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Abstract
C60 is a model system to study molecule–surface interactions and phase transitions due to its
high symmetry and strong covalent π bonding within the molecule versus weak van-der-Waals
coupling between neighboring molecules. In the solid, at room temperature, the molecule
rotates and behaves as a sphere. However, the pentagonal and hexagonal atomic arrangement
imposes deviations from the spherical symmetry that become important at low temperatures.
The orientation of the C60 can be viewed to represent classic spins. For geometrical reasons the
preferred orientation of neighboring C60 cannot be satisfied for all of the neighboring molecules,
making C60 a model for disordered spin systems with frustration. We study several molecular
layers of C60 islands on highly oriented pyrolytic graphite using scanning tunneling microscopy
at liquid nitrogen temperatures. By imaging several layers we obtain a limited access to the
three-dimensional rotational structure of the molecules in an island. We find one rotationally
disordered layer between two partially rotationally ordered layers with hexagonal patterns. This
exotic pattern shows an example of the local distribution of order and disorder in geometrically
frustrated systems. Scanning tunneling spectroscopy data confirms the weak interactions of
neighboring molecules.
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1. Introduction

After the invention of scanning tunneling microscopy (STM)
it has first been used for imaging ordered structures that can
be rather complex, such as the Si (111) 7× 7 reconstruction
[1]. Investigating ordered structures helps to understand con-
trast formation and to ensure reproducibility. However, STM
is not limited to ordered structures. All members of the scan-
ning probe microscopy (SPM) family are intended to image
individual objects instead of using statistical averaging of
large ensembles. This capability becomes particularly import-
ant for nanostructures, local defects and disordered structures
[2–4]. Advanced techniques of the SPM family such as spin-
polarized STM [5] become even more challenging on dis-
ordered structures. In particular for non-collinear structures
where several spin orientations are present on the same sur-
face the capability of spin-polarized STM to image individual
nanostructures becomes decisive [6]. Usually, using SPM such
structures are studied in two dimensions.

C60 is a prominent molecule with tunable electronic prop-
erties resulting in semiconducting, magnetic or superconduct-
ing behavior [7–11] and can be used for a wealth of chemical
and nanotechnological applications such as a nanomechanic-
ally oscillating transistor [12], sensors and photovoltaic cells
[13] or a quantum computer [14]. Of particular interest are the
structural phases when adsorbed on surfaces and their elec-
tronic configurations [15–22]. Part of these are rotationally
disordered [23]. Bulk structural studies have revealed that at
room temperature C60 is crystallized in an fcc phase of Fm3m
symmetry with individual molecules rotating by thermal
activation [24, 28]. However, the pentagonal and hexagonal
atomic arrangement imposes a deviation from spherical sym-
metry with an activation energy smaller than room temper-
ature. The optimal orientation is such that a double-bond of
one molecule (high electronic density—located between two
hexagons) faces a pentagon of another molecule (low elec-
tronic density) [23].

At temperatures below 90–260K, bulk C60 crystals show a
rotationally predominantly ‘frozen’ state where the molecules
can occupy two possible configurations corresponding to dif-
ferent local energy minima and shuffle (swing) between these
two orientations [24, 25]. The orientations are separated by an
energy barrier of 290meV [26] and the molecule can swing
between two equilibrium positions. Other publications do not
provide a particular value for the energy barrier to explain the
observed behavior [27]. Below 90K even these swings are
frozen in the bulk [24]. C60 undergoes a transition from a face-
centered cubic Fm3m phase with rotational disorder observed
at temperatures above about 260K to a low-temperature phase
with rotational order of the individual C60 molecules and with
Pa3̄ symmetry [23, 28, 29, 31]. In the low temperature con-
figuration, the symmetry is lowered when the four equival-
ent molecules located in the fcc bulk unit cell become inequi-
valent by fixing their orientation. For the (111) oriented bulk
plane the molecules located on the corners of the cubic unit
cell, i.e. the corners of triangles at the surface, display a three-
fold axis in the direction perpendicular to the surface while
the molecules located at the edges of the triangular unit cell

Figure 1. Model for a C60 surface layer at low temperatures when
the rotation is locked. In empty-state STM images, mainly the
pentagons, marked with blue circles, are imaged as bright. The
arrows represent the electrostatic field in the surface plane. The
orientation of the unit cell has been chosen in order to match the
STM images shown below in figures 2 and 3. After [35].

(i.e. the ones located at the center of the faces of the cube)
display a two-fold axis [27]. In the transition region between
thermally-induced rotational hopping and the rotational frozen
state, a glass transition has been observed, where the term
‘glass’ refers to the disordered rotational state of the molecules
[29–31].

