at +2.5 V (Fig. 4.5 (d)). The
diffuse appearance of the fullerene highlighted by a red dot in Fig. 4.15 (a) is typical of M-
C6-Li@Cso When imaging at ~+2 V. The three-fold rotational symmetry of the C6-fullerene
adsorption orientation is visible but is convoluted with the increased apparent height and
loss of internal structure typical of Li@Ceo. The scan bias for the images in Figs. 4.15 (a)
and (b) is +2.12 V which, by observing the green stripe in Fig. 4.15 (c), is seen to fall on
the LUMO+1 peak for Ceo and the s-SAMO peak for Li@Cso (as determined in Figs. 4.13 (c)
and (d)). By considering the appearances of these states for Cs in Fig. 4.14, similar

structures could be expected in the experimental c.c. di/dV STM image.
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Fig. 4.15 (b) shows the c.c. di/dV STM image of the same region of the 2D array subject to
the same STM parameters (+2.12 V with a 1470 Hz bias modulation of 100 mVpp, and 1.1
nA tunnelling current). The M-C6-Cg in the region resemble the LUMO+1 A that is
depicted in Fig. 4.14, however the contrast due to the neighbouring Li@Ce signal
obscures this making it difficult to observe. This identification matches what is expected
with respect to the peak assignment. The M-C6-Li@Ceso, however, does not match the
expected appearance of the s-SAMO. The increase in apparent height compared to
neighbouring Ceo is observed, since this is also seen in Fig. 4.15 (a), but with the scanning
bias aligned with the s-SAMO of the Li@Ce¢ the c.c. di/dV STM appearance was expected
to be circular and largely featureless. Instead it exhibits the three-fold rotationally
symmetric feature of the LUMO+1 E. This suggests that the peak structure of the Li@Ceo
is complex and resonance peaks are representative of the convoluted signals from various

electronic states rather than singular ones.

One hypothesis for the convolution of these resonance peaks is linked to the fact that the
fullerenes are condensed into 2D arrays. Hybridisation of the higher energy SAMOs has
already been observed for Ceo arrays, with Feng et al. noting the NFE band which forms?,
It is thought that similar effects may be complicating the attempts to image individual
electronic states for Cgo and Li@Cgo in the current work. As such, c.c. di/dV STM imaging

of isolated fullerenes is expected to be more productive.

4.1.6 - Attempting to isolate fullerenes by lateral manipulation of 2D arrays

Lateral manipulation of molecules using an STM probe is a very common technique and
would be a simple method of manufacturing isolated fullerenes. Extracting fullerenes
from the edges of the large 2D arrays is expected to be the easiest to achieve since the
intermolecular interactions between the molecules would be minimised compared to
those within the island. As can be seen by the sequential images in Fig. 4.16 this method

is not successful.

Many attempts have been made to push fullerenes away from the edges of islands and
step edges using paths similar to that indicated by the blue line in Fig. 4.16 (a). In most
cases the STM tip is damaged and the surface unrecognisable. However, very occasionally

the fullerenes are successfully manipulated (as seen by the missing fullerenes in Fig. 4.16
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Figure 4.16: STM images (+1.0 V, 0.1 nA) a) before and b) after an attempt to push a
fullerene away from the edge of a narrow island. The blue line signifies the path

taken by the STM probe during the lateral manipulation.

(b)), but the exact manipulation cannot be determined. Given the state of the tip, as
inferred by the artefacts in Fig. 4.16 (b), one suggestion could be an asymmetric
adsorption of the Cgo to the apex of the STM probe. This is unconfirmed, however, because
all attempts at subsequently depositing the fullerene resulted in crashing the tip. The
failure of this method highlights the requirement for another technique to achieve

isolated fullerenes on the Au(111) surface.

4.2 - Identifying the electronic structures of Li@Cep and Cso on Au(111) after a post-

adsorption anneal at 320 K

One method of isolating fullerenes is to reduce the degree of diffusion across the
substrate during the preparation stage of the sample. This can be achieved by lowering
the temperature of the post-adsorption anneal to avoid exceeding the activation barrier
for mass transport of the fullerenes. Given the stronger interaction between the substrate
and Li@Cso, compared to Ceo, a degree of segregation can be achieved provided the anneal
temperature is appropriately selected. The following section discusses data depicting a
surface that has been prepared with the conditions detailed in section 3.2.1.1 and
annealed at 320 K. Similar to section 4.1, the following discussion will first utilise a
combination of scanning tunnelling microscopy and spectroscopy to differentiate

between Li@Cs and Ce on the Au(111) substrate (sections 4.2.1-4.2.3). With the
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identification of isolated fullerenes, attempts towards confirming the electronic structure

with c.c. dl/dV STM imaging will then be discussed (section 4.2.4).

4.2.1 - Introducing the fullerene structures on the surface

Upon annealing the Au(111) substrate to 320 K after depositing the fullerene mixture, the
surface instead appears like that seen in Fig. 4.17. Some diffusion of fullerenes across the
Au(111) terrace results in the formation of an island composed of Li@Cgo (bright, circular
molecules) and Cgo (all other molecular appearances), but isolated molecules are also
present (top left corner of the STM image). The final note that pertains to the reduced
anneal temperature is the presence of pollution which was previously desorbed from the
surface. It is of a relatively small amount but its presence is noteworthy as an illustration
of the stability of the elbows of the herringbone reconstruction; a known nucleation site

as mentioned previously.

The STM signature of the molecule in the top left corner of the image is ~25 A in diameter.
This is much bigger than the size of the Cq in the islands (~10 A) but is also too narrow to
be a cluster of 3 fullerenes. This can be explained simply by tip convolution. The apparent
height is similar to the fullerenes in the island and the three-fold rotationally symmetric
molecular appearance is very similar to the Cé-fullerene orientation described above. The
isolated fullerene is adsorbed to the elbow of the herringbone reconstruction. This proves
that the stabilisation afforded by this nucleation site is sufficient to prevent further
diffusion across the substrate, thus resulting in a non-negligible number of isolated
fullerenes. Various other surface sites are also observed stabilising the isolated fullerenes
(as seen later in this section), but the majority of the fullerenes are positioned in proximity

to the elbows of the herringbone reconstruction.

With respect to the 2D array of fullerenes there are a number of observations that require
comment. The first being the location of the island. The large islands (as depicted in Fig.
4.1 (a)) are exclusively found along Au(111) step edges whereas islands stabilised on the
terraces of the Au(111) surface (like that seen in Fig. 4.17) are commonplace after these
preparation conditions. Secondly, the islands themselves are often seen to adopt a more
elongated shape compared to the larger islands. The lower anneal temperature seems to

result in a growth mechanism which is more strongly affected by the uniaxial compression
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Figure 4.17: STM image (+2.5 V, 0.1 nA) of the Au(111) surface after a ~1 hr post-
adsorption anneal at 320 K. A hexagonally close-packed island of fullerenes is
observed with an isolated fullerene in close proximity (top left). The herringbone
reconstruction is also visible on the surface, as is some minor pollution (top right).
The compass illustrates the crystallographic directions of the substrate which

correspond with the packing directions of the island.

of the Au(111) surface. The axis of elongation of the islands ({112} in Fig. 4.17) is
orthogonal to this uniaxial compression which is induced by the herringbone
reconstruction. It is likely that the resulting anisotropy of the surface alters the interaction
between the adsorbate and the substrate, hence apparently promoting growth along
particular surface directions. Though the growth of the islands coincides with the
herringbone reconstruction, it appears that the relationship is somewhat symbiotic since
relaxation of the herringbone reconstruction (as is observed in Fig. 4.1 (a)) is also

achieved.

Similar to the large islands (as seen in Fig. 4.1 (a)), the smaller islands (Fig. 4.17) are
observed distorting the herringbone reconstruction to ensure that the islands are almost
solely located within the fcc regions of the surface. However, unlike for the higher anneal
temperature, the lifting of the herringbone reconstruction is not uniformly achieved. For
example the appendage on the right of the island (in Fig. 4.17) can be seen bridging the

herringbone rather than lifting it. Though the characteristic ridges of the reconstruction
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are not observed in the contrast of the island, as has been reported in some cases’*3,

there is a noticeable effect on the fullerenes.

Looking closely at the fullerenes within the island reveals that there are two domains
largely consisting of fullerenes with identical adsorption configurations. Similar to the
disorder of the large 2D array discussed above, these domains of uniformity within the
islands are also reported in literaturel. Within the main portion of the island the vast
majority of the C-Ce are identically orientated; with the brighter segment making it look
like each fullerene is “pointing” in the [211] direction. The C-Ceo in the small appendage,
however, almost solely adopt the [121] orientation. One hypothesis to explain this
domain change across the herringbone reconstruction suggests that two islands were
nucleated in close proximity with unique adsorption configurations. These configurations
were maintained during the growth of each island and subsequent coalescence. However,
since the growth was not due to the expansion of a single island, the herringbone

reconstruction was not lifted and is trapped beneath the border of the two domains.

Almost none of the Cg within the island in Fig. 4.17 adopt the most thermodynamically
stable adsorption configuration, identified above as M-C6-Cgo. As such, it is hypothesised
that, at these preparation conditions, the stabilisation gained by the formation of these
domains supersedes the preference for individuals to adopt the C6-fullerene adsorption
configuration. This “domain stabilisation” aligns with the azimuthal preference discussed
above regarding the work of PaRens et al.X®. Their work identified the alignment between
electron rich 6:6-bonds and electron poor C5-faces stabilising 2D arrays similar to what is
observed in the crystal structure. The extent of this benefit is not fully understood, and
DFT calculations to provide such understanding are prohibitively expensive due to the
complexity of the molecular system. Some indication of the strength of this effect is
gained by considering the effect on the Li@Csy adsorption orientation. As has been
mentioned numerous times, Li@Cs couples more strongly to the substrate than Ce. If
this “domain stabilisation” is capable of causing Li@Ce to adopt a different adsorption
orientation, that provides a qualitative indication of the strength of the effect. This effect
on adsorption orientation can easily be examined using the same technique as detailed in

section 4.1.2.
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Figure 4.18: STM images of an island composed of Li@Ce and Ceo on Au(111) after a
post-adsorption anneal at 320 K. a) (-2.5V, 0.1 nA)b) (-1.0V, 0.1 nA) c) (+1.0V, 0.1
nA)d) (+2.5V, 0.1 nA).

4.2.2 - Identifying the adsorption orientations of Li@Css and Ceso

By imaging the surface at various biases, the adsorption orientations of Li@Ceo in the 2D
arrays are identified. Fig. 4.18 illustrates the bias dependence of the fullerenes in a
portion of an island on the Au(111) surface after a post-adsorption anneal at 320 K.
Inspection of the STM images reveals that the Li@Cq is capable of adopting a non-Cé6-
fullerene adsorption orientation similar to the neighbouring Cso, unlike what is observed

when annealing at 520 K.

The molecular appearances are similar to what is observed on the large 2D arrays
(discussed in section 4.1.2) allowing for easy recognition of the molecular configurations.
All of the Cg within the images have adopted the C-Cg adsorption orientation
represented by the asymmetric two-segment appearance at +2.5 V (Fig. 4.18 (d)). The
fullerene exhibits a one-fold rotational symmetry which is maintained throughout the four
images. All fullerenes that appear different from this are identified as Li@Cso, confirmed
by the beacon appearance at +2.5 V. The majority of these Li@Cq adopt a non-C6-
fullerene adsorption orientation. This is established at +1.0 V (Fig. 4.18 (c)) because most
of the Li@C¢o are indistinguishable from the C-Cg indicating these have adopted the C-
Li@Cso adsorption orientation. This orientation can also be observed at -2.5 V (Fig. 4.18
(a)) and -1.0 V (Fig. 4.18 (b)). However, in these cases the encapsulation of the Li alters

the molecular appearance so it is no longer inconspicuous, unlike in Fig. 4.5.

The observation of C-Li@Ce supports the argument that there is a stabilisation factor
which results from the fullerenes adopting identical adsorption configurations within the

islands. However, it also highlights the complexity of this molecular system. It appears to
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be a very dynamic system with many factors that alter the behaviour of the adsorbates,

therefore nothing can be assumed about the isolated fullerenes.

4.2.3 - |dentifying the isolated fullerenes using STM and STS

Isolated fullerenes are reasonably numerous across the terraces of the surface, though
are sparsely distributed. The images seen in Fig. 4.19 are of one area of the surface where
the concentration of isolated fullerenes is greater, allowing for direct study of a variety of
fullerenes within the same image and with an identical STM tip. The fullerenes ringed
green, purple and orange have been deposited at these sites as a result of minor,

accidental surface modification during preparation of the STM tip in the vicinity.

The molecular appearances of the three fullerenes deposited by surface modification
(green, purple and orange) and the one ringed in light blue retain some structural
information throughout the various scanning biases. This suggests that these are
representative of isolated Ceo. The red and dark blue ringed fullerenes are featureless at
+2.5 V (Fig. 4.19 (d)), implying Li@Cso. By employing the same method as for the
condensed fullerenes the molecular appearances can be used to tentatively propose the

adsorption orientation for each of the molecules.

The green fullerene looks like a distorted ring at -2.5 V (Fig. 4.19 (a)) but the three-
segment structure with one-fold rotational symmetry seen at +2.5 V (Fig. 4.19 (d))
insinuates that it is a 5:6-Cso. The purple fullerene has a two-segment appearance in Figs.
4.19 (b-d) and the hint of a dumbbell shape in Fig. 4.19 (a) which is strong evidence that
it is a 6:6-Cgo. The orange fullerene exhibits a three-fold rotational symmetry in all images
suggesting a C6-Ceo, but is also brighter than any of the other isolated fullerenes on the
surface. This behaviour is opposite to that exhibited by C6-Cg in the islands which appear
dimmer than non-C6 fullerenes. The proximity of the pollution to the fullerene could be
affecting the molecular appearance and increasing the apparent height; for example the
pollution may extend below the fullerene which is why it appears taller than the others.
This would lead to separation from the substrate which could cause the spectrum to
appear more similar to that of a gas-phase fullerene. However, the spectrum could also
be affected by the pollution so conclusions about this molecule are proposed warily. The

light blue fullerene has a distorted three-segment appearance in Fig. 4.19 (a) but shares
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Figure 4.19: STM images of six isolated fullerenes on Au(111) after annealing at 320 K.
a)(-2.5V,0.1nA), b) (-1.0V, 0.1 nA), c) (+1.0V, 0.1 nA), and d) (+2.5 V, 0.1 nA).

the symmetry of the green fullerene in Figs. 4.19 (b-d) (though it appears brighter than
the green fullerene in each). This fullerene is tentatively described as a 5:6-Cso though

requires STS to identify any differences with the green fullerene.

The red fullerene resembles a ring in Fig. 4.19 (a), exhibits three-fold rotational symmetry
in Figs. 4.19 (b) and (c) and is featureless at +2.5 V (Fig. 4.19 (d)) identifying itself as a C6-
Li@Ceo. The final fullerene, dark blue, doesn’t exhibit any structure in the STM images. As
such it could simply be assigned to a C5-fullerene since this would also be expected to
have a round appearance due to the C5-face at its apex. The brightening of the molecule
at +2.5 Vindicates that the dark blue fullerene is a Li@Cso, so it is cautiously labelled as a

C5-Li@Ceo.

The uncertainty in the assignments of molecular orientation highlights the requirement
for spectroscopy to confirm the identity of the isolated fullerenes. Upon recording the
spectra for the six fullerenes in Fig. 4.19 (see Fig. 4.20), the light blue fullerene is, instead,
seen to resemble the Li@Cso spectra from the islands more closely than the Ce (see Fig.

4.20 (b)). As a result, conclusions based on molecular appearance are not considered
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Figure 4.20: Colour-coded STS data of the isolated fullerenes from Fig. 4.19 with the

experimental STS data from Fig. 4.13 of condensed C6-Cso and C6-Li@Cgo (black
dashed lines). The spectra are grouped by molecule: a) Cso, and b) Li@ Ceo.

reliable and future identification of isolated species is only confirmed using spectroscopy.
The spectra of the six fullerenes are collected in Fig. 4.20 and compared with the

corresponding species from Fig. 4.13.

The spectra exhibited in Fig. 4.20 (a) illustrate the electronic structures of various
adsorption configurations of Ceo on Au(111). The black dashed line is the spectrum of C6-
Ceoin the 2D array illustrated in Fig. 4.13 (c) and the other three correspond to the isolated
fullerenes in Fig. 4.19. The similarity between the green and purple spectra illustrates the
sensitivity of the spectroscopic method with respect to the adsorption configuration. The
very minor variations in resonance peak energies are likely to be due to adsorption
orientation as was observed in Fig. 4.11 (f) for the Cg in the large 2D array. The orange
spectrum appears very similar to the green and purple spectra but has been rigidly shifted
higher in energy by ~0.25 V. This corresponds with the suggestion that the pollution
around, and possibly under, the fullerene has separated the molecule from the substrate
thus reducing the stabilising effect resultant from adsorption. This separation cannot be
proven, however, so the proposal that the fullerene has been lifted from the substrate is
purely conjecture. What can certainly be proven is the relationship between the

condensed and isolated forms of Ceo.

