IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

Simulation of the soft-landing and adsorption of C60 molecules on a graphite substrate and

computation of their scanning-tunnelling-microscopy-like images

This article has been downloaded from IOPscience. Please scroll down to see the full text article.
2000 J. Phys.: Condens. Matter 12 5551
(http://iopscience.iop.org/0953-8984/12/26/303)

View the table of contents for this issue, or go to the journal homepage for more

Download details:
IP Address: 171.66.16.221
The article was downloaded on 16/05/2010 at 05:16

Please note that terms and conditions apply.



http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/12/26
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

J. Phys.: Condens. Matter 12 (2000) 5551-5563. Printed in the UK PII: S0953-8984(00)11907-1

Simulation of the soft-landing and adsorption of Cgy molecules
on a graphite substrate and computation of their
scanning-tunnelling-microscopy-like images

H Rafii-Tabart, L Jurczyszyni and B Stankiewicz#

+ Computational Nano-Science Research Group, Centre for Numerical Modelling and Process
Analysis, School of Computing and Mathematical Sciences, University of Greenwich,
Greenwich Maritime Campus, 30 Park Road, Greenwich, London SE10 9LS, UK

i Institute of Experimental Physics, University of Wroclaw, P1. M Borna 50-204, Wroclaw,
Poland

Received 16 February 2000, in final form 28 April 2000

Abstract. A constant-temperature molecular dynamics (MD) simulation was performed to model
the soft-landing and adsorption of Cgg molecules on a graphite substrate with the Cgs treated as soft
molecules and released individually towards the substrate. The intra-molecular and intra-planar
covalently bonding interactions were modelled by very accurate many-body potentials, and the
non-bonding forces were derived from various pairwise potentials. The simulation extended over
1.6 million time steps covering a significant period of 160 picoseconds. The final alignment of the
molecules on the surface agrees closely with that observed in an experiment based on scanning
tunnelling microscopy (STM) on the same system, performed at room temperature and under
ultrahigh-vacuum (UHV) conditions. Using a tungsten tip in a constant-current mode of imaging,
we have also computed the STM-like images of one of the adsorbed molecules using a formulation
of the STM tunnelling current based on Keldysh’s non-equilibrium Green function formalism.
Our aim has been to search for tip-induced states, which were speculated, on the basis of another
STM-based experiment, performed in air, to form one of the possible origins of the extra features
purported to have been observed in that experiment. We have not obtained any such states.

1. Introduction

The exploitation of the unique properties of the fullerenes, and in particular of Cgp, in
nanoscopic device fabrication and processes, such as nanolithography [1, 2], requires the
adsorption of these molecules on a variety of supporting substrates. This has prompted
research, using STM and other techniques, into the early stages of nucleation and growth
of fullerene monolayer and multilayer films on metallic, semi-metallic, semiconducting and
oxide surfaces. Information on the growth mode and morphology of the first few layers will
help determine the characteristics of the resulting films. Aspects of this research involving
the adsorption on the Si(100) 2 x 1, the Si(111) 7 x 7, the Cu(111) 1 x 1 and the Ag(111)
surfaces have been reviewed [3], and it can be seen that in general on metallic substrates
the observed monolayers form close-packed quasi-hexagonal alignments similar to the (111)
plane of the fcc Cg crystal [4-8], while on semiconducting surfaces the Cgos form disordered
films that are, however, locally ordered [9-13]. It is also known that the Cgy layer grown on
the Au(111) surface [14, 15] is structurally unstable and forms mobile hexagonal arrays of
sub-clusters with a spacing of 11.0 A, and the layer grown on the GaAs(110) surface [16,17]
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shows locally ordered large monolayer islands that are structurally stable and commensurate
with the substrate.