The intramolecular structure of C60 is visible on several
substrates and typically gives rise to a bright and dim contrast
[32–34]. The alignment described above for the bulk has also
been found at surfaces and causes a 2× 2 arrangement [35].
For a two-dimensional arrangement of C60 on the contrary
a 1× 1 lattice with all molecules pointing in the same dir-
ection has been found to be the energetically most favorable
configuration [36, 37]. The orientation of C60 can be regarded
as similar to a classic spin degree of freedom. For geometrical
reasons the preferred relative orientation of neighboring C60

cannot be satisfied for all molecules, see figure 1, making C60

a model for disordered spin systems with frustration.
Here, we study the onset of orientational disorder near the

glass transition of C60 molecular layers as a model for dis-
ordered spin systems. We show STM images of molecular
islands on highly oriented pyrolytic graphite (HOPG) obtained
at liquid nitrogen temperatures. We observe an internal struc-
ture on some of the molecules related to deviations from
spherical symmetry while others show noise characteristic
for swings. We observe a 2× 2 molecular superstructure in
C60 island that points to a freezing of the rotational degrees
of freedom for part of the molecules. Since we observe the
molecular internal structure on several molecular layers of
one island, we can draw conclusions on the three-dimensional
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rotational order of the island. Scanning tunneling spectra as a
function of lateral position show a disordered structure of the
molecular orbitals possibly influenced by the interactions of
the molecules with the substrate.

2. Experimental methods

The experiments were conducted in a Omicron low temperat-
ure STM systemwith a base pressure lower than 1 × 10−8 Pa.
We used macroscopic piece of grade H-HOPG with a mosaic
spread of 3.5◦ ± 1.5◦ as a substrate and mounted it on a
contacted piece of Si attached to a sample holder suitable
for direct current heating. We then cleaved the graphite using
adhesive tape and introduced it immediately after cleavage
into the ultrahigh vacuum chamber. All further preparation
and measurement steps were conducted inside the vacuum
chamber without ever exposing the sample to air. The sample
was cleaned by running a current through the piece of Si in
vacuum. The HOPG was heated to a temperature of 420–
470K. The pressure in the chamber was 3 × 10−9 Pa after
cooling the sample to liquid nitrogen temperatures. TheHOPG
substrate surface cleanliness was checked at liquid nitrogen
temperatures using STM within the same vacuum vessel. The
samples were then removed from the STM and kept in a room-
temperature environment for 30 min, an insufficient time to
reach room temperature. We estimate the sample temperature
to be around 200–230K at the time of deposition also in rela-
tion to previous results [38]. C60 was deposited on the sample
by thermal evaporation from a simple home-built evaporator
consisting of a boron nitrate crucible heated by a tantalum foil.
For additional details, see reference [39]. By varying the heat-
ing time of the evaporator between 1min 30 s and 5min while
keeping the same heating current, the amount of C60 deposited
on the samplewas varied. The samplewas then transferred into
the pre-cooled STM and cooled again to liquid nitrogen tem-
peratures for STM imaging. Imaging was performed using a
Nanonis electronics.We usedW tips prepared by electrochem-
ical etching using a tip-etching tool from Omicron. The over-
all structure of the islands and the epitaxial relationship of the
C60 to the HOPG substrate have been studied previously [39].
Many images were obtained showing individual local differ-
ences. For the data shown in figures 2 and 3, at least three
images have been obtained on the same area that show sim-
ilar resolution and similar internal structure of the molecules.
In additional images we find both, a 2× 2 ordered structure as
discussed below and a disordered structure. In total at least 21
terraces have been imaged with high resolution under similar
measurement conditions.

Scanning tunneling spectroscopy (STS) measurements
were carried out on areas between 3 × 3 nm2 and 5 × 5 nm2.
The spectra were generated by numerical differentiation of
the I–V characteristics. The image resolution varied from
64 × 64, and 100 × 100 to 128 × 128 pixels. For each pixel
the bias voltage was varied from −3.5 V to 2 V or −2 V to
2 V while 128 or 256 spectral data points were recorded. In
this way three-dimensional datasets were obtained. We expect

that contacting the sample through the piece of Si and per-
forming the measurements at liquid nitrogen temperatures had
an impact on the spectra in particular for negative voltages,
where a Schottky barrier was active and the signal-to-noise
ratio was reduced.We have acquired eight datasets in total. All
showed qualitatively similar results. Two datasets with partic-
ularly good resolution were selected as examples for a more
detailed data analysis—one for C60 located on a C60 island of
at least three molecular layer height and one for C60 located
directly on the HOPG surface. A Gaussian filter was used for
noise suppression for the spectra.