The general peak structure is very similar between the isolated and condensed forms of

Ceo, but each peak undergoes differing degrees of stabilisation as the fullerene is

108



Chapter 4 Henry Chandler

restrained within a 2D array. The higher energy peaks are more affected by the lack of
neighbours than the low energy peaks. For example, the p,,-SAMOs shift >1 V higher in
energy between the island C¢ (~+5 V) and the isolated Cg (~+6 V) compared to the
LUMO+1 which shifts <0.25 V. As is observed in Fig. 4.12, the quasi-degenerate py,-SAMOs
extend parallel to the substrate resulting in extensive overlap with the neighbours in an
island forming a nearly free electron (NFE) band®. This band links the Cso and Li@Ce in an
island causing further stabilisation. The shift observed in the p,,~-SAMOs in Fig. 4.20 (a)

highlights the extent of this effect.

The stabilisation due to NFE band formation is also observed for Li@Ce in Fig. 4.20 (b).
The peaks at ~+4 V and ~+4.5 V, corresponding with the LUMO+4 and p,,-SAMOs in the
condensed Li@Ceqo spectrum (black dashed line), upshift 20.5 V when isolated on the
surface. This is exhibited by the red and dark blue spectra. Besides the shift of these
resonance peaks, however, the energies of the lower electronic states of the red and dark
blue isolated Li@Cq are barely altered from the condensed form. Given the strong
connection between the position of the Li within the cage and the resulting direction of
the SAMOs (illustrated in Fig. 4.12), any variation in the adsorption orientation of the
Li@Cqo is expected to greatly affect the p,- and s-SAMO coupling with the substrate. The
fact that the red and dark blue spectra are so similar indicates that the C5-Li@Cego
adsorption proposed for the dark blue fullerene is likely to be incorrect and it instead

adopts the C6-Li@Ceo configuration.

The correlation between the adsorption orientation and consequent coupling with the
substrate is clearly illustrated by the shift in the peaks of the light blue spectrum. The rigid
upward shift of ~0.5 V is thought to be due to the non-C6 adsorption orientation of the
fullerene, which is more clearly observed for the light blue fullerene compared to the dark
blue fullerene in Fig. 4.19. This connection between the peak energies and the Li position
with respect to the substrate is discussed further with respect to the manipulation of the

Li within the cage (see Chapter 5).

Despite the occasional stabilisation of Li@Cso in non-C6 adsorption orientations, the
interaction between the endohedral fullerene and the surface is still stronger than that
observed for Cgo. As expected, this had the effect of segregating the Li@Cso from the Ceo
during the 320 K anneal. This is well illustrated because, upon further exploration of the

surface, the vast majority of the isolated fullerenes are identified, using STS, as Li@Cgo. Of
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the Cgo that are observed some are stabilised by pollution and others are the result of
accidental surface modification (as seen in Fig. 4.19). Very few Cg are found natively

stabilised on the terrace.

4.2.4 - Exploring the electronic states of fullerenes with c.c. dl/dV STM imaging

With the identity of the isolated fullerenes determined by spectroscopic methods, further
exploration of the identity of the resonance peaks could be attempted using c.c. di/dV
STM imaging. Isolated fullerenes are not expected to exhibit the distorted molecular
orbitals which were observed during the analysis of condensed fullerenes. Therefore, c.c.
di/dvV STM imaging of isolated fullerenes is hoped to reveal the SAMO symmetries
affording confirmation of the peak assignment made in Fig. 4.13. The analysis which
follows discusses these peak identities tentatively due to the minor variation that is
known to exist between the energies observed by c.c. di/dV and c.h. dI/dV spectroscopic

techniques (as detailed in section 2.2.1).

One attempt to capture single electronic states of isolated fullerenes by c.c. di/dV STM
imaging can be seen in Fig. 4.21. The c.c. dl/dV spectrum (Fig. 4.21 (a)) is of an isolated
Ceo On Au(111); the peak assignments match those suggested in Fig. 4.13. The c.c. di/dV
STM images (Figs. 4.21 (b-e)) illustrate attempts to capture single electronic states by
imaging a bias range which straddles the corresponding resonance peaks. The bias ranges

are indicated by the green stripes on the spectrum.

The c.c. di/dV spectrum in Fig. 4.21 (a) illustrates the electronic structure of the selected
Ceo allowing for identification of the resonance peaks based on the assignment described
in section 4.1.4. The four dominant peaks are labelled and correspond with the c.c. dl/dV
STM images illustrated in Figs. 4.21 (b-e). The LUMO+1 resonance peak is broader than
the others in the spectrum so the bias range that is employed during the dl/dV imaging is
also broader (500 mVpp). Since a correction factor is required to quantitatively compare
between c.c. di/dV spectra and the LDOS®, the broad bias range is used in an attempt to
ensure the capture of the LUMO+1 regardless of how divergent the electronic state is
from the observed resonance peak. Inspection of the resultant c.c. di/dV STM image (Fig.
4.21 (b)) does not allow identification of any structure that might be recognisable as the
LUMO+1. For example, there are no segments which would be expected if C5-faces were

in proximity to the apex of the molecule.
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Figure 4.21: a) c.c. dl/dV spectrum of an isolated Ceo on Au(111). The green stripes

s-S

c.c.dl/dV

indicate the range swept by the bias modulation for the corresponding c.c. dl/dV
STM images. Each image captures a different resonance peak in an attempt to
observe the symmetries of the electronic states: b) (+2.10 V, 0.1 nA, 500 mVpp at
1470 Hz), ¢) (+3.50 V, 0.1 nA, 300 mVpp at 1470 Hz), d) (+4.25 V, 0.1 nA, 300 mVpp
at 1470 Hz), and e) (+4.65 V, 0.1 nA, 300 mVpp at 1470 Hz).

A similar lack of meaningful structure is observed for the images of the LUMO+2/+3 (Fig.
4.21 (c)) and the LUMO+4 (Fig. 4.21 (e)). The only di/dV image that exhibits any distinctive
structure is Fig. 4.21 (d), which corresponds with the peak ~+4.25 V and is expected to
represent the s-SAMO. The internal structure of the molecular appearance could be
identified as a LUMO+1 A for 6:6-Cs (rotated accordingly compared to Fig. 4.14).
However, this is dubious and would disagree with the solid evidence previously discussed
which identifies this resonance peak as that of the s-SAMO. In general, the c.c. di/dV STM
images cannot be deciphered for the Ce¢ depicted above because the adsorption
orientation of the fullerene is unknown. Unlike in the condensed phase (see Fig. 4.18), the
adsorption orientation of isolated fullerenes cannot be determined by observing the
molecular appearance at various imaging biases. More data would be required to provide
further understanding of the behaviour of isolated Cso on the Au(111) under these

conditions, but these are rare so repeat experiments are limited.

Due to the induced segregation of the fullerenes under the current preparation
conditions, isolated Li@Ceo are more numerous so repeated attempts are easier to

achieve. Fig. 4.22 illustrates the c.c. dl/dV spectrum of one such fullerene (Fig. 4.22 (a))

111



Henry Chandler Chapter 4

a.u
o
o
o

i 2/
> soluol (s -

|
N W
o O
T T

q 1 1 1 1
6 104 2 3 4

Voltage (V)

Figure 4.22: (a) c.c. di/dV spectrum of an isolated Li@Cso 0n Au(111). The green stripes

indicate the 300 mV range swept by the bias modulation for the corresponding c.c.
di/dV STM images. Each image is centred on a different resonance peak, but shares
the following scanning parameters: 0.1 nA, 300 mVpp at 1470 Hz. The following
indicates the scanning bias represented by each c.c. dli/dV STM image: (b) +1.40 V,
(c) +2.27 V, (d) +2.70 V, (e) +3.20 V, (f) +4.50 V, and (g) +4.93 V.

and the c.c. di/dV STM images (Figs. 4.22 (b-g)) utilised to try to identify the spatial

distribution of the electronic states.

Fig. 4.22 (a) shows the c.c. di/dV spectrum of an isolated Li@Cso on Au(111). By comparing
with the spectra which are labelled in Fig. 4.13, some of the identities of the resonance
peaks are proposed. The peak ~+3.2 V, however, remains a mystery since it does not have
an equivalent in the condensed Li@Ces. The suggestion is that c.c. di/dV STM imaging
could reveal the shape of the corresponding electronic state, thus allowing for

unambiguous identification.

Though internal structure is visible within the molecular appearance of Fig. 4.22 (b), it
does not resemble any adsorption orientation of either of the LUMO+1 symmetries (A or
E). It cannot, therefore, be definitively identified. Fig. 4.22 (c) looks like a bright ring which
is similar to the shape of the s-SAMO in Fig. 4.14. This could agree with the identification
of the peak ~+2.2 V as the s-SAMO (as suggested in section 4.1.4), however, the
subsequent images also resemble rings. These appearances induce an element of
uncertainty in the identification of the di/dV images. Though there may be some internal

structure on the image at +3.20 V (Fig. 4.22 (e), representing the unlabelled resonance
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peak) it is not clear and cannot be further understood by comparing with the images from

Reecht et al. (Fig. 4.14)*2.

The peak at ~+4.5 V in the spectrum is labelled LUMO+4 due to the minimal shift that is
observed in the LUMOs despite Li-encapsulation. The corresponding c.c. dlI/dV STM image
(Fig. 4.22 (f)) instead appears like an asymmetric ring with very little internal structure
which is inconsistent with what would be expected for a LUMO since these are centred
on the atoms of carbon cage. Based on the dl/dV images in Fig. 4.14 and the distortions
expected in the p-SAMOs for Li@Ceo (see Fig. 4.12), the shape in Fig. 4.22 (f) could be
considered a distorted p-SAMO. With a non-C6 adsorption orientation one could expect
the px,~SAMOs to become non-degenerate for Li@Ceso due to differing degrees of surface
interaction. This would result in distinction between the ps- and p,-SAMOs. The magnitude
of the peak ~+4.5 V in Fig. 4.22 (a) is more comparable to the s-SAMO than the LUMOs
which could be further evidence towards this hypothesis. However, the final image (Fig.
4.22 (g)) also appears like an asymmetric ring with the same orientation despite
expectations that it represents a different electronic state. Due to the uncertainty in the
identification of the c.c. dI/dV STM images (Figs. 4.22 (b-f)), the accuracy of the labels

attributed to each resonance peak is as uncertain as for the isolated Ceo on Au(111).

Despite the high resolution of the spectra recorded for both condensed and isolated
fullerenes on Au(111), the systematic difficulties with identifying the symmetries of the
c.c. di/dV STM images prevent any further conclusions to be drawn on the identities of
the resonance peaks. The negligible population of isolated Cs on the Au(111) surface
result in very few opportunities to explore a system that could easily be compared with
literature. As a result, a different surface was selected and prepared in another attempt

to create a sample which could be thoroughly identified.

4.3 - |dentifying the electronic structures of Li@Ceo and Cso on Cu(110)-(2%1)0 after

post-adsorption anneal at 320 K

1.12 had yet to be published so the basis

Upon starting this project, the work of Reecht et a
for comparison between literature and our studies was the 2008 paper from Feng et al.
which detailed the seminal identification of SAMOs using c.c. di/dV STM imaging®. With

the lack of meaningful results on our Au(111) surfaces (as illustrated above) attempts
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were made to replicate the work of Feng et al. on isolated fullerenes, hence the selection

of the Cu(110)-(2x1)0O surface.

This Cu(110) reconstruction is often used as an alternative to Au(111). Though copper is
a more reactive transition metal than gold, the (2x1)O reconstruction resulting from
saturated O, exposure at elevated temperatures is known to passivate the metal
substrate. The fullerene deposition conditions also become important for maintaining this
passivated surface since ordered 2D arrays of Cg are known to disrupt the (2x1)
reconstruction, favouring adsorption directly to the Cu(110) surface beneath®. A surface
of isolated fullerenes is therefore desired for two reasons: to avoid disruption of the
reconstruction, and to reduce intermolecular interactions which may distort the SAMOs
and reduce the effectiveness of c.c. di/dV STM imaging. Similar to the Au(111) surface,
the post-adsorption anneal is maintained at 320 K to achieve the desired surface. For

more information on the preparation of the Cu(110)-(2x1)0 surface see section 3.2.1.2.

Similar to sections 4.1 and 4.2, the discussion below will first identify the Li@Cso and Ceo
on the Cu(110)-(2x1)0O substrate with scanning tunnelling microscopy and spectroscopy
(section 4.3.1). The following section (section 4.3.2) will then explore the use of c.c. dl/dV
STM imaging to identify the symmetries of the LUMOs and SAMOs and thus attempt to

confirm the electronic structure of the fullerenes on this surface.

4.3.1 - Differentiating between isolated Li@Ceso and Csg With STM and STS

The low temperature post-adsorption anneal (320 K) achieves a surface with many more
isolated fullerenes on Cu(110)-(2x1)O than is exhibited for Au(111) (see Fig. 4.23 (a)). This
implies that diffusion on the Cu substrate has a higher energy barrier than for the Au. This
reduced diffusion could be because the Cu surface interacts more strongly with the
fullerenes, a hypothesis that is easily tested since a greater stabilisation would be revealed
by a more pronounced shift in the energies of the resonance peaks. Another effect that
could reduce diffusion across the surface is linked to the (2x1) reconstruction. Some
clustering of fullerenes is observed along the step edges in the {110} direction but almost
no fullerenes are adsorbed to the step edges in the {001} direction. This suggests that the
diffusion only occurs along the channels of the reconstruction in the {001} direction. This
limited diffusion, constrained to only one dimension, may be another reason for the

increased proportion of isolated fullerenes compared to the Au(111) surface.
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Figure 4.23: a) STM image (+1.0 V, 0.1 nA) of Ceo and Li@Cs on a Cu(110)-(2x1)0O
surface which underwent a post-adsorption anneal at 320 K. The red-ringed
fullerenes are Li@Cso and the orange, blue and green are Cs with varying
adsorption coordination sites. The c.c. dl/dV spectra in b) are colour-coded to match

the fullerenes in a).

A number of the fullerenes in the STM image below are highlighted by orange, green, red
and blue rings. These are colour-coded based on their molecular configuration which is
assigned using a mixture of STM and STS data (seen in Figs. 4.23 (a) and (b), respectively).
The green fullerenes are Cq stabilised by neighbours, blue fullerenes are isolated Cgo 0N
{001} step edges, orange fullerenes are Cso On terraces, and red fullerenes are Li@Cgo (in

this case these are also adsorbed to {001} step edges).

Differentiation between Cs and Li@Cg is only possible using spectroscopy. Much like the
isolated fullerenes on Au(111), the bias dependence of the molecular appearance does
not result in sufficient “brightening” of the Li@Ceo at +2.5 V to facilitate unambiguous
identification. However, the red spectra are immediately recognised to be distinct from
the others in Fig. 4.23 (b). The similarity with the Li@Cso spectra on Au(111), in particular
the large peak ~+2 V, leads to the assignment of the red spectra to Li@Cg on Cu(110)-
(2x1)0. This confirms that the orange, blue and green spectra represent the electronic
structures of Cso adsorbed in the previously described coordination sites across the

surface.

The general shape of the Cs spectra in Fig. 4.23 (b) is consistent regardless of the specific
adsorption configuration of Ceo but even within a single adsorption site the energies of

specific resonance peaks vary more than what is observed on Au(111). For example, the
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peaks ~+1.5Vin the orange spectra exhibit a variation of >0.2 V across the various spectra.
The breadth of variation decreases a little as the energy of the resonance peak increases,
possibly indicating that the SAMOs are less susceptible to the observed effect. Similar
behaviour is identified for the different adsorption orientations on Au(111) so the same
is expected in this case. This is not confirmed, however, because information regarding
the orientation of the fullerenes is unreliable on isolated molecules when only examined
with c.c. STM imaging. Given that this variation in resonance peak energies does not
prevent differentiation between Ceo and Li@Cgo, and that analysis of the spectra is semi-

guantitative, further exploration of its origin shall not be conducted.

The identification of the fullerenes on the Cu(110)-(2x1)0 surface illustrates that the post-
adsorption anneal has not segregated the Li@Cso from the Cs as is observed on the
Au(111). Combining this with the Li@Cgo:Ceo ratio of ~1:10 makes it much more time-
consuming to collect a large amount of data on Li@Ceso. The quantity of data collected,
therefore, is only sufficient to ensure reproducibility of results. The exploration of this
substrate is for comparison with two sources. Initially with the work of Feng et al.® And
secondly with the data from Au(111) in order to unambiguously confirm the identity of
the resonance peaks by observing the shapes of the electronic states using c.c. di/dV STM

imaging.