The study of the formation of a Cgy film on graphite is of interest since there is a
strong similarity in the electronic and geometrical structures of these two materials. Several
experimental, as well as theoretical, investigations of this system have been reported so far.
A high-resolution electron energy-loss spectroscopy (HREELS) experiment [18], performed
under UHV conditions, on the structural and vibrational properties of the Cg film adsorbed on
the surface of highly oriented pyrolytic graphite (HOPG) showed a novel high-order periodicity
at monolayer coverages, implying that even the weak corrugation potential of the surface
was sufficient to perturb the adlayer, and that the Cgps were physisorbed on the graphite.
Another HREELS-based experiment [19] on the early stages in growth at room temperature
has suggested a predominantly layer-by-layer growth of two-dimensional islands, while a
combined HREELS-and-STM-based experiment [20,21] on the adsorption of Cgy molecules
on a HOPG (0001) surface, performed under UHV conditions at room temperature, showed
that the adsorbed molecules aggregated to form asymmetric dendrite-like islands, implying
a high mobility on the surface. Higher magnification of the STM images in this experiment
also revealed that the Cgys arranged themselves in a hexagonal close-packed morphology, and
two crystallographic directions were identified. Furthermore, this experiment also showed that
the growth mode on the surface was consistent with both the Frank—van der Merwe layer-by-
layer mode and the mixed monolayer-plus-island Stranski—Krastanov mode. Very recently,
the results of another STM-based experiment [22], performed under UHV conditions and at
substrate temperatures of 300 K and 373 K, carried out to examine the role of the deposition rate
and the temperature, and the influence of naturally occurring HOPG surface steps on the growth
of Cgp islands have been reported. It was found that at room temperature, multilayer islands
of Cg, of different sizes, were nucleated predominantly at the step edges, with a negligible
formation on the terraces. Unlike in other studies, a simple layer-by-layer growth mode was
only observed at the elevated temperature. Furthermore, the basis of a three-dimensional
growth was found to be an initial bilayer, rather than a monolayer, formation. The lowering
of the deposition rate promoted the formation of islands with faceted edges, indicating that at
a lower rate the molecules arriving at an island edge had sufficient time to diffuse around the
island and take up a more ordered equilibrium structure.

In addition to these UHV-based STM experiments, another STM-based experiment
performed in air, where Cgy molecules were adsorbed from a solution onto HOPG [23], showed
Ceo molecules forming clusters of various sizes that had a tendency to aggregate further.
Furthermore, detailed examination of the STM images had shown what were claimed to be
extra features, in the form of ridges and bumps, on individual molecules. It was suggested that
these could represent real structures, but their origins could not be unambiguously identified
and they were attributed to electronic states induced either by the action of the HOPG substrate
or by the STM tip on the charge states of the C¢y molecules.

The Cgp—graphite system has also been investigated theoretically. Ruoff and Hickman [24]
developed a potential for the interaction of a C¢y molecule, modelled as a hollow sphere with
the carbon atoms uniformly distributed on its surface with a specified density, and a graphite
plane, modelled as a continuum sheet. The sphere—plane potential was obtained by assuming
a Lennard-Jones (12—6) atom—atom potential integrated over all the atoms. The potential was
used to determine the force constants and vibrational frequencies of the sphere—plane system
as well as the Arrhenius expression for the desorption of the sphere from the surface. The
Ruoff-Hickman Cgy—graphite potential was used by Rey et al [25] to obtain the most stable
configurations of Cgy molecules supported by a graphite substrate. The molecules, modelled as
hollow spheres, were supported by the substrate, modelled as a continuum sheet, from the start,
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i.e. not dynamically deposited during an adsorption process. The equilibrium configurations,
corresponding to the minima in the potential energy surface, were then searched for via a MD
simulation starting with an arbitrary initial configuration of the Cgps. It was predicted that
the ground-state structures of the supported molecules consisted of monolayer-like hexagonal
arrangements parallel to the graphite surface with the most stable structures occurring for
clusters containing 7, 19, 37 and 61 Cgps. The equilibrium gap between the centres of mass
of the Cgo molecules in the first layer and the graphite sheet was found to be 6.5295 A. In
another theoretical study, Gravil e al [26] calculated the van der Waals energy of a Cgp molecule
adsorbed on a graphite-like substrate and on the Cgp(111) surface and found that the adsorption
energies on these surfaces were respectively 968 meV and 813 meV, and the diffusion barrier
at room temperature over graphite was only 13 meV, smaller than k7', and much smaller than
that over the Cgo(111) surface (168 meV), indicating a relatively high mobility of the Cgy over
the graphite surface. Furthermore, it was found that the equilibrium gap between the centre of
the molecule and the graphite-like surface was 6.55 A, very close to the result of Rey et al [25].