For averaging the C60 on C60 spectra, first, starting from the
topography images, a distorted hexagonal lattice was laid on
top of the data to mark the area occupied by each molecule,
reminiscent of Voronoi cells. Spectra obtained within one
hexagon were considered to belong to one molecule. To
identify spectra obtained on top of the molecules, we then
took the following procedure because we found that it allowed
to correctly identify molecules. The spectra were divided into
two categories: spectra with four data points with values for the
slope of more than 0.2 nAV−1 within a window of −3.5 V to
3.2 V were flagged ‘on’ a molecule, those that did not fulfil the
criteriumwere flagged ‘between’ molecules. Then the average
was calculated for all spectra ‘on’ molecules. For the C60 on
HOPG spectra a similar method was not successful, because
even within one molecule the spectra differ from each other.
Here, three molecules, labeled with numbers 1, 2 and 3, are
chosen as examples to represent the dataset. For simplicity,
the spectra acquired over each pixel were averaged separately
within rectangular areas covering each molecule. For this pro-
cedure the shape and position of the rectangles could influence
the overall appearance of the molecular spectra. However, the
differences observed between molecules 1, 2 and 3, e.g. the
presence or absence of peaks cannot only be explained by dif-
ferent averaging methods. The spectra are influenced not only
by the orientation of the molecules but also by the position of
the molecules with respect to the substrate carbon atoms. This
relative position individually differs for each molecule on the
image. Through this averaging procedure we avoid a possible
loss of information by averaging out the individual peaks in
spectra acquired above different molecules.

3. Results and discussion

3.1. STM images

To understand the orientational arrangement we have invest-
igated C60 islands on a HOPG substrate using high-resolution
STM. For large scale images of the islands, see reference [39].
HOPG provides a unique adsorption platform as an electronic-
ally inert substrate for C60, optimizing the electronic coupling
[40]. Figure 2(a) shows an overview of the molecules in a C60

island with molecular resolution obtained on several terraces
named A, B and D. B is one layer higher compared to A,
while D is two layers higher than B, layer C is not discussed
here. There is an additional molecular layer below layer A.

3
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Figure 2. (a) High resolution image of C60 islands, Vb = 2 V and
It = 10 pA. Three different terraces are marked with A, B and D.
(b) Line-cuts through (a) along the lines marked in black, red and
blue in (a). The direction of the line-cuts is from the upper right
corner to the lower left corner. From these line-cuts the relative
height of the different terraces can be measured.

The line profiles in figure 2(b) show that the height differ-
ence between the terraces is indeed one or two molecular lay-
ers, resp. To avoid confusion by the sample tilt, the line pro-
files have been taken along the same direction. C60 molecules
appear as bright protrusions in the STM image and adopt a
closely packed fcc (111) hexagonal surface growth mode, in
spite of the lattice mismatch to the substrate lattice, indicating
a weakmolecule–substrate interaction as expected for the van-
der-Waals interaction. The unit cell vectors of the lattice are
each equal to 0.8± 0.1 nm. The formation of islands indicates
that the intermolecular bonding is relatively strong compared
to the molecule–substrate interaction. The intermolecular sep-
aration is close to the natural molecule–molecule distance of
1 nm observed in bulk C60 crystals [28].

Adsorption orientations of C60 can be distinguished in
the intramolecular pattern shown as a close-up view in
figures 3(a)–(c). These images are cut from a consecutively
acquired image with respect to the one shown in figure 2(a),
i.e. the terraces A, B and D are the same as the ones labeled in
figure 2(a). The images have been smoothed by matrix aver-
aging to highlight the molecular orientations that can be distin-
guished due to the molecule’s deviations from spherical sym-
metry. In addition, we report on noise due to molecular hops
that occur during scanning. For unsmoothed images, see the
supplementarymaterial, section 1. To analyze the orientational
ordering of the molecules in more detail, next to each image
we draw the corresponding configurations of C60 molecules
as models. For terraces A and D (figures 3(a) and (c)) we find
many C60 molecules that show a three-fold contrast, i.e. an
orientation exposing the frontier molecular orbital to the STM
tip. This three-fold contrast is also observed on other areas of
the surface, see the supplementary material, section 2.

Our STM images (figure 3(a)) for terrace A and terrace D in
figure 3(c) clearly show that every fourth C60 molecule exhib-
its a three-fold contrast, forming the hexagonal arrangement
of a (111) plane of the fcc close-packed structure with 2 × 2
reconstruction of the C60 lattice by orientational ordering of
part of the molecules on terraces A and D. This gives rise to
superstructure spots in the Fourier transform, see the supple-
mentary material, section 3. In the literature, measured STM
contrast of C60 molecule has been compared to calculations in
order to identify the orientation of the molecule on the basis of
the measured contrast. Each molecule shows deviations from
spherical symmetry. It has been found that when a hexagon
is oriented towards the STM tip, the appearance is threefold
[35, 41]. The intermediate C60 molecules filling the spaces
between these three-fold-oriented molecules often appear
noisy in the raw data in figures 3(a) and (c). We can infer
that in terrace A and D, long-range orientational correlations
between neighboring molecules are established at this temper-
ature leading to an ordered structure.