4.3.2 - Exploring the electronic states of fullerenes with c.c. dl/dV STM imaging

Similar to the examples above, when studying the electronic states of fullerenes on
Au(111), the isolated fullerenes are first selected and identified by STS to determine the
presence of endohedral Li. The intention of this section is to improve upon the c.c. dl/dV
STM imaging achieved on the Au(111) surfaces (sections 4.1.5 and 4.2.4) and definitively
identify the electronic structures of Cso and Li@Ceo by observing the symmetries of the
LUMOs and SAMOs. Upon identification of the electronic structure the effect of the Li-
encapsulation can then be directly observed. Fig. 4.24 illustrates the c.c. di/dV spectrum

(Fig. 4.24 (a)) and corresponding c.c. dl/dV STM images (Figs. 4.24 (b-f)) of one such Ceo.

The resonance peaks in the spectrum in Fig. 4.24 (a) are labelled using a combination of
two data sources. The general peak distribution for C¢o on Au(111) (discussed in section

4.1.4), and also the appearance of the corresponding di/dV images (Figs. 4.24 (b-f))
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Figure 4.24: a) c.c. di/dV spectrum of an isolated C6-C60 on Cu(110)-(2x1)0O and model
of the adsorption orientation of the Ceo. The thin green stripes on the spectrum
indicate the 20 mV range swept by the bias modulation for the corresponding c.c.
di/dv STM images. Each di/dV image represents a different resonance peak, in an
attempt to illustrate the spatial distribution of the corresponding electronic state.
However, the images do share the following scan parameters: 0.1 nA, 20 mVpp at
320 Hz. The images were recorded at the following scanning biases: b) +1.63 V, c)
+3.24 V, d) +3.94 V, e) +4.99 V, and f) +5.48 V. The simulated STM images are

repeated from Fig. 4.14, these have been adapted from Reecht et al.?2.

compared to those from Reecht et al.!? (exhibited in Fig. 4.14). Fig. 4.24 (b) is recognised
as the LUMO+1 A which reveals that the fullerene has adopted the C6-Cg adsorption
orientation. This symmetry enables more direct comparison between the other di/dV
images in Fig. 4.24 and the images in Fig. 4.14 since these also represent the appearance

of the electronic states for a C6-Cep.
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Fig. 4.24 (c) closely resembles the c.c. dl/dV STM image for the LUMO+2/+3 in Fig. 4.14
and the energy of the corresponding resonance peak (~+3.2 V) matches where one would
expect it based on the electronic structure of the Cso on Au(111) (Fig. 4.13 (c)). The
subsequent peak, and relevant image, are in very slight disagreement with the published
results?. The energy of the peak is suitably similar (~+4 V) to the observations of Reecht
et al.. However, where they observe a concave portion of the di/dV image, the fullerene
in Fig. 4.24 (d) retains its convex appearance. This hemispherical shape is closer to what
is expected of the s-SAMO, and since the energy of the peak appears consistent with
calculations, the molecular appearance and peak are confidently labelled as the s-SAMO
of the Ceo on Cu(110)-(2x1)0. Difficulties arise when attempting to identify the higher
energy electronic states which combine to form the broad resonance with peaks around

+5Vand +5.5 V.

The large ring which encircles a hollow in Fig. 4.24 (e) closely resembles the observed
shape of the py,-SAMOs in Fig. 4.14. The energy at which it is seen, however, is 0.6 V lower
than that reported and falls at a lower energy than the resonance peak which is
convincingly identified as coinciding with the p,-SAMO. The peak at ~+5.5 V matches the
literature value for the p,-SAMO, and the large hemispherical shape (see Fig. 4.24 (f))
strongly resembles the spatial distribution of it in Fig. 4.14. The p,-SAMO of a C6-Cq is
known to be orthogonal to the substrate and is therefore expected to exhibit greater
interaction (thus stabilisation) than the p,,~-SAMOs. This is opposite to what is observed.
The extra stabilisation of the py,-SAMOs could be due to the rectangular shape of the
surface promoting lateral stabilisation over orthogonal stabilisation. However, this cannot
be rationalised with the little information provided by the spectrum and images, thus is
not considered sufficient evidence to alter the assignment of the peaks for Ceo on Au(111)

from what is discussed in section 4.1.4.

With the partial recognition of the electronic states for Ceo on Cu(110)-(2x1)O, the next
step is to consider the electronic structure for the Li@Cso. Fig. 4.25 depicts a data set
composed of a c.c. di/dV spectrum (Fig. 4.25 (a)) and c.c. dI/dV STM images (Figs. 4.25 (c-
g)) which correspond with the resonance peaks indicated by the thin green stripes. Fig.
4.25 (b) illustrates the suggested adsorption orientation of the 6:6-Li@Cs, the C6-face to

which the Li is thought to be coordinated is highlighted in pink.
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Figure 4.25: a) c.c. di/dV spectrum of an isolated Li@Cs on Cu(110)-(2x1)0. The thin
green stripes indicate the 20 mV range swept by the bias modulation for the
corresponding c.c. dl/dV STM images. b) Ball and stick model indicating the
proposed adsorption orientation of the fullerene (6:6-Li@Ces). The pink C6-face
indicates the one to which the Li is thought to be coordinated. The c.c. di/dV STM
images (c-g) share the following scan parameters: 0.1 nA, 20 mVpp at 320 Hz, but
illustrate different scanning biases: ¢) +1.14 V, d) +2.12 V, e) +3.94 V, f) +4.71 V, g)
+5.83 V.

The peaks in the c.c. di/dV spectrum in Fig. 4.25 (a) are less defined than for the Li@Ceo
on Au(111) (Fig. 4.13 (d)). This broadening of the signal is thought to result from
coalescence of the resonance peaks due to the non-C6 adsorption orientation of the
fullerene. In the case of this data set, the dl/dV image at +1.14 V (Fig. 4.25 (c)) resembles
the LUMO+1 A (see Fig. 4.14) with a slight rotation leading to the identification of it as a
6:6-Li@Ceo (Fig. 4.25 (b)). By acquiring the dl/dV image of the LUMO+1, isolated Li@Ceo
on Cu(110)-(2x1)0 are observed adopting more varied orientations than what is observed

in the large 2D arrays of the Au(111) surface.

Fig. 4.25 (d) corresponds with the resonance peak that has been confidently assigned to
the s-SAMO using DFT, STM, STS and PES. However, the c.c. di/dV STM image of the
electronic state exhibits internal structure similar to that seen in the LUMO+1 E whilst
simultaneously appearing brighter and slightly diffuse. This echoes what was observed in

Fig. 4.15 (b) for the Li@Ceo in the 2D array.

The c.c. di/dV STM image of the shoulder labelled LUMO+4 is similarly non-specific (see

Fig. 4.25 (e)). The asymmetric brightness in the molecular appearance approximately
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coincides with a Cé6-face, as identified by comparison of Figs. 4.25 (b) and (c). This
brightness in the di/dV image could suggest that the Li is coordinated to this C6-face
(coloured pink in Fig. 4.25 (b)) and that there is a minor variation in the LUMO+4 as a
result of the Li. However, since there is no distinctive internal structure, this is not a strong
argument for justifying the resonance peak assignment. The asymmetry seen in the
brightness of the molecular appearance becomes more distinct at +4.71 V (Fig. 4.25 (f))
and, since it appears to be aligned with the C6-face proposed to be the location of the Li,
this di/dVimage could be suggested to represent the p,-SAMO. However, this bias is much
greater than the ~+1 V identified by the PES data as the energy of the Li-stabilised p.-

SAMO. As such, the identity of this resonance peak remains uncertain.

Rotation of the fullerene from a C6-adsorption orientation could be expected to cause a
loss of degeneracy in the p,,-SAMOs, since tilting of the x/y-plane of the fullerene would
result in alterations in the surface overlap, but this is not observed in the dl/dV images.
Instead the final image in the data set (Fig. 4.25 (g)) appears loosely like a bright ring
encapsulating a concave region which is suggestive of the p,,-SAMO observed in Fig. 4.14.
This bright ring, however, is more diffuse and less distinct than that exhibited by Ceo (Fig.
4.24 (e)) and is observed at a higher energy. Since Li-encapsulation is known to stabilise
the SAMOs of a Cq, this could suggest that dl/dV image has captured a d-SAMO instead.
This would explain the increased diffusivity of the di/dV image but would require strong
stabilisation to bring the d-SAMO low enough in energy to be observable within the range
of the spectrum. This contradicts the proposed reduction in stabilisation which is resultant

from the non-C6 adsorption orientation.

The lack of clarity within the c.c. di/dV STM images has not afforded the detailed evidence
required to agree with, or refute, the peak assignment previously described (see section
4.1.4). This appears to result from the convolution of the LUMOs and SAMOs complicating
the dl/dV images. With further study this may be resolved, but it is suspected to be a
pervasive issue for Li@Cso. The strong hybridisation between the encapsulated Li and the
Ceo Orbitals, and the variable surface interaction (linked to the adsorption orientation), are
expected to affect the c.c. dI/dV STM imaging technique regardless of the surface or

parameters utilised.
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4.4 - Concluding Remarks

In this chapter, the general behaviour of surface-bound Li@Cso and Ceo have been
identified for different preparation conditions of both the Au(111) and Cu(110)-(2x1)0
surfaces using scanning tunnelling microscopy (STM). Constant current differential
conductance scanning tunnelling spectroscopy (c.c. di/dV STS) was employed to
determine the effect of both the Li-encapsulation and the adsorption configuration on the
energies of the electronic states for Ce. By combining these techniques differential
conductance scanning tunnelling microscopy (c.c. di/dV STM) was utilised in an attempt
to discern the spatial distribution of the electronic states. This was anticipated to provide
evidence to unambiguously determine the energies of the electronic states for both Ceo

and LI@CGO

On Au(111), at higher post-adsorption anneal temperatures (~570 K), the Cg and Li@Ceo
are observed forming large 2D arrays of mixed composition and are all considered to have
adsorbed to the hcp surface site. All of the Li@Cqo preferentially adopt the Cé-fullerene
adsorption orientation with two azimuthal orientations, and the Cg exhibits three
adsorption orientations (C6-Cso, C-Ceo and 6:6-Cg) which also express azimuthal
preferences. The Li@Ceo is observed with much stronger coupling to the Au(111) substrate
than Ceo. This is suggested by its sole adsorption orientation and proven by the

stabilisation seen in the correlated resonance peaks in the c.c. di/dV spectra.

By lowering the post-adsorption anneal temperature (320 K), some segregation of the
fullerenes is observed. Li@Ceo is capable of stabilising isolated from other species on
Au(111) terraces, whereas Cg almost solely condenses into highly ordered, often
elongated, 2D arrays. The isolated Li@Ceq exhibit reduced stabilisation of the higher
energy SAMOs, as is deduced from the spectra above (see Fig. 4.20). This indicates that
the diffuse nature of the SAMOs results in hybridisation between neighbouring fullerenes
in the condensed arrays which, in turn, stabilises the SAMOs further. The c.c. di/dV STM
imaging attempted on both the condensed and isolated fullerenes on Au(111) failed to
resolve the SAMOs as intended so further proof of the peak assighment was not
forthcoming. Since the initial literature which our analysis was hoping to emphasise was

conducted on the Cu(110)-(2x1)0 surface®, another sample was prepared.
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Figure 4.26: Compilations of c.c. dl/dV spectra of both a) Cso and b) Li@Cso on the
Cu(110)-(2x1)0 and Au(111) surfaces. The black dashed lines in each graph are the
same spectra as Fig. 4.13 (c) and (d). The isolated Cso on Au(111) (purple) is the
same as Fig. 4.20 (a), and the isolated Li@Cs on Au(111) (dark blue) is from Fig.
4.20 (b). The spectra on Cu(110)-(2x1)0 also maintain their colour from Fig. 4.23
(b).

Upon studying the fullerenes on the Cu(110)-(2x1)O surface, however, it became
apparent that there was more stabilisation afforded to the molecules than on the Au(111).
Fig. 4.26 compiles the c.c. dI/dV spectra from both molecular systems on Au(111) and the
isolated fullerenes on Cu(110)-(2x1)0. This allows direct comparisons to be drawn and
conclusions proposed to explain the differing behaviours of each molecule for each
surface (Fig. 4.26 (a) for Cso and Fig. 4.26 (b) for Li@Cso). In both cases, however, the c.c.
di/dv STM imaging only revealed useful information regarding the LUMOs of the
fullerenes. The stabilisation effect of the Li-encapsulation on the energies of the SAMOs,
therefore, remains unconfirmed but parallels between the spectra can allow some

hypotheses to be discussed.

For isolated Ceo (purple and orange spectra in Fig. 4.26 (a)) the stabilisation gained by
adsorption to the Cu(110)-(2x1)0O substrate rather than Au shows a consistent reduction
in each of the resonance peak energies of <~0.25 V. In the case of the LUMO and LUMO+1
this results in them bearing a much stronger resemblance to the condensed Cg on
Au(111) (black dashed line in Fig. 4.26 (a)). However for the higher energy peaks,

especially the p,,~-SAMOs, the stabilisation is minimal and these are much more similar to
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the peaks in the spectrum of the isolated Ceo on Au(111). This stabilisation could be a
result of a more favourable adsorption orientation of the fullerene on Cu, but an
argument could also be made for it exhibiting increased coupling with the substrate. This
increased coupling would substantiate the hypothesis that was proposed due to the
reduced diffusion seen across the Cu(110)-(2x1)0. However, further experimentation and

DFT calculations are required before anything can be stated with more conviction.

The graph compiling Li@Cgo in various molecular configurations (Fig. 4.26 (b)) is more
evidence for the suggestion of increased surface interaction on the Cu(110)-(2x1)0
substrate. The resonance peak structure is more similar to the condensed Li@Cg on
Au(111) than that of the isolated fullerene. In some cases the stabilisation is even stronger
for the Cu(110)-(2x1)0 sample than for the condensed fullerenes (see the red peak ~+1 V
in Fig. 4.26 (b)). In all cases, except for the s-SAMO (~+2 V), the peaks in the spectrum
from the isolated Li@Cso on Cu(110)-(2x1)0O are stabilised by ~0.5 V when compared to
those of the isolated Li@Cso on Au(111). Why this stabilisation appears not to affect the
5s-SAMO is a little perplexing, but its similarity with the other two s-SAMOs featured in Fig.
4.26 (b) could simply mean the adsorption orientation is the same. The only example of a
shift in this peak (seen in Fig. 4.20 (b)) is as a result of the non-C6 adsorption orientation
of Li@Cso (observed in Fig. 4.19). This behaviour of the s-SAMO will be explored further

during Chapter 5 when the Li@Cq is explored for potential use as a molecular switch.
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5 - Exploring the potential for Li@Ceo to act as a multi-state molecular

switch

The following chapter will describe the experimental exploration of a concept which has
been considered for almost 30 years!: the potential for Li@Ceo to act as a single molecule
switch. Firstly, the adsorption orientation of the Li@Cg will be discussed, recalling the
observations from Chapter 4 and applying these to describe the distribution of its SAMOs
with respect to the substrate. Secondly, the experimental techniques and results
employed in the identification of the molecular switch will be detailed. Through a
combination of STM and STS, 14 discrete ion-cage coordinations will be rationalised as
the result of the Li migrating between different positions in the Cg cage. Finally, a
mechanism for this Li-migration will be proposed based on a combination of the work of
Schulze et al.*® and Jorn et al.? regarding vibrational excitation of fullerenes by resonant

tunnelling.

5.1 - Expectations for Li@Cgo manipulation

Chapter 4 confirmed both the presence of Li@Cg on the Au(111) surface, and that the
adsorption configuration which was predominantly adopted matched that which had
been calculated® as the most thermodynamically favourable adsorption orientation: M-
C6-Li@Cso on the hcp site. The encapsulated Li is known to preferentially stabilise off-
centre towards one of the C6-faces on the carbon cage (as discussed in section 1.3.2.1),
but this ion-cage coordination cannot be directly determined from the experimental data
in Chapter 4. For Cu(111), as is detailed in the work of Yamada et al., Li@Cqg is calculated
to adsorb to the surface such that the Li is displaced from the centre of the cage towards
the uppermost C6-face by ~1.5 A®. Initially this was assumed to be consistent on Au(111),
hence the depiction in Fig. 5.1 (a), and is consequently proven to be true during the
manipulation experiments detailed later in this chapter (see section 5.2). Since this is the
adsorption orientation adopted by all of the Li@Cso on the substrate (split between the
two azimuthal orientations discussed in section 4.1.2), this Li-cage coordination is
henceforth referred to as the native state of Li@Cg on Au(111). Upon adsorption to the
substrate, the inversion symmetry of the icosahedral carbon cage (discussed in detail in

section 1.3.1.2) is broken since the surface introduces a frame of reference to the

128



Chapter 5 Henry Chandler

Au(111)

Figure 5.1: a) Ball and stick model of Li@Cso, and b) Schlegel diagram of Ceo illustrating
the distribution of the 20 C6-faces around the surface of the Cs cage. The colours
indicate the level of the C6-faces with respect to their displacement from the
substrate. The Schlegel diagram is viewed through level 1 with the Li removed to

facilitate identification of the remaining 19 faces.

molecular system. When adopting the C6-fullerene orientation, this loss of symmetry
results in the recognition of 6 “levels” of faces within the Ceo (as labelled in Fig. 5.1 (a)).
Since the native state of Li@Cgo exhibits the Li preferentially stabilising in proximity to the
uppermost C6-face, this has been labelled level 1. The C6-faces in both the ball and stick
model and Schlegel diagram in Fig. 5.1 are colour-coded to facilitate identification of the

6 levels of the carbon cage.