In this paper we first study the Cgp—graphite system within the framework of a dynamic
adsorption process under conditions that are fairly similar to those of a typical STM-based
deposition experiment performed under UHV conditions, such as [21]. For this purpose,
we perform a constant-temperature MD simulation to model the complete process of the
soft-landing and adsorption of several Cgy molecules on the (0001) basal plane of a graphite
substrate. Next, we examine the claims made by Yu et al [23] on the observation of extra
features on Cgp molecules. For this, we calculate the STM-like images of one of the adsorbed
molecules, extracted from the final-state equilibrium alignment obtained in the MD simulation.
We specifically investigate the validity of their suggestion that tip-induced states could be one
possible mechanism for giving rise to these features.

2. The MD simulation

2.1. Inter-atomic potentials

The energetics and dynamics of the Cgp—graphite system were obtained from four different
inter-atomic potentials. Here we state their general functional forms. The detailed description
of their terms and the corresponding potential parameters are given in [27].

2.1.1. The carbon—carbon non-bonding potentials. The relatively weak non-bonding inter-
actions between the carbon atoms in two Cgp molecules and in two graphite basal planes were
respectively described by the 6-exp [28] and the Lennard-Jones [29] potentials
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where I and J denote the two molecules (planes); ri’jj is the distance between the atom i in
molecule (plane) / and the atom j in molecule (plane) J.

2.1.2. The non-bonding Cep—graphite potential. The Cgo—graphite interfacial interactions
were described by the Ruoff-Hickman potential [24]. However, only the Cgps were modelled
as continuum hollow spheres (radius » = 3.55 A) during these interactions and the graphite
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substrate was treated as a lattice of individual atoms. Under this approximation the Ruoff—
Hickman potential, now describing the interaction of a hollow sphere with a single atom of
the graphite substrate, takes on the form

V(z) = Via(2) — Vs(2) 3)
where
Vi) = —2 ﬁ[ SR ] @)
20 —2)bz | (z—b)"2  (z+b)"2

with N being the number of atoms on the sphere (N = 60 in this case),n = 12,6 and z > b
is the distance of the graphite atom from the centre of mass of the sphere.

2.1.3. The covalently bonding carbon—carbon potentials. The intra-molecular and intra-
planar interactions were described by the powerful and improved many-body Tersoff-type
Brenner potentials [30-32]

HP = %ZZV(VU) (5)

i i#]
where
V(i) = fe(rij) [VR(rij)"‘b;jVA(rij)]' (6)
These potentials are parametrized in terms of a very large database of numerical data on
parameters and spline functions.

2.2. Simulation of the soft-landing and adsorption process

The initial state, shown in figure 1(a), consisted of 14 flexible C¢y molecules randomly
distributed above the (0001) basal plane of a graphite substrate composed of three planes
with respectively 448, 448 and 568 atoms in the upper, middle and lower planes. The substrate
was constructed with this configuration so as to allow for the presence of both terraces and steps
in the case of terrace diffusion leading to the segregation of the molecules at the steps. The
simulation time step and temperature were set respectively atdt = 10~'®sand 7 = 300K, and
the velocity Verlet algorithm [33] was used to integrate the equations of motion. The simulation
temperature was maintained at this value by implementing a Nosé—Hoover thermostat [34,35]
for realizing a canonical ensemble. An equilibration phase of 10000 time steps, during which
the Cgos were not allowed to move in the z-direction, or interact with each other or with the
substrate, was first performed. All other interactions, i.e. the intra-molecular, intra-planar and
inter-planar interactions, were, however, switched on. We observed an insignificant strain of
about 0.025% in the total volume of the system during this phase, and a shift of the graphite
basal planes relative to their initial states, as shown in figure 1(b).