As the diagrams show, some of the levels have multiple C6-faces which are distributed
around the surface of the Ceo. The number of faces in each level is as follows: 1:3:6:6:3:1
for levels 1 to 6 resulting in a total of 20 C6-faces. Levels 1 and 6 have only 1 C6-face each
which share bonds with 3 C6-faces in levels 2 and 5, respectively. Levels 3 and 4 each have
6 C6-faces which appear in 3 pairs that are evenly distributed around the equatorial
circumference of the Cg cage. Since the point of inversion is in the centre of the Ceo core,
levels 1-3 share the same distribution of C6-faces as levels 4-6 but with a 180° rotation
around the z-axis (orthogonal to the substrate). The Schlegel diagram (Fig. 5.1 (b))
specifically demonstrates that each C6-face has a unique vector from the centre of the
molecule when projected onto a 2D plane. It is thought that the 2D projections of these

vectors could allow for the visual recognition of the Li-cage coordination in STM images.
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calculated by our collaborators at the University of Edinburgh. The surface is merely
to provide reference to the changing orientation of the Li@Cso and approximate 6

different ion-cage coordinations.

The visual recognition of the changing Li position is expected to result from the alterations
in the SAMOs of the Li@Cqo. As is introduced in section 1.3, the encapsulation of Li distorts
the SAMOs of the Ceo such that these are closely dependent on the position of the Li within
the cage. Fig. 5.2 illustrates the DFT-calculated isosurfaces of the s- and p,-SAMOs (the
most strongly affected by the Li) for 6 hypothetical Li-cage coordinations to indicate the
expected effect of Li-migration between the C6-faces of a stationary Ce. The DFT
calculations, provided by our collaborators at the University of Edinburgh, do not include
the Au(111) surface due to the prohibitive computational expense this would require. The
surface has been added as a qualitative indication of the degree of surface interaction

that could be expected for these 6 ion-cage coordinations.

Fig. 5.2 shows the strong dependence that both the s- and p,-SAMOs possess with respect
to the internal position of the Li. Movement of the Li, therefore, is expected to result in a
re-orientation of these SAMOs. Since the SAMOs extend far beyond the confines of the
carbon cage, the degree of overlap with the surface states will vary as the orientation of
the SAMOs changes. This, in turn, will alter the energies of the corresponding resonance

peaks in the c.c. di/dV spectra. Before now this behaviour has not been explored by STM.

The various Li-cage coordinations and the energy barriers for migration have been studied

both theoretically*® and experimentally’™'°. The preference that Li exhibits for the C6-
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faces has been observed to cause 20 different Li-cage coordinations when examined in
the bulk (Li*@Ceo)[PFs]” salt at temperatures greater than 100 K’. At temperatures
between 100 K and 24 K, Aoyagi et al. identified two equally stable states in which the Li
is in proximity to opposite C6-faces (i.e. level 1 and 6) and is capable of tunnelling between
them’. However, below 24 K these two positions are reported to become asymmetrically
favoured resulting in greater population of one of the two states. Which of the two states
is favoured cannot be determined since the experimental technique is incapable of

studying single molecules.

Though Li-migration has been observed experimentally, these previous experiments
applied temperature”!® or terahertz radiation®® to the (Li*@Cso)[PFs] salt in order to
actuate the migration. Neither of these manipulation techniques afford control over, or
allow identification of, single molecules. By employing low temperature STM to study
surface-bound Li@Ceo not only are single molecules observable but these can be
selectively activated with atomic precision. If the Li can be located and controllably moved
between the C6-faces on the Cg cage, that could result in a single molecule switch with
20 discrete states which may be discernible with STM imaging. The next section discusses
the experimental process utilised to actuate the manipulation of Li@Ceso and identify the

resulting molecular configurations.

5.2 - Exploring the manipulation of Li@Cep in a 2D array on Au(111)

Manipulations of single molecules using an STM can result in various changes which
depend on the molecule’s structure and the parameters applied to it by the probe (as
discussed in section 1.2.1). A typical STM manipulation procedure consists of selecting
the coordinates for the manipulation, disabling the feedback loop, and monitoring the
current through the selected species as a constant tunnelling bias is applied to it. Typical
parameters for such manipulations are on the order of magnitude of 0.1-0.4 V and 1
nA12 Spontaneous changes in the tunnelling current indicate an alteration to the
conductance of the species beneath the STM probe. This signifies a manipulation of the

molecule.

By conducting experiments at ~5 K, not only is molecular selectivity achieved but the
fullerene is stationary i.e. no spontaneous movement of either the Li or the Li@Cso, and

requires external stimuli to cause any variation as has been observed for Ce'>*. In the
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case of Li@Cgo the available manipulations include: Li-migration with respect to the Ceo
cage, rotation or translation of the molecule and alterations to the molecular structure
(i.e. decomposition of the Ceo). Since the goal is to study the migration of the Li within a
stationary Ce cage, a method of minimising these unwanted manipulations is required.
As identified in section 4.1.6, the intermolecular interactions within the 2D arrays are
sufficient to prevent lateral manipulation of the fullerenes. It is therefore hypothesised
that by restraining the endohedral fullerenes within a 2D array, these interactions will be
strong enough to resist movement of the fullerene resulting in only Li-migration being
observed. The first requirement, however, is to determine the manipulation parameters

required to trigger a response in the Li@ Ceo.

5.2.1 - Determining the technigue required to manipulate Li@Ceo

For the majority of this chapter the manipulation technique is consistent, though the
specific parameters occasionally vary depending on the intended outcome. The basics of
the technique were introduced in section 2.2.2 but a detailed description of the process
is as follows. Upon imaging the surface at various biases, as described in section 4.1.2, a
Li-containing fullerene is identified and selected for manipulation. A tunnelling current set
point is selected and the feedback loop disengaged, whereupon the manipulation
parameters are then chosen such that a constant tunnelling bias is applied to the
fullerene. During the application of these parameters the tunnelling current is monitored
for spontaneous changes which denote an alteration to the tunnel junction. Fig. 5.3
depicts one example of an /(t) spectrum illustrating changes in the tunnelling current upon
application of +5.0 V and ~2.0 pA to a Li@Ceo. Since the applied parameters are constant,

these changes in current indicate alterations to the conductance of the tunnel junction.

The tunnelling current in Fig. 5.3, which is initially stable at ~2.0 pA, rapidly changes
between 6 discrete current levels (grey dashed lines) indicating changes in the
conductance of the selected Li@Ceo. The number of levels is reminiscent of the 6 C6-levels
on the carbon cage (as shown in Fig. 5.1) which could suggest that the 6 conductance
states are indicative of Li-migration between these levels. Detailed analysis discussed later

in this chapter proves that it is not as simple as this.
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Figure 5.3: I(t) spectrum illustrating the tunnelling current recorded on a Li@Ceso in a 2D
array on Au(111) during an STM-induced manipulation with parameters of +5.0 V

and ~2.0 pA.

The parameters applied during the above illustrated manipulation (+5.0 V and ~2.0 pA)
are the result of exploring the effect of incremental increases in both the tunnelling bias
and the tunnelling current. This method revealed that the lowest tunnelling bias capable
of causing the sudden changes in the conductance is +3.0 V. However, the tunnelling
current required to achieve this within an observable timeframe (more than ~0.02 Hz or
~1 per minute) is very large (~3.7 pA) and often results instead in the collapse of the tunnel
junction or decomposition of the fullerene. As the tunnelling bias is further increased, the
current required to actuate the conductance changes reduces. Though a thorough
understanding of this relationship is not achieved during the current work, brief
exploration resulted in the identification of the parameters utilised for the majority of the
following experimental exploration (+5.0 V, 1.85 +0.15 pA). These parameters are many
magnitudes greater than standard manipulation parameters (0.1-0.4 V and 1 nA, as
mentioned above). This is because proposed mechanism requires the energy of the
tunnelling electrons to coincide with p,,~-SAMOs for the manipulation to be activated. A

more detailed explanation of this mechanism is discussed in section 5.2.5.

The extreme parameters required to alter the conductance state of the Li@Cg and the
fact that there are 6 of them as shown in Fig. 5.3 (grey dashed lines) are two behaviours
exhibited within the /(t) spectrum. There is also a third and arguably more directly

interesting facet of the data that is apparent; the seeming reversibility of the conductance
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changes. The tunnelling current returns to the initial value (~2.0 pA) a number of times
throughout the spectrum and also happens to end in that state. The analysis of this

reversibility is the focus of the next section.

5.2.2 - Exploring the reversibility of the conductance changes exhibited during

Li@Ceso manipulation

To decipher the origin of the reversibility in the conductance changes exhibited in Fig. 5.3,
the Li@Cso must be identified before and after each alteration in the conductance state.
As such, c.c. STM images at +2.5 V and -2.5 V, and c.c. dl/dV spectra are acquired before
and after each manipulation attempt. The selected Li@Cso (highlighted by a solid white
ring) is identified by the c.c. STM images in Fig. 5.4 (a) and one of the red c.c. dI/dV spectra
in Fig. 5.4 (j). This fullerene undergoes multiple manipulation procedures and the
subsequent STM images (Fig. 5.4 (b-i)) illustrate the molecular appearance of each of the
resulting conductance states. Fig. 5.4 illustrates 8 different manipulations to show the

reversibility and reproducibility of the procedure.

The first set of STM images (Fig. 5.4 (a)) identify the fullerene as a C6-Li@Ceo in the native
state (ring shape at -2.5 V and beacon at +2.5 V). Between each adjacent image set (i.e.
between (a) & (b), (b) & (c) etc.) manipulation parameters are applied which cause the
changes in the subsequent images. Figs. 5.4 (c, e, g and i) all appear the same as Fig. 5.4
(a) suggesting that the Li@Ceo is repeatedly returned to its native state. However, the
remaining STM images (Figs. 5.4 (b, d, f and h)) adopt different molecular appearances as

a result of the manipulation.

Looking closely at the -2.5 V STM images of the altered Li@Cso (top row of Figs. 5.4 (b, d,
f and h)), three different molecular appearances are observed that all exhibit an induced
asymmetry in their topographic signatures. Figs. 5.4 (b) and (f) both appear like ring
shapes with an asymmetric brightness on a portion of the ring. Fig. 5.4 (d) has the
appearance of a kidney bean the asymmetry caused by one end appearing brighter than
the other. Fig. 5.4 (h) exhibits an asymmetry due to a portion that is darker than the rest,
resulting in the ring shape resembling a crescent instead. Upon initial observation it might

be assumed that this final appearance actually represents a fullerene after
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Figure 5.4: a-i) Sequential STM images (-2.5 V, 0.1 nA [top row]; +2.5 V, 0.1 nA [bottom
row]) of a Li@Ceo (solid white ring) used to illustrate the reversibility of the Li-switch.
a), c), e), g) and i) are data sets for the native state of the Li@Ceo. b), d), f) and h)
are data sets that represent three different switched states of the Li@Ce. Dashed
white circles indicate neighbouring Ceo that have undergone rotations as a result of
the manipulation of the Li@Csgo. j) c.c. dl/dV spectra for each of the data sets with
the distinct LUMOs (+1 & +4) and the shift of each SAMO labelled. The red spectra
correspond with images a), c), e), g) and i) and the grey spectra with b), d), f) and
h).

decomposition, however, this is disregarded upon observing that the final STM image of
the figure (Fig. 5.4 (i)) shows the Li@Cg returned to the native state. Additional evidence
proving the integrity of all of the fullerene appearances in Fig. 5.4 (b-i) is illustrated by the
c.c. dl/dV spectra in Fig. 5.4 (j).

The red spectra in Fig. 5.4 (j) correspond to the Li@Ceo in the native state (Figs. 5.4 (a, c,
e, g and i)) and the grey spectra to those in the 3 other states (Figs. 5.4 (b, d, f and h)).
The almost identical electronic structure seen in the red spectra proves the Li@Ceo is
observed in the same state for these 5 data sets. Studying Fig. 5.4 (j) shows that when

Li@Cq is switched out of the native state (red to grey spectra) there is an upshift in all
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SAMO resonance energies, which varies for each specific SAMO, but no shift in the
energies of the visible LUMOs. The LUMO+1 (~+1.5 V) and the LUMO+4 (~+4 V) exhibit
altered intensity but the reason for this is not currently understood. The major
observation from the spectra is the proof that, regardless of the appearance of the STM
images, the integrity of the Li@Cso is maintained for each state. As such, the process of
converting between any of the states illustrated in Fig. 5.4 will simply be known as a Li-

switch and all states, besides the native state, will be referred to as switched states.

The manipulation parameters required to return the switched states to the native state
are less extreme than those for the initial switch (from native into any of the others).
Despite this observation, the switched states exhibit a qualitatively similar stability to the
native state i.e. no spontaneous switching of any Li@Ceo is observed during STM imaging
or manipulation of neighbours. This is not the case for Ceo. As is indicated by the dashed
white circles in Figs. 5.4 (b) and (h), spontaneous re-orientation of neighbouring Ceo is
quite common during the manipulation of Li@Cso and has been recorded on Ceo up to 5
nm from the selected Li@Ceo. A suggestion for the origin of this behaviour is discussed

later in this chapter when proposing a mechanism for the Li-switch (section 5.2.5).

The microscopic and spectroscopic identification of the reversibility of the Li-switch is
strong evidence that the manipulation is activating a movement of the Li with respect to
the substrate. The next sections will attempt to identify this movement and characterise

each of the possible switched states.

5.2.3 - Identifying the Li@Ceo switched states

In order to properly identify the switched states exhibited by Li@Ce upon application of
the manipulation parameters (+5.0 V, 1.85 +0.15 pA), a methodical approach to the
characterisation before and after each manipulation is required. Since the endohedral
fullerenes all adopt the native state naturally, each Li@Cep is to be switched only once
from the native state into one of the switched states. This allows direct comparison
between the data sets for identical Li@Cso. To provide enough information to fully identify
the manipulation process a standardised data set (Fig. 5.5) is suggested. Before each
manipulation attempt, the starting configuration of the selected Li@Ceo (i.e. M- or m-C6-

Li@Ce) must be identified to ensure only identical fullerenes are directly compared. As
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Figure 5.5: Typical data set for analysis of the Li@Cgo switch process. STM images prior
to the switch prove this fullerene to be M-C6-Li@Cso by imaging at the following
parameters: a) (-2.5 V, 0.1 nA), b) (+1.0 V, 0.1 nA) and c) (+2.5 V, 0.1 nA). STM
images after the manipulation are used to identify the switched state of the Li@Cso
by imaging at the same parameters: d) (-2.5 V, 0.1 nA), e) (+1.0 V, 0.1 nA) and f)
(+2.5V, 0.1 nA). g) c.c. di/dV spectra of the M-C6-Li@ Ceo from before (red) and after
(blue) the switch event. The inset I(t) curve illustrates the tunnelling current during

the application of the manipulation parameters (+5.0 V, 1.85 uA).

such, the data set contains 3 STM images of the Li@Ceo at various scanning biases (Figs.
5.5(a)-2.5V, (b) +1.0 V, and (c) +2.5 V) and a c.c. di/dV spectrum (red curve in Fig. 5.5
(g)) proving that the fullerene is in its native state. After the switch procedure, depicted
by the inset /(t) spectrum in Fig. 5.5 (g), the acquisition of these data is repeated (Figs. 5.5
(d-f) and blue curve in (g)). Each data set can then be discussed in an attempt to identify

the changes which the native state undergoes to result in the various switched states.

The STM images of the selected Li@Cq in its native state show the ring shape familiar to
Cé-fullerenes at -2.5 V (Fig. 5.5 (a)), and the orientation of the triangular shape at +1.0 V
(Fig. 6.5 (b)) identifies it as specifically an M-Cé6-fullerene. The beacon molecular
appearance at +2.5 V visually differentiates the Li@Ce from neighbouring Ceo (Fig. 5.5 (c))

and the red c.c. di/dV spectrum (see Fig. 5.5 (g)) confirms the characterisation. Each of
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these pieces of data are required to fully identify the fullerene before the manipulation
procedure, which is represented by the inset /(t) graph in Fig. 5.5 (g). Initially the /(t) graph
shows a stable tunnelling current after the manipulation parameters (+5.0 V, 1.85 pA) are
applied. A sudden drop in the current (~¥350 nA, labelled “switch”) indicates a
spontaneous change in the conductance of the fullerene, after which the parameters are
manually removed (current change labelled “stop”). This then allows the remaining data

to be recorded in order to complete the data set.

The same image parameters are repeated after the manipulation to provide information
on the final state of the Li@Cso. The STM image of the switched state at -2.5 V (Fig. 5.5
(d)) is arguably the most useful since it provides information on the topographic
asymmetry induced by the manipulation. In this case the Li@Cso has adopted the kidney
bean shape similar to Fig. 5.4 (d). On initial observation this asymmetry is reminiscent of
the radial distribution of the C6-faces as described by the Schlegel diagram in Fig. 5.1 (b),
this shall be explored further shortly. The STM image at +1.0 V (Fig. 5.5 (e)) can be useful
for checking the orientation of the molecular appearance with respect to the 2D array.
The amorphous shape of the molecular appearance at +2.5 V (Fig. 5.5 (f)) is dimmer for
the switched state. Though this does not provide any information on the symmetry of the
switched state of the fullerene, it can be understood by observing the shift in the s-SAMO
peak (indicated by As in Fig. 5.5 (g)). The c.c. dI/dV spectrum of the Li@Cso in the switched
state (blue curve in Fig. 5.5 (g)) is one of the most important pieces of data since it proves
the integrity of the fullerene regardless of the appearance in the STM images. By
comparing between the spectra, any shifts in the resonance peak energies can be easily
identified and directly associated with the manipulation. This data set can be repeated to
suitably analyse the behaviour of the Li@Cs when subjected to these manipulation
parameters. For the current work, for example, a total of 307 Li@Ce have been

manipulated and analysed to determine the identity of the possible switched states.

5.2.3.1 - Characterising the Li@Cego switched states with STM and STS

After analysis of more than 300 discrete switch procedures, 5 molecular appearances are
observed repeatedly, 3 of which exhibit numerous equivalents that adopt different

azimuthal orientations with respect to the 2D array. Fig. 5.6 shows the STM images of the
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1 (native)
Figure 5.6: STM images (-2.5 V, 0.1 nA) of the 5 discrete states of M-C6-Li@Cso labelled

with the corresponding number of azimuthal orientations observed for each

molecular appearance.

5 discrete molecular appearances for the Li@Ceo with the number of azimuthal
orientations observed for each indicated below the image (totalling 14). There is a 15%
state which is also identified, but this is very rarely seen and will be identified as a Li-
ejection event in section 5.2.4. The following analysis only illustrates the results from the
M-C6-Li@Cso selected for manipulation, however all conclusions formed are also

consistent for the m-C6-Li@Cgo configuration.

Fig. 5.6 (a) is presented as an example of the native state for reference in the comparison
with the switched states of M-C6-Li@Ceo (Figs. 5.6 (b-e)). The ring with an asymmetric
brightness seen in Fig. 5.6 (b) (similar to those in Figs. 5.4 ((b) and (f)) is observed adopting
3 azimuthal orientations at 120° intervals. Fig. 5.6 (c) depicts a kidney bean shaped
molecular appearance with an asymmetric brightness which can be described as
“pointing” between two close-packing directions in the 2D array (similar to that in Fig. 5.4
(d)). This switched state is observed adopting 6 different azimuthal orientations. Similar
to Fig. 5.6 (b), the crescent shaped molecular appearance in Fig. 5.6 (d) (reminiscent of
that seen in Fig. 5.4 (h)) also adopts 3 azimuthal orientations at 120° intervals. The final,
discrete molecular appearance (seen in Figs. 5.6 (e) and 5.7 (a)) bears a striking
resemblance to the native state due to its symmetrical ring shape. Only by also
considering the corresponding c.c. dl/dV spectrum can the switched state be proven

distinct from the native state (see Fig. 5.7).

The number of azimuthal orientations exhibited by the 5 discrete molecular appearances
(1:3:6:3:1) is comparable to the distribution of the C6-faces between the levels of the Cqo

cage (1:3:6:6:3:1, as illustrated in Fig. 5.1). The migration of the Li resulting in different Li-
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Figure 5.7: (a) STM image (-2.5 V, 0.1 nA) of M-C6-Li@Cgo with the Li in level 6 (same
image as in Fig. 5.6 (e)). (b) c.c. di/dV spectra of the white-ringed fullerene in (a)
(pink) and a Li@Ce in the native state (red).

cage coordinations is hypothesised to be the source of the induced asymmetry in the
molecular appearances in Fig. 5.6 (b-d). In order to explore this, the symmetries of the 5
discrete molecular appearances and the corresponding c.c. dl/dV spectra will now be

analysed.

Besides the native state of Li@Ce (Fig. 5.6 (a)), which has already been discussed
extensively in Chapter 4, the molecular appearance seen in Figs. 5.6 (e) and 5.7 (a) is the
simplest to identify because it is symmetrical. Fig. 5.7 (b) depicts the c.c. di/dV spectra for
this switched state (pink) and an example of the native state (red) to facilitate comparison

between the two.

Upon initial observation, the fullerene in Fig. 5.7 (a) is barely distinct from the familiar
ring shape of Li@Ce in the native state. However, by examining the c.c. di/dV spectra in
Fig. 5.7 (b) it is determined that the symmetrical molecular appearance does represent a
fullerene in a switched state. The pink spectrum in Fig. 5.7 (b) exhibits an upshift in the
energies of the SAMO peaks and negligible response from the visible LUMOs. These
changes in the resonance peak energies confirm the spectrum as representing a Li@Cgo in
a switched state; similar to those seen in Fig. 5.4 (j). In order to maintain the same
symmetry as the native state (hence the molecular appearance) but with a different Li-
cage coordination, the Li must be located in proximity to the single C6-face adsorbed to
the substrate. This configuration is, therefore, referred to as M-C6-Li@Cso with the Li in

level 6.
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Figure 5.8: a) STM images (-2.5 V, 0.1 nA) of 3 examples of M-C6-Li@Cso with the Li in
the level 2. These images are positioned around a ball and stick model of M-C6-
Li@Cgo to illustrate which of the C6-faces the brightness in each image aligns with.
b) c.c. di/dV spectra of the white-ringed fullerenes in a) (green) and a Li@Ceo in the

native state (red).

Continuing the analysis of the symmetry of the switched states in Fig. 5.6, consider the
ring with an asymmetric brightness and 3 azimuthal orientations (see Figs. 5.6 (b) and 5.8
(a)). The ball and stick model below illustrates the adsorption configuration of the M-C6-
Li@Cqo in its native state. The c.c. di/dV spectra in Fig. 5.8 (b) represent the electronic
structures of the fullerenes indicated in the STM images in Fig. 5.8 (a) and a Li@Cqo in the

native state, these are green and red respectively.

Each of the three white-ringed fullerenes in the STM images in Fig. 5.8 (a) align with one
of the high symmetry packing directions of the 2D array. Comparing this with the ball and
stick model, the bright portion of each molecular appearance is observed coinciding with
a C6-face in level 2 of the Cg cage. This agrees with the hypothesis that the induced
asymmetry is related to the Li-cage coordination. The consistency between the

corresponding spectra (green in Fig. 5.8 (b)) is further evidence that these switched states
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Figure 5.9: a) STM images (-2.5 V, 0.1 nA) of 3 examples of M-C6-Li@Ceo with the Li in
level 5. These images are positioned around a ball and stick model of M-C6-Li@Cgo
to illustrate which of the C6-faces align with the dark region in each molecular
appearances. b) c.c. di/dV spectra of the white-ringed fullerenes in a) (orange) and

a Li@Ceo in the native state (red).

are of similar Li-cage coordinations, merely adopting different azimuthal orientations. This
consistency also indicates the negligible effect that variation in the neighbouring

fullerenes imparts on the electronic structure of Li@ Ceo.

The second switched state that exhibits an asymmetric molecular appearance with 3
azimuthal orientations is the crescent shaped molecular appearance seen in Figs. 5.6 (d).
In this case, however, the asymmetry of the shape is a dark region which aligns with the
3 high symmetry packing directions opposite to those adopted by the bright regions of
the level 2 M-C6- Li@Cg shapes. These 3 azimuthal orientations are indicated in the STM
images surrounding the ball and stick model of M-C6-Li@Cso in Fig. 5.9 (a). The orange c.c.
dl/dV spectra in Fig. 5.9 (b) correspond with these molecular appearances and show the
electronic structure of the switched Li@Ce. The red spectrum is an example of the

electronic structure of Li@Ceg in the native state.
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Direct comparison with the M-C6-Li@Cg model shows that the asymmetry in the images
aligns with the C5-faces on level 2. However, due to the inversion symmetry of the Cgo
cage this also coincides with the C6-faces in level 5 (as highlighted by the ball and stick
model in Fig. 5.9 (a)). The known preference for the Li to stabilise in the proximity of C6-
faces leads to the conclusion that this molecular appearance corresponds with M-C6-

Li@Ceo with the Li in level 5 of the cage.

Similar to the spectra seen for the level 2 switched state of M-C6-Li@Ceo (Fig. 5.8 (b)), the
orange spectra in Fig. 5.9 (b) are very consistent in their peak distribution. One difference
between the spectra in Figs. 5.8 (b) and 5.9 (b), however, is the clearly identifiable p.-
SAMO (~+1.0 V) for the level 5 switched state. Why this peak is more distinct for this

molecular configuration than for Li@Cg in level 2 is, as yet, undetermined.

The p,-SAMO peak is also apparent in the spectra associated with the final molecular
appearance; the kidney bean shape depicted in Figs. 5.6 (c) and 5.10. This final switched
state also exhibits an asymmetry due to a portion of the molecular appearance which is
brighter than the rest. Similar to the other switched states, this allows the molecule to be
identified by the direction it “points” (see the arrows on the STM images in Fig. 5.10 (a)).
Similar to the previous figures describing the levels 2 and 5 switched states, these STM
images surround a ball and stick model of M-C6-Li@Cs. The blue c.c. di/dV spectra
exhibited in Fig. 5.10 (b) illustrate the electronic structures of the fullerenes indicated by
the white and blue rings in Fig. 5.10 (a), and the red spectrum represents the electronic

structure of a Li@Csp in the native state.

Close observation of the molecular appearances in the STM images in Fig.5.10 (a) reveals
that instead of 6 azimuthal orientations of the same shape, there are 2 slightly different
sets of 3. On initial observation the molecules appear similar but, as is accentuated by the
adjacent apostrophe shapes, the direction of the curve differs. This could suggest that two
different switched states are present, however the consistency of the electronic spectra
for the 6 fullerenes (see Fig. 5.10 (b)) disagrees with this proposal. Considering the
alignment of the asymmetry in the molecular appearance, as has been used to identify
levels 2 and 5, the axes of the azimuthal orientations all fall between the 6 close-packed
directions of the 2D array (illustrated by the arrows in Fig. 5.10 (b)). Secondly, the axes of

these molecular appearances do not align with those of the C6-faces in either levels 3
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Figure 5.10: a) STM images (-2.5 V, 0.1 nA) of 6 examples of the kidney bean shaped

molecular appearance that are often seen after switching M-C6-Li@Cso. These are
positioned around a ball and stick model to illustrate that the axes of the C6-faces
in levels 3 (turquoise) and 4 (purple) do not align with those of the kidney beans
(indicated by the arrows). b) c.c. di/dV spectra of the 6 ringed fullerenes in a) (blue)
and an M-C6-Li@Cep in the native state (red). c) Ball and stick model illustrating the
alignment between the axis of an STM image from a) and those of the proposed

level 3/4 switched state of M-C6-Li@ Cgo.

(turquoise) or 4 (purple), but instead bisect them. Due to this misalignment of the axes,
this switched state proves less trivial to identify than the previous states. The fact that
there are only 6 azimuthal orientations (3 for each set) instead of 12 (6 for each of levels
3 and 4) adds further complication to the identification of the switched state represented
by the kidney bean shape. Three hypotheses are presented in an attempt to determine

the true nature of this switched state.

The first suggestion states that only one of either levels 3 or 4 is observed, with no Li@Csgo
stabilising in the remaining level. Simply put, a rational energetic argument cannot be
made for this suggestion so it is dismissed. A second hypothesis proposes that Li@Ceo

adopting both levels 3 and 4 are present in the data, but that the molecular appearance
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is too similar and the resolution of the STM images is insufficient to determine the
difference. This hypothesis is also dismissed. Firstly, because the 15° angle between
adjacent C6-faces in levels 3 (turquoise) and 4 (purple) (see ball and stick model in Fig.
5.10 (a)) would be easily observable in the achieved resolution of the STM images.
Secondly, each level would be expected to have a unique electronic structure (noticeable
in the p,- and s-SAMO peaks) since the Li-cage coordination would differ. As mentioned
above, however, on examining the spectra closely there is only one set of peaks which all

exhibit similar resonance peak structures (see Fig. 5.10 (b)).

The final hypothesis suggests that the proximity of the neighbouring fullerenes in the 2D
array alters the internal potential energy landscape that the Li experiences in the carbon
cage. Instead of stabilising close to the C6-faces in levels 3 or 4, the Li adopts a position in
proximity to the double bond between the two C6-faces. This reduces the 12 possible
stabilisation sites (6 C6-faces in each of levels 3 and 4) to only 6 in an equatorial position
henceforth referred to as level 3/4 due to its hybrid nature. The axes that align with these
equatorial positions are illustrated on the ball and stick model in Fig. 5.10 (c) and coincide

with those of the kidney bean shapes (as seen in the corresponding STM image).

Not only do the proposed level 3/4 Li-coordination sites match the 6 axes observed in the
STM images, but the plane of the double bond to which the Li stabilises appears to be
linked to the curve of the kidney bean shape. Fig. 5.11 places two examples of the level
3/4 switched state of M-C6-Li@Cso from Fig. 5.10 (a) alongside ball and stick models to
illustrate this connection between the double bond and the shape of the molecular

appearance.

The ball and stick models in Fig. 5.11 are orientated such that the highlighted bond
(between the C6-faces of levels 3 and 4) is the stabilisation site for the Li. The models are
viewed as if observing the fullerenes along the axis of the arrows on the corresponding
STM images. The highlighted bonds can be seen adopting mirror symmetric angles with
respect to the substrate (see the difference between the models in Figs. 5.11 (a) and (b)).
The angle adopted by this bond alternates around the equator of the carbon cage and
therefore is consistent with the alternating orientation of the kidney bean shapes in the

STM images in Fig. 5.10 (a).
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Figure 5.11: Ball and stick models indicating the stabilisation sites for the Li in the
corresponding level 3/4 M-C6-Li@Csp switched state (deep blue). These models are
orientated as if viewing the Li@Cgo in the appropriate STM image (-2.5 V, 0.1 nA)
along the axis of the arrow. The shape of each molecular appearance is emphasised

by the adjacent white and blue apostrophe shapes.

The proposed bond-coordinated Li-stabilisation site for the level 3/4 switched state of
Li@Cso agrees with the axes observed in the STM images (Fig. 5.10 (c)), and suggests an
origin for the alternating orientation of the kidney bean shape. However, the strongest
argument for this proposed coordination site is revealed upon a statistical analysis of the
population density for each of the four switched states observed (Fig. 5.6 (b-e)). These

results are presented in Table 5.1.

Of the 307 Li@Ceo Which underwent manipulation 270 are identified as switched states, 3
adopted an irreversible but reproducible state (discussed in section 5.2.4) and 34 are
disregarded as these were irregular and irreproducible. This latter group are suggested to
be the result of Li@Csy decomposition but are not discussed further due to the lack of
identifiable symmetries. The “observed” values in Table 5.1 are representative of the

proportion of the 270 Li@Ces which adopt each of the identified switched states. The
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Table 5.1: Statistical analysis of the distribution of the switched states adopted by M-
C6-Li@Ceo.

Ratios Level 2 Level 3/4 Level 5 Level 6
Observed 20.4% 52.2% 26.3% 1.1%
Expected 23 +3% 46 +3% 23+3% 8+2%

“expected” values in the table are the result of a random distribution between the four
switched states with weighted probabilities of 3:6:3:1 to match the distribution of the C6-
faces through the proposed levels of Li-cage coordination. The errors are standard
deviations which result from repeating the distribution 270 times, to match the
experimental number of identified switched states. As can be seen in Table 5.1, the
observed population values for levels 2 and 5 fall within the range of expected values for
those switched states, but the population of levels 3/4 and 6 fall slightly outwith these
ranges. This could suggest that there is a minor avoidance of the level 6 states due to the
orientation of its SAMOs and subsequent interaction with the surface states (discussed
shortly below). Alternatively, the Li may exhibit some preference for the equatorial sites
of level 3/4. These minor variations may be evidence of external factors (i.e. substrate and
neighbouring fullerenes) modifying the internal surface potential that the Li experiences,
suggesting some preference for certain switched states. However, the discrepancy
between expected and observed values in Table 5.1 is only a few % and, for the size of
this study, this can be considered sufficiently small to consider the values the same.
Hence, the Li-migration mechanism is determined to be a random process, i.e. there is no

preference between the 13 switched states.