Following equilibration, the molecules were individually released towards the substrate,
one at a time, with a kinetic energy corresponding to the constant temperature of 7 = 300 K.
This deposition technique ensured that there were no correlations between the molecules prior
to their soft-landing and adsorption on the graphite surface. The dynamical adsorption method
that we followed consisted of the following steps. First a molecule was released from its
equilibrated position. Its history was then followed until it soft-landed on the substrate and
equilibrated with it after undergoing several bounce-on—bounce-off vertical motions, as well
as lateral diffusive motions, over the surface. Once the molecule was adsorbed, the next one
was then released. When monitoring the state of a newly released molecule, the dynamics of
the molecules already adsorbed were also followed simultaneously, i.e. when a new molecule
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(d)

Figure 1. Three-dimensional snapshots from the MD simulation showing the Cgp—graphite system:
in the initial state (a); after 22 picoseconds (b); after 161 picoseconds (c); and the top view after
161 picoseconds (d). The (100) direction runs from left to right.

was heading towards the substrate the interactions among those molecules already adsorbed,
and between them and the substrate, were also considered at the same time. When a new
molecule was adsorbed, the overall system was re-equilibrated before another molecule was
released. The Cgy—Cgo interactions were switched on only for those molecules that were
residing on the surface. If a molecule bounced off the surface, its interactions with the rest of
the molecules on the surface were switched off if the vertical distance of its centre of mass from
the substrate exceeded 7 A, and were then switched back on when it dropped below this value.
Figure 1(b) shows the snapshot of the system when three molecules had soft-landed on the
surface, and figure 1(c) shows the final state when 12 out of the 14 molecules had been adsorbed
and equilibrated with the substrate; the other two molecules, undergoing periodic boundary
conditions, are not shown here. Figure 1(d) shows the top view of figure 1(c). The equilibrium
configuration of the 12 molecules on the surface was reached after a significant period of 153
picoseconds from the start of the deposition process. The system was again equilibrated for a
further eight picoseconds during which the molecules displayed some surface diffusion before
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reaching the final alignment shown in figure 1(c), which corresponds to the configuration
obtained after 161 picoseconds. In figure 1(c) the gaps between the centres of mass of the
adsorbed molecules and the top basal plane are in the range of 6.47 A to 6.57 A. This is very
close to the value 6.52 A obtained by Rey et al [25] and also by Gravil et al [26]. In figure 1(d),
the centre-to-centre inter-molecular separations are on average 9.9 A. The alignment of the
molecules in this figure strongly resembles the alignment reported in figure 2 for the STM-
based experiment under UHV conditions [21], and also that obtained computationally by Rey
et al [25].

As was discussed above, in a recent experiment [22] it was observed that the Cg( islands
predominantly nucleated near the step edges of the substrate. This observation was based on a
scan of a substrate of area2.2x3.0 ,umz. In contrast, the sizes of our substrate basal planes were,
at most, not more than about 25 nm?. This implies that our substrate terraces corresponded to
surface areas very close to the step edges of the substrate used in the experiment [22]. Hence,
considering the size of our substrate, we can state from our figure 1(d) that the C¢ film in our
simulation also nucleated fairly close to the step edge. A larger-size system, which would have
demanded a far longer period of simulation, would have improved the statistics with respect
to the influence of the step edges and the importance of terrace sizes for the film growth.
Moreover, it would have allowed us to reveal the mechanism of formation of the second and
higher layers of the Cgp film.