Naively, one might expect that the proximity of the Li to the surface would induce some
preference between the C6-levels within the Cso cage due to interactions between the
SAMOs and empty surface states. Similar to the native state being considerably preferred
over the switched states, one could assume that level 2, for example, would be more
preferable than level 5 due to the reduced overlap between the orbitals of the Li and the
empty states of the Au. One suggestion as to why this preference is not observed is linked
to the Faraday cage-like effect that was reported by Delaney et al. in 2004%°. The shielding

afforded to the encapsulated species by this proposed effect may prevent any surface-
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induced preference for certain Li-cage coordination sites. However, it could also be
expected that this shielding would protect the internal surface potential from the
intermolecular interactions of neighbours too. This would obviously disagree with the
suggested formation of the level 3/4 switched state. The proposed Faraday cage-like
effect, therefore, requires in depth calculations and discussion before any effects on the
surface-bound endohedral fullerene can be confirmed. These calculations are beyond the

scope of this thesis so have not yet been attempted.

A statistical analysis to explore any effect between nearest neighbours and the adopted
Li-cage coordination site may reveal greater insight on interactions within the 2D array.
However, the sheer complexity of such a process is also beyond the scope of the current
work. In an attempt to ensure the selected Li@Cgo were as close to identical as possible
each was surrounded by 6 Cso as nearest neighbours. However, to achieve truly identical
conditions the orientation of these neighbours would also have to have been the same.
This is impractical for two reasons: firstly the variation in the Ceo adsorption configurations
resulted in a vast number of possible combinations for the 6 neighbours surrounding a
Li@Cso. Secondly, the frequency with which neighbouring Ce rotate under the Li-
manipulation parameters would result in the dismissal of the majority of the data
collected. Due to these unrealistic requirements for an ideal system the above analysis of
STM images is the sum of the quantitative analysis for the distribution of the switched

states.

As a result of these 14 proposed Li-cage coordination sites, the diagrams indicating 20
possible states (Figs. 5.1 and 5.2) are refined and presented in Fig. 5.12. The ball and stick
model and the Schlegel diagram identify the 14 suggested Li-cage coordination sites (Figs.
5.12 (a) and (b)). The s- and p,-SAMOs depicted in Fig. 5.12 (c) are an approximate
representation of how the SAMO orientations of the 4 switched states may compare to

those of the native state.

Similar to the previous examples of these figures (see Figs. 5.1 and 5.2), the highlighted
coordination sites of the ball and stick model and Schlegel diagram are colour-coded (see
Figs. 5.12 (a) and (b), respectively). Similar to Fig. 5.1 (b), the uppermost C6-face and Li
are removed from the Schlegel diagram to aid identification of the radial distribution of

the 13 switched states. The SAMOs depicted in Fig. 5.12 (c) are the result of DFT
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Figure 5.12: /llustrations of the 14 proposed Li-coordination sites of C6-Li@Cso When

p,-SAMOs-SAMO

adsorbed to Au(111). The 14 sites are highlighted on a) a ball and stick model, and
b) a Schlegel diagram. c) Approximated s- and p,-SAMOs are presented for the
native state and the 4 proposed switched states of Li@Cso. These SAMOs are the
result of gas phase DFT calculations for Li@Ceo with Li coordinated to a C6-face, the

orientations presented are merely to facilitate discussion.

calculations for Li@Ceo in the gas phase (see details in section 4.1.4) in which the Li is
coordinated to a C6-face. The orientation of the s- and p,-SAMOs is merely intended to
illustrate what could be expected if the same SAMO distribution was rotated to
approximate the position of the Li with respect to the substrate for the 4 proposed
switched states. Such variation in the coupling between the substrate and the SAMOs
could be expected to allow for some differentiation between the switched states based
on the energies of corresponding resonance peaks. In an attempt to facilitate such a

comparison Fig. 5.13 depicts the c.c. di/dV spectra from Figs. 5.7-5.10.

Collecting the c.c. dI/dV spectra from the above examples of each switched state (Figs.
5.7-5.10) affords a direct comparison of the corresponding resonance peak structures.
The first point to make is that the consistency of the energies at which the visible LUMOs
(labelled L+1 and L+4 in Fig. 5.13) are observed indicates that the switched states are not
merely unidentified Li@Ceo adsorption orientations. As was reported in section 4.1.3 and
refs ¥ and Y, rotation of the carbon cage alters the energy at which the LUMOs are

measured, so the C6-Li@Cq identified before the manipulation all retain the C6-
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Figure 5.13: c.c. dI/dV spectra of the various M-C6-Li@Csp switched states from Figs.

5.7-5.10.

adsorption orientation after the manipulation too. Further still, the distinct azimuthal
orientations adopted by each switched state described above identify, without exception,
that the Li-cage coordination matches a C6-face on an M-C6-Li@Cso, Nnever swapping to
an m-C6-Ceo. Considering both the consistency in the LUMO peak energies and the cage
orientation, it is concluded that the manipulation involves the migration of Li around the
internal surface of a stationary Ceo. As such, the manipulation will henceforth be referred

to as Li-migration.

Upon further examination of the spectra in Fig. 5.13, the other peaks all exhibit a shift in
energy compared to the corresponding peaks in the spectrum of the Li@Ceo in the native
state (red). With the knowledge of the resonance peak identities for the native state (as
discussed in section 4.1.4), the s-, py,~- and d-SAMOs are easily labelled for the Li@Ceo
switched states. Additionally, the upshift of the s- and p,,~-SAMOs allows the assumption
that the switched state peaks ~+1 V have also been upshifted from a peak with a lower
energy in the native state. According to the PES data acquired by our collaborators (and
detailed in ref 18), these peaks ~+1 V match the expected value for the resonance peak of
the p,-SAMO of Li@Cso. This connection between the expected p,-SAMO peak energy and
the general upshift observed for the other SAMOs is the method by which the p,-SAMO
for the native state was confidently identified at ~+0.5 V (as detailed in section 4.1.4).
Given the general trend for upshifting in all switched state SAMOs, except for the d-SAMO,
it is apparent that the native state couples with the substrate considerably more strongly

than the switched states. A close inspection of the shift in the peaks of each switched
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state may reveal information regarding the corresponding strength of the coupling with

the substrate.

The range of the shift exhibited by each SAMO peak is indicated by the black bars in Fig.
5.13. The higher energy SAMOs (px,- and d-SAMOs) appear to be less affected by the Li-
migration with the range of each being less than ~500 mV, and in the case of the d-SAMO
not solely upshifted. This is likely to be a combination of two effects. Firstly, the increased
diffusivity of these SAMOs weakens the dependence on the position of the Li within the
Ceo (see section 1.3.1.3) minimising the energetic stabilisation. Secondly, the noise
inherent in the c.c. dl/dV signal is exacerbated at higher energies which can lead to greater
error in the recorded energy of the resonance peak. For the d-SAMO, for example, the
shift in the resonance peak is seen to vary both up and down in energy from that of the
native state. The p,- and s-SAMOs, however, are highly directional and closely dependent
on the Li-cage coordination (as proposed in Fig. 5.12 (c)). The interaction between these
SAMOs and the empty states of the substrate will therefore be strongly altered by any
movement of the Li with respect to that substrate, hence the larger upshift (more than

500 mV) for the p,- and s-SAMO resonance peaks in Fig. 5.13.

Despite the proposed variation in the coupling between the SAMOs and the surface states
(Fig. 5.12 (c)), there is an approximately uniform upshift for each of the p,-, s- and px,-
SAMOs for the switched states. Though the energy of each of the resonance peaks is
similar, the width of the p,- and s-SAMO peaks and the general shape of the spectra allows
each switched state to be differentiated from the others purely by observing the c.c. di/dV
spectrum of the fullerene. For example, level 2 exhibits a less distinctive p,-SAMO, more
distinctive LUMO+1 and a sharper s-SAMO peak compared to the distinctive p,~-SAMO,
negligible LUMO+1 and a squatter s-SAMO peak of level 5. However, the differences in
peak distribution are less distinctive than what could be expected for the various SAMO
distributions proposed in Fig. 5.12 (c). By considering the final piece of information
acquired for each data set (/(t) measurements), it is hoped that further differentiation will

be revealed, this is discussed in the following section.

5.2.3.2 - Analysing the variation in conductance between the Li@Cso switched states

The upshift in the p, s- and px,-SAMO resonance peaks discussed in section 5.2.3.1

indicates that the stabilisation of these SAMOs reduces upon switching the Li@Cgo out of
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the native state. This is expected to be due to the proposed reorientation of the SAMOs
as the Li-cage coordination changes. However, the analysis of the c.c. di/dV spectra does
not reveal a hierarchy for the resulting substrate-coupling strength of the switched state
SAMOs. Since, discrete conductance levels are discernible in the /(t) curve in Fig. 5.3,
further analysis of the conductance may afford greater understanding of the differences
between the switched states. One might expect, for example, that the conductivity of the
Li@Ceo is closely related to the overlap between the SAMOs and the substrate. Fig. 5.14
collects a number of the /(t) curves recorded during the +5.0 V manipulations of various
Li@Ceo. Due to the process by which the manipulation is achieved, the initial tunnelling
current exhibits minor variations. As such, the spectra in Fig. 5.14 have been graphically

normalised in order to directly compare the /(t) curves from a number of data sets.

The normalised I(t) traces are colour-coded as a function of the switched state, as
indicated by the inset legend, with the conductance of the irreversible 15™ state
(discussed in section 5.2.4) highlighted in grey. Within Fig. 5.14 bands of colour are

utilised to emphasise the limited grouping of the switched states.

The Li@Ceo in the native state has the highest conductance, and the irreversible switched
state exhibits the lowest conductance at ~35% of the native state. The grouping seen in
Fig. 5.14 of the conductance of the switched states around 80% (+10%) is similar to the
fairly consistent shift of the SAMOs observed in the c.c. di/dV spectra in Fig. 5.13.
However, within this grouping there is a degree of differentiation which could allow for
identification of a hierarchy in the strength of the switched state SAMO-substrate
coupling. The conductance of the levels 2 and 3/4 switched states are almost identical,
both observed at ~85%. The narrow band exhibiting the conductance of the level 6
switched state shows that it has a conductance of ~¥80%. The conductance of the level 5

switched state is the most reduced of the 13 reversible Li-switched states, seen at ~75%.
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Figure 5.14: Conductance curves from a selection of Li-manipulation processes at +5.0
V. These have been graphically normalised to allow for the ratio of the conductance
change to be identified with respect to the starting conductance. Bands are formed
which show that some of the switched states can be identified by the resulting
conductance. Both the bands and the conductance graphs are coloured to match

the inset legend.

This differentiation between the conductance states in Fig. 5.14 suggests minor variations
in the strength of the surface coupling. However, the order of conductivity does not
directly relate to the displacement of the Li from the substrate or the proposed degree of
overlap of the p,- and s-SAMOs with the surface states as shown in Fig. 5.12 (c). Level 5 is
the least conductive of the reversible switched states (suggesting weakest surface
coupling) despite the expectation that level 3/4 would be the least coupled since both the
p- and s-SAMOs are expected to be roughly parallel to the substrate. The unexpected
change in the conductance of the fullerene between the switched states could suggest
that these SAMOs (p,- and s-) are not equally responsible for the degree of coupling

between the Li@Ce and the substrate. For example, if the s-SAMO couples more strongly
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than the p-SAMO, the greater overlap for the s-SAMO of levels 1, 2 and 3/4 would explain
the greater conductivity compared to that of levels 5 and 6 which exhibit predominantly
p-SAMO coupling. The observation that level 6 couples more strongly than level 5 (higher
conductance) can also be explained since the coupling between the p,-SAMO and the
substrate is at its greatest. However, the comparable conductance for levels 2 and 3/4
requires additional discussion since the SAMOs of level 2 clearly exhibit greater overlap

with the substrate than those of level 3/4.

The suggestion for the enhanced conductivity of level 3/4, compared to what would be
expected based on the SAMO-substrate overlap, is linked to the neighbouring fullerenes.
Since the p,- and s-SAMOs are proposed to be parallel to the substrate the overlap with
the SAMOs of the nearest neighbours will be maximised. The interaction with
neighbouring Cs is hypothesised to be sufficiently strong to alter the internal potential
surface of the carbon cage, hence the formation of level 3/4 (as discussed in section
5.2.3.1). It is suggested, therefore, that this intermolecular interaction is also responsible
for enhancing the conductivity of the level 3/4 switched state. The SAMOs of Cgo are
known to form NFE bands when observed in 2D arrays. Conductance through the
interaction of the p, and s-SAMOs with this NFE band is therefore proposed as the
additional effect which affords the level 3/4 switched state similar conductivity to level 2.
Unfortunately, these conclusions are purely conjecture and require considerable
theoretical exploration before any certainty can be determined. Especially since the bands
identified in Fig. 5.14 are broad and exhibit some overlap at the boundaries of different

switched states.

Similar to the variation in the exact position of the high energy SAMOs in the c.c. di/dV
spectra (as seen in Fig. 5.13), the broadness of these bands is suspected to result from the
slight differences in the local environment of the selected Li@Cgo. The effect of the nearest
neighbours on the conductance of the Li@Cgo can be identified by comparing an I(t) curve
resulting from the rotation of a neighbour with those of successful Li-migrations, as
depicted in Fig. 5.15. The 3 spectra correspond with the tunnelling current measured
through different Li@Ceo during manipulations which result in: neighbour rotations (red)

and Li-switches into level 2 (green) and level 5 (orange).
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Figure 5.15: /(t) curves depicting current changes observed during the manipulation of
3 different Li@Cso. The curves correspond with: a Li@Cs remaining in the native
state during neighbour rotations (red), and Li-switches into levels 2 (green) and 5

(orange).

The red curve in Fig. 5.15 exhibits two current changes (positive and negative) which
result from rotations of Csp adjacent to the selected Li@Cso Which remains in its native
state. The magnitudes of these current changes (<200 nA) are typical of those resulting
from the rotation of neighbouring Cs, and are noticeably smaller than the changes in the
other two I(t) curves. The green curve illustrates a reduction in tunnelling current of ~300
nA which correlates with a migration of the Li into the level 2 switched state. The orange
curve represents a switch of Li@Ceo into the level 5 switched state and exhibits a current

change >500 nA.

Since these neighbour rotations are observed despite the atomic precision of the STM
manipulation, it can be concluded that the energy required to activate these
manipulations is minimal compared to the movement of the Li. The parameters utilised
in this section (+5.0 Vand 1.85 £0.15 pA) result in the injection of a large amount of energy
to the Li@Ce. As mentioned previously, this results in the occasional observation of
irreversible modifications to the Li@Ce. 37 of the 307 fullerenes manipulated in the
current study resulted in such modifications. The majority of these have been dismissed
from the analysis since the specific molecular appearances were irreproducible and are
concluded to be the result of a Li@Ce decomposition. However, there are a rare few data
sets which resulted in irreversible but reproducible manipulations. These are the topic of

the next section.
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5.2.4 - Identifying the ejection of Li from within the Li@Ceo

1.0% of the Li@Cso selected for manipulation produced a data set like that seen in Fig.
5.16 which shows (a) STM images and (b) c.c. dI/dV spectra of a Li@Ceo before and after

manipulation.

The STM images seen in Fig. 5.16 (a) show the familiar ring shape (at -2.5 V) and the
diffuse beacon (at +2.5 V) identifying the selected fullerene (white ring) as a C6-Li@Ceo.
The STM images acquired after manipulation (Fig. 5.16 (b)) depict the same fullerene as
revealed by inspection of the neighbouring fullerenes. However, these images depict a
ring shape (at -2.5 V) and the segmented, 3-fold rotationally symmetric shape (+2.5 V)
which is identical to those identified as C6-Cso in Chapter 4. This suggests that the STM
images in Figs. 5.16 (a) and (b) illustrate a successful Li-ejection which avoids destruction
of the carbon cage. This Li-ejection is confirmed by the c.c. dl/dV spectra in Fig. 5.16 (c).
The red spectrum depicts the electronic structure of the fullerene before the
manipulation, clearly that of a Li@Cso, and the grey spectrum shows the structure of the
fullerene after the manipulation. The blue spectrum seen in Fig. 5.16 (c) is the c.c. di/dV
spectrum taken from Fig. 4.13 and represents the electronic structure of C6-Cso in a 2D
array. The remarkable similarity between the grey and blue spectra in Fig. 5.16 (c) is the
most compelling evidence that the Li has been ejected from the fullerene and that the
selected Li@Cso is now simply Ceo. No further trace of the Li is observed on the surface, so
it is determined that it has been fully ejected from the tunnelling junction, likely into the

vacuum.

A number of techniques are available for producing Li@Cso but the one most pertinent to
these experiments involves the ballistic injection of Li* ions into Ce within a target!®22,
The minimum energy required is reported as 5 eV'?, which matches the working energy
used to collect the Li-switch data detailed in section 5.2.3. By applying these manipulation
parameters to Li@Ce on the Au(111) surface it appears that the ballistic injection of Li*
can be reversed. With a mind to this observation, the following section proposes a

mechanism for the Li-migration.
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Figure 5.16: STM images (-2.5 V, 0.1 nA and +2.5 V, 0.1 nA) depict a selected fullerene

(white ring) a) before and b) after manipulation by application of +5.0 V and 1.8 UA.
¢) c.c. di/dV spectra corresponding with the STM images in a) (red) and b) (grey),
and an example of C6-Cep (blue).

5.2.5 - Proposing a mechanism for the STM-induced migration of Li within Li@Ceo

Some elementary testing during the exploration of the Li@Cq switch identifies that
certain parameters must be met before the manipulation is observed within a workable
timeframe (more than ~1 per minute, or ~0.02 Hz). Fig. 5.17 (a) shows an example of a
c.c. di/dV spectrum of Li@Ceo in the native state and the energies at which the Li-switch
is observed are encapsulated by the grey region of the graph. The DFT-calculated
isosurfaces of the p,-, s-and py,~-SAMOs for Li@Cgo are presented again in Fig. 5.17 (b) to

facilitate the discussion regarding the excitation mechanism for the Li-migration.

Fig. 5.17 (a) illustrates that the Li-migration is only observed at manipulation biases of
+3.0 V and higher. As was mentioned briefly in section 5.2.1, at the lower boundary of
this bias range extremely high currents are required before the switch is observed. As the
switch bias is increased the current required to activate the Li-migration with a similar
frequency reduces though remains high. However, as the bias is increased further, and
especially if the current remains high, the frequency with which undesirable effects occur
also increases, these effects include fullerene decomposition, collapse of the tunnel
junction etc. The identification of these required parameters (2+3.0 V and high tunnelling

current) allows discussion of two common activation methods that are often employed in
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Figure 5.17: a) c.c. di/dV spectrum of a native state Li@Csp on Au(111). The grey region
extends upwards from +3.0 V and illustrates the energies at which the Li-migration
is achieved. b) Ball and stick models illustrating the isosurfaces of p,-, s- and px,-
SAMOs of Li@Cep as calculated by DFT for gas phase fullerenes. As for Figs. 5.2 and
5.12, the substrate was not included in the calculations but is illustrated to aid

discussion.

the use of single molecule switches: electric fields (EF)®™2° and inelastic electron
tunnelling (IET)*°33, Both switch methods exhibit similar behaviour to the Li-migration: EF
switches are bias dependent, and IETs mechanisms are closely related to the tunnelling
current. However, neither of these mechanisms are quite sufficient to explain the Li-

switch. The reasons why are discussed presently.

In order for an EF-induced molecular switch to be reversed, the bias polarity must be
inverted. The reversible switching which is observed at a constant bias (see the positive
and negative current changes in Fig. 5.3) illustrates that this clearly isn’t the case for the
Li-migration. Conversely, IET-mediated switch processes are polarity independent.
However, attempts to activate the Li-migration with comparable parameters of the
opposite polarity (-5.0 V, ~2 pA) instead result systematically in catastrophic collapse of
the tunnel junction. A second reason that disproves the suggestion that the Li-migration

is an IET-induced process is the magnitude of the bias required for activation.

IET-mediated molecular switches typically couple with vibronic states of the molecule.
This behaviour is beautifully illustrated by Huang et al. in their experiments switching

ScsN@Cso by vibrational excitation of a bond stretch in the encapsulated molecule**?, If
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a similar process is responsible for the Li-migration, then the energy required would
correlate with an internal excitation. However, the energy barriers for migration between
potential wells in the Cso cage and intramolecular vibronic excitation fall within the range
of 40-110 meV®34, a fraction of the +3 V which is observed as the lower limit for activation.
For the above reasons, the Li-migration cannot be justified as either an inelastic electron
tunnelling mediated manipulation or the response of an applied electric field. Another

mechanism must be responsible.

Initially proposed by Jorn et al., a third manipulation mechanism employs the concept of
resonant tunnelling to activate a manipulation of the Li@Cg. Resonant tunnelling is the
process by which incidental electrons couple with the molecular resonances of the
fullerene in order to actuate a molecular manipulation. This mechanism was first
identified for Ce in the work of Schulze et al. wherein they explored the decomposition
of the fullerene by electronic excitation with an STM probe?3. The details of their work
are elaborated on in section 5.3, but essentially they observed a coupling between the
energies of the incidental electrons and the LUMOs of the Cgo which affected the current
required to cause molecular decomposition. Subsequently Jorn et al., in their theoretical
paper considering Li@Cs manipulation in a Au junction, briefly mention that resonant
tunnelling through the SAMOs could allow excitation of the encapsulated Li%. It is well
known that LUMOs couple strongly to the Ceo cage so any attempts to excite the
encapsulated Li by tunnelling into these orbitals are expected to result in the vibrational
excitation of the fullerene (as observed by Schulze et al. #3). However, SAMOs extend both
beyond and inside the carbon cage. It is this access to the core of the fullerene which is
proposed here to allow the tunnelling electrons to bypass the Ceo cage and interact with

the encapsulated Li directly.

The energy requirement to induce Li-migration (exhibited by the grey region of Fig. 5.17
(a)) suggests that only resonant tunnelling into the high energy electronic states results in
a manipulation. This partially agrees with the proposal made by Jorn et al. since the
SAMOs are typically high energy resonance states. For Li@Ce, however, this is an
incomplete explanation since the s- and p,~SAMOs are so drastically stabilised compared
to those of Ceo. By considering the isosurfaces in Fig. 5.17 (b) and the respective resonance
peak labels in Fig. 5.17 (a), further explanations for the switch parameters can be

proposed.

159



Henry Chandler Chapter 5

The lower limit of the switch parameters (+3.0 V) coincides with the earliest onset for the
convoluted signal for the LUMO+4 and p,,~-SAMOs which means that both the p,- and s-
SAMOs are inactive with respect to the Li-switch. As discussed above and depicted in Fig.
5.17 (b), a large overlap between the surface states and these inactive SAMOs is expected
which would result in strong coupling and explain the degree of stabilisation compared to
the SAMOs of Ceo. This coupling with the surface is also hypothesised to be the reason
that the p,- and s-SAMOs are incapable of activating the Li-migration. In their theoretical
studies of C¢o on a MoS; support, Guo et al. observed that the “cooling” of “hot”
(energetic) electrons in the SAMOs is far quicker by conduction into the surface states
than by electron-phonon coupling which would result in vibrational excitation of the
LUMOs*®. The inactivity observed for the p,- and s-SAMOs with respect to the Li-migration
could be considered experimental confirmation of this theoretical observation. On the
other hand, the px,-SAMOs (as seen in Fig. 5.17 (b)) remain active for the manipulation
because of negligible coupling with the substrate since these extend laterally from the

fullerene, almost parallel to the surface.

With surface coupling minimised for p,~SAMOs, electron conduction into the substrate
will be reduced. This is expected to result in other behaviour becoming more prominent
in the cooling of hot electrons since the lifetime of the electrons in the SAMOs is expected
to increase. Arguably the most important behaviour for the current work is that the
electrons in the py,~-SAMOs are now capable of penetrating the carbon cage and exciting
the encapsulated Li rather than merely circumventing it like those in the p,- and s-SAMOs.
This is the mechanism by which the Li-migration is actuated, hence the onset of the switch
parameters (grey region in Fig. 5.17 (a)) matching the low energy edge of the p,,-SAMOs
resonance peak. This coincidence of the switch parameters and the resonance peak is the

first evidence that the py,~-SAMOs are of significance for the Li-migration mechanism.

Another indication that the p.,-SAMOs are involved in the activation process is the
observation of rotating Cso up to ~5nm from the Li@Cso selected for manipulation. This
behaviour is thought to be linked to the NFE band formed by the hybridisation of the
quasi-degenerate pyx,~-SAMOs of Li@Cso and Ceo (as discussed in Chapter 4). Conduction of
hot electrons through this NFE band could allow excitation of neighbouring Cso, hence the
occasional rotations observed throughout the data collection for section 5.2. Though this

hypothesis predominantly aids the discussion in favour of the p,,~-SAMOs as the activation
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pathway, it also provides a suggestion for the requirement for the large tunnelling
current. With conduction through the NFE band removing hot electrons from the selected
Li@Ceo fewer electrons are available to penetrate the carbon cage therefore reducing the

chance of Li-excitation.

A second suggestion for the requirement of a large tunnelling current is related to the low
probability of Li activation. Upon successful penetration of the carbon cage, sufficient
energy transfer to the Li is required before the migration can occur but this is only
expected to occur for a small number of electrons which enter the fullerene. Increasing
the tunnelling current provides more electrons which will increase the probability of an
electron remaining in the p,,-SAMOs of the Li@Cso instead of dispersing through the NFE
band. This increased population of the SAMO is then expected to increase the probability
that an electron will penetrate the carbon cage and excite the Li. As this probability
increases, the time between Li-migrations reduces resulting in the switch occurring more
regularly. The combination of conduction through the NFE band and the low probability
of sufficiently exciting the Li are proposed as the reasons that such high tunnelling

currents were required during the data collection stage of this project.

The parameters capable of activating the Li-migration have only been identified to
illustrate that the manipulation is possible. With further exploration, which is beyond the
scope of the current study, specific behaviour could be tracked to identify if there is a
connection between the manipulation bias and the tunnelling current required to activate
the Li-migration. Schulze et al. recognised that the tunnelling current required for
decomposition is dependent on whether the manipulation bias couples with LUMOs?3, so
closer observation of the Li-migration may reveal a similar connection between the
manipulation parameters. For example, we may observe that if the manipulation bias
couples directly with the p,,~-SAMOs the tunnelling current required to activate the Li-
migration within a workable timeframe would reduce. Without additional study of this

behaviour, however, such suggestions are merely conjecture.

5.3 - Exploring decomposition of Cgp with resonant tunnelling electrons

As mentioned in the previous section, experiments completed by Schulze et al.?
identified that the current required to decompose Cg by vibrational excitation varies

depending on the tunnelling bias. At low energies (<3.25 V), Schulze et al. report that Ceo
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exhibits a large capacity for thermal excitation before the molecule decomposes. This
behaviour results from heat dissipation across the surface of the Ceo cage due to the
molecular structure effectively conducting the incidental electrons away from the bond
upon which they impinge. The dispersion of these hot electrons therefore requires a much
greater tunnelling current to cause decomposition, since it must thermally excite the
whole molecule instead of a single bond. As the efficacy of this dispersion alters, so too
does the tunnelling current required for decomposition (l4ec). For example, stronger
surface coupling is observed to increase dispersion of the hot electrons because the
surface is also capable of cooling the fullerene which results in a higher lsec. Schulze et al.
observed this when studying the difference between Cs adsorbed on Cu(110), Pb(111)
and Au(111)3 but since the Li@Ceso couples more strongly to the Au(111) surface than Ceo,

a qualitatively similar increase in the /4. could be expected.

It is noted in the above mentioned work that, as the energy of the incidental electrons
increases, the l¢ec gradually decreases. This is understandable since each electron has
more energy thus the energy lost to the fullerene is greater and the molecule is excited
more efficiently. However, when the electron energy coincides with a LUMO resonance,
the lsec decreases more drastically. The LUMOs are carbon-centred orbitals which couple
to the vibrational modes of the Cso. Excitation of the LUMOs, therefore, leads to more
efficient activation of the fullerene since each incidental electron is capable of directly

exciting a vibrational mode. This effect is referred to as resonant tunnelling.

The published work does not report on vibrational excitation by resonant tunnelling at
energies higher than +3.25 V on the Cso/Au(111) system?3. Coincidentally, this is
approximately the onset of the s-SAMO resonance peak for Cg on Au(111). Thus, the
behaviour of the molecular system when the resonant tunnelling couples with the SAMOs
is, as yet, unexplored. The diffuse and conductive nature of the core-centred SAMOs leads
to the prediction that a much greater lsc Will be required since a large portion of the
incidental electrons will simply be conducted directly to the substrate without exciting the
fullerene. Though no comprehensive study is explored in the current work, some attempt
was made to emulate the experiments of Schulze et al. with the intention of determining

the effect of the SAMOs, and repeating the experiments for Li@Ceo.
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5.3.1 - Exploring the decomposition of Cso when resonant tunnelling into SAMOs

The manipulation technique employed in decomposition experiments differs slightly from
that required for Li-migration. Where the Li-migration method maintains constant
parameters during a manipulation attempt, the decomposition technique fixes the bias
but increases the tunnelling current until a reduction in the conductance is observed.
Upon such an alteration, the parameters are removed and the effect of the manipulation
is determined with STM imaging and spectroscopy, for example whether simple rotation
or decomposition of the fullerene has been induced. For this exploration, consistency
between selected fullerenes is important to ensure that any data collected can be reliably
compared with those reported. As such, C6-C¢ are predominantly selected for
manipulation since these are easily identified (see analysis in Chapter 4), and are rarely
observed rotating during the above reported Li-migration experiments (see section 5.2).
This resistance to rotation is thought to be beneficial to the decomposition experiments
since it reduces the potential for false signals i.e. recording a conductance change as

decomposition, when it only corresponds with a Ceo rotation.

Initial experiments selected the C6-Cg within Ceo/Li@Ceo mixed islands, as detailed in
Chapter 4, since these samples are thoroughly discussed and analysed in this thesis. After
numerous attempts to reproduce what was reported by Schulze et al.??, two issues are
observed which prevent successful analysis of this molecular system. Firstly, the process
is less reliable than what was reported, the vast majority of experiments result in the
collapse of the tunnel junction rather than decomposition of the selected Ceo. Secondly,
the few successful /4ec Which are recorded are significantly larger than those reported by
Schulze et al. One suggestion for the origin of this behaviour is the greater surface

3637 may allow

coupling of Li@Cso. The higher conductivity of these endohedral fullerenes
them to act as current sinks in the NFE band which could result in a drastic reduction in
the tunnelling electrons effectively exciting the selected C6-Ceo. In an attempt to avoid

such an issue a new surface composed of pure Cg islands is prepared.

Despite attempts to remedy the issues described above by preparing a surface of purely
Ceo 2D arrays, the results remain inconsistent with what is reported. The greatest
departure from literature is that alterations to the molecule do not always correspond
with a change in conductance. For example, many occasions of a fullerene rupturing were

only realised upon imaging the molecules after spontaneously removing the manipulation
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parameters. These instances had to be discarded from the analysis because there could

be no certainty in the reported /gec.

In a final attempt to compare results with the work of Schulze et al., non-C6-Cso are
selected for decomposition from within the pure Ceo arrays. These tests are intended to
determine whether the stability gained by the C6-adsorption orientation is the reason for
the present failure to acquire comparative results. Once again, however, the data
acquired is of minimal use. The majority of attempts merely result in rotations of the Ceo
or collapse of the tunnel junction instead of decomposition, and any results which are

successful do not corroborate the observations made by Schulze et al.?3.