3. Computation of the STM-like images

According to the STM-based experiment of Yu et al [23], extra structures, in the form of
‘bumps’ and ‘ridges’, were observed on individual adsorbed Cgy molecules. These features,
reported to have dimensions of 1.6 Ato25 A, varied from one molecule to the next. It was
stated that if they did indeed belong to the Cgp molecules, then there must have been electronic
states in close proximity to the Fermi energy, E r, contributing to the STM tunnelling current.
However, since a recent calculation [36] had shown that neither the energy of the lowest
unoccupied molecular orbital (LUMO) nor that of the highest occupied molecular orbital
(HOMO) of Cgy is close enough to E; to contribute to the tunnelling current, the suggestion
was advanced that one probable cause could be the graphite substrate acting as a source of
induced perturbations in the electronic states of the adsorbed molecules and providing the states
necessary for imaging the purported ‘ridges’ and ‘bumps’. On the other hand, in order to obtain
high atomic resolutions, the experiment had to be performed with a very small tip-to-sample
distance (about 3.3 A) where the dominant contribution to the tunnelling current originates
from the d» state of the d-band metal, W, used as the tip. It was, therefore, further suggested
that tip-induced states could also constitute another probable cause of these features. Owing to
the complexity of this problem, in this paper we examine one of these probable causes, namely
whether these features could have originated from the states induced by the W tip under the
prevailing experimental conditions, i.e. a small tip-to-sample distance and a constant-current
mode of imaging. The probable role of the substrate will be examined in another publication.

3.1. The tunnelling current

Since the STM operates under non-equilibrium conditions, the non-equilibrium Green function
method of Keldysh [37] offers a very suitable basis for computing the tunnelling current and
analysing the results obtained from a STM-based experiment. The computations of the STM-
like images presented in this section were, therefore, based on this method, whose details
are described elsewhere [38]. The method, as adapted to the STM theory [39], allows us to
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consider the electron tunnelling between a tip and a sample as a superposition of the coherent
tunnelling through different orbitals of the tip and the sample. As the method is not based on
any perturbation expansion, unlike the Tersoff-Hamann approach [40], it is quite accurate at
very small tip-to-sample distances.

In the application of this method to a STM problem, we start with the complete Hamiltonian
of the tip—sample system which can be written as a combination of three terms corresponding
to the tip (I:IT), the sample (I:I s) and the interaction between them (FAI 1):

H = Hr + Hg + H,. @)

The interaction term can be represented by a superposition of the hopping processes
between the orbitals of the tip and those of the sample, i.e. we can express the H;-term as

Hy =Y [Trs(j)ép@és() + Tsr (je)el(j)ér (@)] ®)

aj

where Trs denotes the hopping matrix for hopping between the orbitals of the tip and the
sample, and 6;, cr, éz, Cs are the creation and annihilation vector operators associated with
the orbitals of the tip (7) and the sample (S). The sum runs over all the orbitals in the tip («)
and the sample (j). In a steady state (determined by the applied voltage) the tunnelling current
between the tip and the sample takes on the form [41]

J= (‘;) > [Trs(ej) (@ (@)és(i) — Tsr(je) (E()ér@)]. ©)
aj

Keldysh’s theory then allows us to reformulate this expression in terms of Green func-
tions [38]:
e

J = <T>/ Tr[fTSSSS((I))D?S(w)fSTSTT(a))ﬁ?T(w)][fT(w) — fy(w)] dw (10)

where

Dfs(@) = [ = Tsr &7 (@) Trsgfs(@)]™

Dfr(@) = [ = Trsgds (@) Tsr&fr (@)™
where (g%, ¢4,) and (8%, §¢;) are respectively the retarded and advanced Green functions
of the tip and the sample, 77 and 8 are the corresponding densities of states and fr s(w) are
the Fermi—Dirac distributions for the tip and the sample respectively. The Green functions and
the density-of-states matrices that appear in (10) correspond to the case when the tip and the
sAample are uncoupled (i.e. when T7g = 0). To calculate J we also have to compute the matrix
Trs with hoppings between the orbitals of the tip and the sample. It has been shown [42]

that these hopping interactions can be calculated from the Bardeen tunnelling current between
atomic orbitals v; and v; according to

(11)

T, = —(1/2)/ (Wi VY — ¥ Vi) ds (12)

and this method was employed in our present calculations.

3.2. Computation of Csp—graphite STM-like images

To examine the results of the experiment [23], we employed a tungsten tip. The tip was
constructed using the cluster Bethe lattice method [43] where the top part of the tip was
represented by a cluster of a few atoms and the influence of the rest of the tip’s structure was
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simulated by a Bethe lattice coupled to this cluster. We assumed that this top section of the tip
was in the form of a pyramid with a single atom at its apex and four atoms at its base.

The calculations of the density of states and Green function matrices, necessary for the
computation of J, were based on the linear combination of atomic orbitals (LCAO) Hamil-
tonian with the parameters taken from [44], and were performed self-consistently by imposing
a local charge neutrality at each atom of the cluster. The LCAO approach was also used for the
description of the Cgyp molecules and the graphite substrate. In our present computations we
were concerned with investigating whether the observed intra-molecular features, if real, were
due to tip-induced states caused by the experimental conditions. We therefore did not consider
the interactions between the substrate and the Cgy molecules, and also ignored the inter-
molecular interactions. These assumptions implied that in this study the electronic structure of
each Cgp was essentially the same as that of an isolated Cgy, i.e. having an energy gap of 2 eV
between its HOMO and LUMO states. The positions and orientations of the molecules with
respect to each other and with respect to the graphite substrate were those that were obtained
from the MD simulation shown in figure 1(d).

To simulate the experimental imaging conditions as closely as possible, we performed
our STM-like computations in a constant-current mode, keeping the tip-to-sample separation,
i.e. the distance from the apex of the tip to the top of the adsorbed molecule, around 3.3 A,
exactly as in the experiment. A previous theoretical prediction [45] had shown that tunnelling
through the d states of the apex atom in the tip could increase the resolution and the corrugation
of the STM images in comparison with the results obtained from the s state of the tip. The
smallness of the tip-to-sample distance (3.3 A) in the experiment must have considerably
increased the contribution of the d,> orbital of the apex tip atom to the tunnelling current and
must have therefore been responsible for the high resolutions achieved in the STM images. It
should, however, be pointed out that since the experiment was performed in air, and not under
UHYV conditions, the contamination of the tip by impurities was a real possibility, and in that
case the role of the d,. state of the W tip for obtaining high-resolution images would not be so
clear cut. Furthermore, it is also known that [38,46] with a small tip-to-sample separation the
topography of the STM images may show artificial features which are not consistent with the
real charge distributions in the sample. The appearance of such features may be caused by the
tunnelling through those orbitals of the apex atom in the tip that are oriented parallel to the (x—y)
plane, assuming that the z-axis represents the direction perpendicular to the substrate surface.
Under some conditions, i.e. a small tip-to-sample distance and a sufficiently high density of
states, the tunnelling through these orbitals can produce artificial features in the STM images
of the surface structure, such as an inverted corrugation or the image of an adsorbed atom
with a crater-like form [38,46], neither of which correspond to the real charge distribution in
the sample.