Though no experiments afforded confirmation, or further exploration, of the landscape
of the decomposition of C¢o some hypotheses regarding the effect of resonant tunnelling
into the SAMOs can be discussed. The diffuse nature of the Cso SAMOs is expected to be
capable of conducting incidental electrons such that the majority of resonant tunnelling
electrons circumvent the fullerene and are lost to the surface states or the NFE band
which forms between condensed fullerenes. This conductance away from the selected Cgo
would result in the l4 dramatically increasing since far more electrons would be required
to sufficiently excite the vibronic states in order to cause a decomposition of the Ceo.
Similar behaviour would be expected for Li@Ceo but the encapsulated Li complicates the
electronic structure. Whereas the low energy electrons which couple with the LUMOs for
Ceo result in a reduced lqe, the Li stabilises the p,- and s-SAMOs sufficiently that these are
at similar energies to the LUMO and LUMO+1. As such these SAMOs may act as
conduction pathways even for low energy electrons which would drastically increase the
l4ec compared to Cg at similar energies. This hypothesis can, somewhat, be supported by
the observations made during the Li-migration experiments. Despite the inability to
activate the Li-switch below +3 V, Li@Ceo frequently withstood extreme currents (>3.5 pA)
without exhibiting adverse effects. This behaviour indicates an increased capacity for
avoiding decomposition and it is suggested that the conductivity of the SAMOs is the root
cause. Further experimentation is beyond the scope of this project, but successful
exploration of both Cg and Li@Cgo would be particularly useful to aid the discussion in the

role of SAMOs in the conduction of electrons through molecular systems.
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5.4 - Concluding remarks

This chapter identifies that Li@Ceo can be reversibly switched between 14 distinct states
by applying suitable manipulation parameters (>+3.0V, >~1.5 yA) with an STM probe. The
Li@Ceo are identified as adopting the same starting state, referred to as the native state.
In this state the Li is coordinated to the uppermost C6-face whilst the molecule is
constrained within a 2D array of fullerenes on a Au(111) surface. The experimental data
detailed above simultaneously proves decades of speculation migration of Li within that

d46-103438-42 5nd jdentifies it as a molecule with a

Li@Cso can be selectively activate
significantly higher number of stable states than other multi-state molecular
switches!1243 The states are determined by a mixture of STM imaging and spectroscopy.
8 of the 14 reversible states correspond with Li-cage coordinations where the Li is located
nearest to the C6-faces on levels 1, 2, 5 and 6 of a C6-Ceo (see Figs. 5.12 (a) and (b)). The
remaining 6 adopt an equatorial position which appears to be a hybridisation of the C6-
faces in levels 3 and 4. These proposed level 3/4 coordination sites are formed by

interactions with the neighbouring fullerenes altering the internal surface potential of the

carbon cage.

Though 14 is not the anticipated 20 switch states (see Fig. 5.1), this is thought to be due
to the condensation of the Li@Cgo into a 2D array reducing the 12 sites in levels 3 and 4
to 6 in the hybrid state of level 3/4. Access to all 20 C6-faces would be expected if the
manipulation were achieved on an isolated Li@Cso. Though this was not attempted during
the data collection of this project, Li-migration within isolated molecules is not expected
to be possible due to the extreme manipulation parameters required to activate it.
Scattering across the surface or desorption of the Li@Ceo is anticipated before the desired

migration would be achieved.

One concern for the Li-manipulation is whether the Li migrates between coordination
sites within a fixed cage or if the fullerene itself rotates to adopt these new orientations.
Firstly, rotating the molecule would inherently bring in more variation to end states. Each
of the 14 reversible switch states described above exhibits discrete azimuthal orientations
which result in the C6-faces of the cage occupying an identical position when comparing
those of the final and native states. Over such a large data set this is statistically very
improbable and some unaligned but recognisable switch states would be expected. A

random rotation of the fullerene would eventually result in a fullerene swapping between
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M-C6-Li@Cso and m-C6-Li@Cso but this has never been observed in 307 reported
manipulation events. Secondly, the confident identification of the level 3/4 hybrid state
shows that the switch cannot simply be a rotation of the Li@Ce since the Li-cage
coordination in this state is fundamentally different from that of the native state. It is for
these reasons we can safely state that the Li migrates around the inside of the Cg cage

before stabilising into one of the 14 coordination sites.

By considering the requirement for such extreme parameters, a new manipulation
mechanism is proposed. Vibrational excitation of Li@Ceso by resonant tunnelling through
the px,-SAMOs activates a rapid internal migration of the Li around a fixed Ce cage.
Spontaneous stabilisation of the Li results in the adoption of one of 15 final states: 14
reversible switched states (as detailed above) and a rare, irreversible 15™ state which has
been identified as Li-ejection. The rattling motion of the Li around the modified inner
surface potential of the Ceo is how the molecule became known, within our group, as the

molecular maraca.

Finally, attempts have been made to explore the effect of resonant tunnelling on the
decomposition of both Cg and Li@Cso by vibrational excitation. The intention was to
replicate and expand upon the work of Schulze et al.?? but various issues with the method
have led to inconclusive data. Thus, no further observations have been made and we can
only speculate on the effect that resonant tunnelling into SAMOs would have on the

current required to trigger decomposition of either Cgo or Li@Ceo.
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6 - Conclusions

This project set out with the intention of being the first to unambiguously experimentally identify the
electronic structure of Li@Cso and compare it with that of Ce in order to ascertain the electronic
stabilisation effect of Li-encapsulation. This stabilisation has been determined by combining our
efforts on the low temperature scanning tunnelling microscope (LT-STM) with those of our
collaborators®. Both the gas phase photoelectron spectroscopy (PES) and time-dependent density
functional theory (TDDFT) calculations from collaborators at the University of Edinburgh and
University of Liege, respectively, aided greatly in deciphering the single molecule electronic spectra

achieved with the LT-STM.

Upon being the first to report on an STM study of the Li@Ceso/Au(111) system™?, the second goal for
these experiments was to determine the potential for Li@Cs to act as a single molecule switch. Since
it is well known that the Li favourably stabilises off-centre towards 1 of the 20 C6-faces on the carbon
cage, it has been suggested for decades® that Li@Ceso could be utilised as a single molecule switch.
Though some migration of Li around the internal surface of the Ceo has been observed experimentally
in both the gas phase and bulk crystal, these result from either thermal excitation** or application of
terahertz radiation®’. Neither of these previously used techniques are capable of achieving

observation or excitation of single molecules, unlike STM.

6.1 - Summary of experimental observations

Using methods detailed in Chapter 2 to examine the molecular systems prepared with the conditions
described in Chapter 3, the distribution of Li@Ce and Cg across Au(111) and Cu(110)-(2x1)O was
analysed and discussed in Chapter 4. The first requirement for the surface exploration was to identify
the endohedral fullerenes. Upon post-adsorption annealing the Au(111) surface to ~570 K, the
deposited fullerenes formed large 2D arrays which adopted the (2\/§><2\/§)R30° packing structure.
Imaging at +2.5 V revealed that there was some bias dependence to the molecular appearance which
revealed that 12.6% of the fullerenes lost any structural definition in the molecular appearance.
Instead these fullerenes lit up like beacons, appearing circular and diffuse unlike the remaining 87.4%
of fullerenes which retained structural information. This is similar to what Yamada et al. observed for
Li@Ceo on Cu(111)%. Examining the electronic structure of the 4 types of fullerene with scanning
tunnelling spectroscopy (STS) revealed that these beacons were Li@Cg and all remaining fullerenes

were simply different adsorption orientations of Ceo (as shown in Fig. 6.1).
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Figure 6.1: a) STM image (+2.5 V, 0.1 nA) of a portion of a large (2v/3x2+/3)R30° array of fullerenes
on Au(111). b) c.c. di/dV spectra of the 4 fullerenes in a). The colours indicate the following
adsorption configurations: C6-Li@Ceo (red), 6:6-Cso (orange), C6-Ceo (blue), and C-Cso (green).

The STM image (+2.5V, 0.1 nA) illustrates the 4 molecular appearances present in the (2\/§XZ\/§)R30°
array and matches them, by way of coloured rings, to the corresponding c.c. dl/dV spectra. The red
spectrum is distinctly different from the other 3 spectra and thus the Li@Cg was identified as the
diffuse molecular appearance within the 2D arrays imaged at +2.5 V. The three remaining spectra and
molecular appearances represent different adsorption orientations of Ceo: 6:6-Ceo (orange), C6-Ceo
(blue), and C-Cso (green). Once differentiation between the Li@Ce and Ce had been achieved, the
resonance peaks of each were compared with the PES data from our collaborators! and with
calculations from Feng et al.® in order to identify the electronic structure. This afforded direct
comparison between specific peaks allowing recognition of the effect that Li-encapsulation had on the

electronic structure of the Cg, as illustrated by the spectra in Fig. 6.2.

The dl/dV spectra in Figs. 6.2 (a) and (b) depict the resonance peak structures of C6-Cep and C6-Li@ Ceo,
respectively. Direct comparison between the two affords identification of the stabilisation resulting
from the Li-encapsulation. For example, the p,,~-SAMO is stabilised by ~0.5 eV for Li@Ceo, the s-SAMO
by almost 2 eV and the p,-SAMO by ~4 eV. The peak assignments made in Fig. 6.2 (described in greater
detail in section 4.1.4) are the result of comparing the STS data with the PES data provided by our
collaborators?. These results are the seminal experimental confirmation of the theoretical calculations
which predicted that the s- and p,-SAMOs of Ce would be strongly stabilised upon encapsulation of
Li®.

In an attempt to provide additional evidence towards the peak assignment discussed above, constant
current differential conductance scanning tunnelling microscopy (c.c. di/dV STM) was also utilised. It

was anticipated that this technique would reveal the spatial distribution of the SAMOs, thus affording
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Figure 6.2: C.c. dl/dV spectra (solid lines) and c.h. di/dV spectra (dashed lines) illustrating the
resonance peak structure of: a) C6-Cs, and b) C6-Li@Cso in a (2\/§XZ\/§)R30° array on Au(111).

unambiguous identification of the resonance peaks. However, such experiments were largely
inconclusive for the 3 molecular systems which were prepared: large 2D arrays on Au(111), small 2D

arrays and isolated fullerenes on Au(111), and isolated fullerenes on Cu(110)-(2x1)0.

With the peak structure for Li@Cso identified, attempts were then made to determine whether
internal migration of the Li could be activated with single molecular precision (see Chapter 5). By
employing extreme tunnelling parameters (+5.0 V, 1.85 +0.15 pA), 307 Li@Ceo constrained in large 2D
arrays were selectively manipulated, resulting in the recognition of 14 reversible states and 1
irreversible state (caused by Li-ejection). Using a combination of microscopy and spectroscopy to
differentiate between these discrete states resulted in the models shown in Fig. 6.3 which depict the

14 proposed Li-cage coordination sites which can be adopted during the Li-migration.

8 of the 14 states correspond with the Li coordinating with C6-faces in levels 1, 2, 5 and 6 of the carbon
cage. The remaining 6 states present the Li as having adopted hybrid positions referred to as level 3/4.
These equatorial positions are suggested to be the result of intermolecular interactions between
fullerenes in the 2D array altering the internal potential energy landscape of the carbon cage such that
the 12 C6-faces in levels 3 and 4 are less favourable than a hybrid state between the two. The state
with Li in level 1 is referred to as the native state since this is adopted by all Li@Ce after the
preparation of the sample; this state is observed as the most favourable for the fullerene. The other
13 reversible states are referred to as switched states and, despite the different types of positions
which can be adopted, a statistical analysis of these identified that there is no preference between
these Li-cage coordinations. The Li-migration, therefore, is a random process and must utilise a

mechanism which affords this.
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Au(111)

Figure 6.3: The 14 proposed Li-cage coordination sites adopted during the manipulation of Li@Cgo
are depicted here in a) a ball and stick model and b) a Schlegel diagram (level 1 and Li removed

for clarity).

Combining the work of Schulze et al.*%!!, Guo et al.*? and Jorn et al.*3, a new mechanism was proposed
which involved resonant tunnelling into the higher energy SAMOs (see section 5.2.5). Coupling with
these, namely the py,~-SAMOs, was identified as the method by which the mechanism avoids both
decomposition of the molecule and rapid conduction of the incidental electrons to the surface states.
Further exploration of the conductivity of the SAMOs by observing the decomposition current for both
Ceo and Li@Ceo (thus replicating and expanding upon the work of Schulze et al.1>*') was unsuccessful.
However, considering the observations made by Guo et al. regarding facile conduction through SAMOs
of Ceo'?, enhanced conductivity of the SAMOs of Li@Ce is also expected. It is suggested, therefore,
that resonant tunnelling into the p,- and s-SAMOs results in rapid conduction into the surface states
due to the substantial overlap between the two. Whereas coupling with px,~-SAMOs reduces this
conduction (due to minimal overlap) allowing the incidental electrons to penetrate the Cs and excite
the Li. The excitation then triggers the Li into rattling between the 14 coordination sites distributed

around the interior of the carbon cage, hence the nickname molecular maraca.

The observations detailed above describe interesting behaviour for the Li@Ceo but there are additional
guestions which must be answered by further experimental, or theoretical, study of the molecular

system. These are the focus of the following section.

6.2 - Further exploration for the Ceo/Li@Cso System on Au(111)

Building on the experiments already completed, and detailed in Chapters 4 and 5, a plethora of
directions for further study can be easily considered. A selection of these are briefly mentioned below

for the purpose of sparking discussion.
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The first is to unequivocally identify the adsorption site for the fullerenes in the (2\/§><2\/§) R30° array
on Au(111). For a truly unambiguous identification, the exploration would require theoretical and
experimental aspects in an attempt to avoid the assumptions which are observed in some other
discussions of the molecular system. The theoretical study would be extensive since a map of the
energetics involved in the adsorption configurations within the large 2D array of mixed fullerenes (Ceo
and Li@Ceo) would be required. The calculations would predominantly be used to determine the most
favourable surface sites for each adsorption orientation and to identify the barrier for rotation and
translation between these sites. This would allow identification of the configuration of the most
thermodynamically stable 2D array, in particular the adsorption site with the intention to settle the
dispute over preference for hcp surface sites or nanopits for the Cé-fullerene. This is where the STM-

based exploration could prove most useful.

Upon preparation of the (24/3x2v/3)R30° arrays of mixed fullerenes on Au(111), manipulations of Cso

Ill

could be used to prove or refute the concept of nanopits. By comparison of the “natural” fullerenes
(those which adopt adsorption orientations as a result of the sample preparation) with those which
are manufactured by manipulations, any apparent heights difference between the two should be
clearly observable. For example, if a natural C6-Cep adsorbed to a nanopit is manipulated such that it
adopts a 6:6-Cgo orientation, it will appear shorter than a natural 6:6-Ce since it is adsorbed to a single

atom vacancy. The potential for variation in the manipulated fullerenes is large, however, and this

could cause the data collection to be a considerably time-consuming process.

Once the adsorption configuration of each fullerene is known unequivocally, the interfacial charge
transfer can be accurately calculated. This, in turn, will allow more detailed calculations exploring the
spatial distribution of the SAMOs for surface-bound Cs and Li@Cso, including those for the switched
states. A greater understanding of the interaction between the SAMOs and the empty surface states
would aid the discussion of both the conductivity of the SAMOs and the mechanism for Li-migration.
Though these SAMO distributions will largely rely on DFT calculations, the degree of coupling of the
SAMOs can be qualitatively determined by exploring the effect of resonant tunnelling into SAMOs on
both the decomposition of the fullerenes and the parameters required to activate the Li-migration.
Exploring the effect on decomposition was briefly attempted at the end of this project (as detailed in
section 5.3) but it is hoped that further analysis would yield data which is more consistent with what

is observed in the literature®'’.

Besides identifying the spatial distribution of the SAMOs for each switched state and the effect of
resonant tunnelling on the switch parameters, there are many other aspects of the Li-migration which

could be explored with an STM. For example, attempting to activate Li-migration on an isolated
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Li@Ceo, and studying the effect of temperature on a surface-bound molecular system. The work of
Aoyagi et al. noted the temperature dependence of the Li-migration in the bulk crystal phase*®, but
attempts to study Li-migration as a function of temperature have yet to be explored with STM. The
surface interaction may be sufficient to allow the Li-migration to be explored at higher temperatures,
similarly utilising a different substrate may also have an effect on the Li-migration. For example, a
stronger surface interaction or a different surface symmetry could alter the preference for certain
cage-coordination sites or altering the number of available states entirely. Another aspect which
would be interesting to explore is the potential for activating the Li-migration with photons. By using
UV photons (~4 eV), for example, photonic coupling with the p,-SAMOs (~4 V) may be observed
resulting in activation of the Li-migration. Finally, as mentioned in section 1.3, one property which
makes fullerenes such an attractive molecule for molecular electronics is the functionalisation which
can be achieved without fundamentally altering the molecular properties. The addition of functional
groups to the external surface of the endohedral fullerene could facilitate construction of large arrays
by polymerisation. Moreover, such modifications to the carbon cage may also alter the internal
surface potential experienced by the Li. In turn, this could afford a degree of control over the number
or position of stable Li-cage coordination sites. The observation of 14 switched states for Li@Ceo
instead of 20 is evidence that this is possible. The interactions resulting in this behaviour are discussed

in greater detail in section 5.2.3.1.

The possible experimental avenues for this molecule are widespread, those mentioned above merely
consider the exploration with STM with the aid of some DFT but employing other techniques could
evaluate yet more areas of interest. Considering the general outlook for exploration in the field of
molecular electronics and application of the knowledge gained from this thesis, there are two key
observations which are of particular interest. Firstly, the capacity for a single molecule to exhibit 14
discrete switch states could dramatically enhance the capacity for data storage compared to what is
currently achieved with binary storage devices. More generally though, the observation that the
SAMOs of fullerenes are capable of efficient electron transport and that the energy of these can be
altered merely by encapsulation of different species, as was theorised by Zhao et al.*. Such facile
electron transport could be utilised in a variety of material designs beyond molecular electronics,

including such sectors as energy conversion as suggested by Guo et al.*.
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