Our STM-like computations were performed on a single ‘frozen’ molecule extracted from
the equilibrium system of the Cgy molecules adsorbed on the graphite substrate in the MD
simulation at room temperature and shown in figure 1(d). The justification for considering the
position of the molecule as frozen during this computation, while Cg is relatively weakly bound
to the substrate at room temperature, rests mainly on the experimental results where in figure 2
for the experiment in [23], STM images obtained in air and collected at 20-minute intervals
showed a high degree of reproducibility i.e. during the scan the positions and orientations of
particular molecules were fairly constant. It should, however, be added that there is always the
possibility of the tip influencing the adsorption state of scanned atoms and molecules. Indeed,
as has been shown theoretically [47] even in an imaging mode the STM tip could induce a
residual motion to an atom (Xe) adsorbed on a surface (Cu(110)). However, it was shown
that [47] this residual motion had a small influence on the STM image of the adsorbate where
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the protrusion of the Xe adatom had a halfwidth about 0.6 A larger than the corresponding
image obtained from static calculations (figure 2 of [47]). If a similar influence of the W
tip on the adsorbed Cgy molecule were to be included in the calculations, then the STM-like
image obtained would be different in some details compared with that obtained from a static
molecule; we expect the width of the image to be increased and some changes in the positioning
and size of intra-molecular features, especially near the edges of the image, to appear. The
changes in the image of the topmost central part of the molecule would, probably, not be
significant. In the experimental results [23], the diameter of the Cg( ball was obtained to be
13 A and the inter-molecular distance was 14 A. Other predictions stated in [23] suggested
that for a close-packed system the image of each ball had to be about 11 A in diameter, while
the image of an isolated Cgy molecule obtained by means of a really sharp tip with a d,> state
would have a diameter of 17 A. This latter result agrees well with our result of 16.9 A for the
diameter. The fact that the inter-molecular distance in the experiment was found to be greater
than that corresponding to a close-packed system of molecules suggests that the diameters of
the molecules were in the range 11 A to 17 A. From this, it is not possible to infer the presence
of a tip-imparted residual motion of individual Cgy molecules, as was the case with the Xe
atom [47]. However, we can speculate that this tip-imparted motion, if it did take place in
the experiment, did not significantly change the characteristic features of the LUMO and the
HUMO images in the topmost part of the scanned molecule, and it could certainly not have
been the source of the extra features purported to have been observed for the molecules.

Figures 2 and 3 show respectively the HOMO- and the LUMO-like images of the single
adsorbed Cgp molecule obtained from our computations; the position and orientation of this
molecule were obtained from our MD results shown in figure 1(d). In both the HOMO and the
LUMO images, the positions of the carbon atoms in the upper part of the molecule are marked.
We can see that a six-membered ring is approximately parallel to the surface. This is in line
with the theoretical calculation [26] where it was found that such a configuration corresponded
to the most stable orientation of the Cgy molecule on the graphite surface irrespective of the
position within the surface unit cell. Figure 4 shows an example of the scanline for the tip
passing over the adsorbed molecule in our computations. It was extracted from the HOMO-like
image shown in figure 2.

Detailed analysis of the contributions to the tunnelling current from different orbitals
clearly showed that the central regions in both figures 2 and 3 were mainly built up from the
tunnelling through the d,2 orbital of the tungsten tip’s apex atom; this contribution constituted
around 60% of the total tunnelling current. The perpendicular orientation of the d,» orbital,
with respect to the (x—y) plane, enabled tunnelling from the part of the sample directly located
below the tip and therefore we believe that the scanning did correctly reproduce the charge
distribution of the Cgy molecule. In fact, in both figures 2 and 3 the topographies of the images
correspond very well to the charge distribution of the HOMO and the LUMO states of an
isolated Cgp molecule. Our HOMO-like image confirms that the HOMO states were mainly
localized on the hexagonal rings. The image also shows the characteristic holes in the centres
of the topmost hexagons representing the typical element of the charge distribution of the
HOMO states. This topography is in agreement with the charge distribution of the HOMO
states obtained in another theoretical study [48] and with the experimental results for scanning
Cgo molecules adsorbed on the Cu(111) surface [48] as well as those weakly physisorbed on the
Si(100) surface [49]. In both of these latter cases the influence of the substrate on the electronic
properties of the adsorbed Cg was found to be rather weak and therefore the STM images had
topographies very similar to that of an isolated Cgp molecule, as in our computations.

The LUMO states of a free Cg are located along the single C—C bonds, which make the
maxima in the LUMO density of states appear at the pentagonal rings. This fact is clearly
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Figure 2. The computed STM-like image of the HOMO band for a Cgp molecule extracted from
figure 1(d). The positions of the atoms and the bonds of the top part of the molecule are indicated.
The scales are in the units of the nearest-neighbour distance between the carbon atoms in an ideal
Cgo molecule, i.e. 1.41 A. The horizontal and vertical axes refer to the (x, ¥) coordinates of the tip
along the surface.

borne out by our numerical results. Figure 3 shows that the dominating features in the central
part of our LUMO-like image are located at the three topmost pentagonal rings. Our computed
topography compares with the results of calculations of the density of states of the LUMO
states of the Cgyp molecule as well as with the STM-based LUMO-like images of the Cg
molecules adsorbed on the Cu(111) surface, where it can be observed that the influence of the
Cu substrate did not change the localization properties of the LUMO and the HOMO states of
the Cﬁ() [48]

The size of the Cgy molecule in the HOMO- and the LUMO-like images obtained from
our computations was larger than its van der Waals diameter, and this is due to the tip—
sample convolution effect which is also known experimentally [49]. The tunnelling resistance
obtained in our computations was 12 M€2. This value compares very well with those obtained
in the experiment [23] (10 M2 to 20 M2), the examination of whose results was the aim
of our computations. This value was, however, much smaller than those obtained in the
UHV-based STM experiments, such as [21], where it was found to be about 11 GS2. This
discrepancy must be attributed to the smallness of the tip-to-sample distance employed both in
the experiment [23] and our computations where our aim was to test the validity of the claim
that the d,» state of the W tip might have been responsible for the emergence of the purported
extra features.
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Figure 3. The computed STM-like image of the LUMO band for a Cp molecule extracted from
figure 1(d). The positions of the atoms and the bonds of the top part of the molecule are indicated.
The scales and the axes are the same as those in figure 2.

Summarizing the results of our STM-like computations, we can state that our accurate
results on the charge distribution of the C¢y molecule adsorbed on the graphite substrate did not
show the presence of any extra states, and this would rule out the possibility that the reported
intra-molecular features observed in the experiment [23] originated from the tip-induced states
during the scanning process. The structure of these observed features is very different from
the topographies of the LUMO- or the HOMO-like images of a free Cg or a Cgy physisorbed
on the Si(100) or on the Cu(111) surface. The origins of these ridges and bumps, if they are
indeed real structures and not some experimental anomalies connected with the presence of
impurities on the surface or the contamination of the tip by the Cgy molecules themselves, must
be looked for elsewhere, such as in the influence of the graphite substrate.

4. Conclusions

Our MD simulation results show that the combination of several widely different inter-atomic
potentials to model the energetics and dynamics of carbon clusters together with the use of
a complicated technique of soft-landing and adsorption of the Cgy molecules were capable
of reproducing the alignments of these molecules on a graphite substrate obtained both in
a previous theoretical work and also observed experimentally in an STM-based experiment
performed under UHV conditions at room temperature. The calculations of the STM-like
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Figure 4. The scanline of the W tip passing over the adsorbed molecule. The line was extracted
from the HOMO-like image in figure 2. The (x, y) coordinates are in A. The y = 0 line corresponds
to the position of the substrate.

images of one of the adsorbed molecules showed that the major contribution to the tunnelling
current came from the d,» orbital of the W tip atom. This was a consequence of the electronic
structure of the tip and the localization properties of the d,> orbital of tungsten. The topography
of our STM-like images corresponded fairly accurately to the HOMO and the LUMO states
of a free molecule. This confirmed that the experimental conditions that we used in our
computations, i.e. a very small tip-to-sample separation, a constant-current mode of imaging
and a tungsten tip, would not have been likely to cause the extra features in the charge states
of the molecules. It seems likely, and this will be examined in a forthcoming publication, that
if these features were indeed real, then their probable cause was the p, state of the graphite
substrate.
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