Remarkably, the rotational orientations of C60 are not ran-
dom. Those with an orientation of the C60 molecule hexagon
towards the tip show a periodic distribution in the terraces A
and D derived from linear chains if the intermediate molecule
is ignored. This distribution of hexagon states is typical for the
disordered ground state of C60 [24, 25].

On terrace B (figure 3(b)) the molecules do not exhibit
three-fold axes but a different symmetry of the molecular
orbitals and the layer is rather rotationally disordered and some
molecules appear noisy in the raw data due to swinging on the
timescale of the measurement [42, 43]. At this temperature,
we can assume that the rotational freedom of molecules is not
fully lost. Instead of a fixed transition temperature between
freezing and swinging, there is a broad range of transitions,
because there is a random orientational environment of each
molecule that leads to a not-well-defined energy barrier [44].
In addition, a rotational swinging of the molecules could be
induced by the tunneling current [42, 43]. This should be stud-
ied by varying the imaging parameters. The random orient-
ation of C60 molecules on terrace B as well as their rota-
tional swinging points to a metastable state. No correlations
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Figure 3. (a)–(c) High resolution images of C60 islands cut from
layers A, B and D in figure 2, taken from a consecutive image,
shown alongside the proposed structure obtained from a careful
analysis of the images (a)–(c). Only molecules where the orientation
is clearly identified are drawn in the schematics. The molecules
showing a three-fold axes perpendicular to the sample surface are
drawn with a hexagon on top of the molecule. There is a 2 × 2
superstructure related to differences in the molecular orientation in
layers A and D while layer B does not show an orientational
structure.

between individual orientations of neighboring C60 molecules
have been found leaving the molecules locked in different ori-
entations. Our data are in agreement with the assumption that
the layer B exhibits a geometrical frustration of its orienta-
tional state: by frustration for part of the molecules it is not
possible to reach the desired lowest-energy orientation, and
they remain in the lowest energy state that they can possibly
reach and the perfect symmetry is broken. By symmetry, usu-
ally there is another orientational state with similar energy that
is separated by an energy barrier. If the thermal energy is suf-
ficient to overcome the barrier, the molecules swing between
the two states.

We attribute these differences to small variations in the
nearest-neighbor intermolecular interactions between the first

and third layers. The bonding in layers A and D is differ-
ent with respect to layer B. Since the bonding between lay-
ers is caused by long range van der Waals forces, the bond-
ing is weak with not much selectivity in molecular ordering
compared to stronger bonding [45, 46]. In our case, due to
the large bonding distance, we can assume that the molecu-
lar order is only governed by nearest neighbor interactions.
We relate the detection of no preferential orientation to inter-
molecular bonding.

We interpret the differences between the layers A, B and
D from the overall appearance of the island: only in the top
part of figure 2(a), the island and all three layers appear con-
nected, in the lower part, they are disconnected. This can be
evaluated from the figure 2(a) if the molecules along the blue
line (top part of the image) and along the black line (bot-
tom part of the image) are followed closely by eye. In addi-
tion, Fourier-transforms shown in the supplementary mater-
ial, section 3, show small variations of the lattice constant
between different layers. We have therefore additionally eval-
uated the molecular positions in direct space in the supple-
mentary material, section 4. Since the layers result from an
fcc crystal with abcabc-stacking along its (111) direction, and
A and D are four layers apart, the molecules in A and D are
expected to be located on top of each other. Figure S3 shows
that this is clearly not the case. In addition, we have analyzed
the structure of the layer below layer A, in the bottom right part
of the image. This layer consists of two parts: on the left, the
molecules are stable, on the right the molecules are swinging.

The structural differences between different parts of the
image point to an intermolecular distance that varies across the
image. Such partial island connections have been described
in [37] and arise from strain in the island. The strain could
result from several causes including inhomogeneities in the
substrate as it is known that the C60 relates to the substrate
[39, 47]. We conclude that the strain in the part of the island
that contains layers A and D could be different from the strain
in layer B resulting in different local energy barriers for swings
and in a different degree of ordering and geometrical frustra-
tion. This observation can be generalized to the system of C60-
islands on HOPG if only the molecules exposing hexagons
are considered: for figure 2, we observe two ordered layers
and one disordered layer, a fraction of 67% of order for this
temperature. For 21 terraces we have studied here, 14 have
appeared ordered and 7 were interepreted to be disordered, a
fraction of 67%. This can be compared to data from reference
[28, 48], where the degree of the orientational order in C60 at
low temperatures is studied using diffraction measurements,
suggesting that about 30% of the structure is orientationally
disordered even at 14K associated with randomly oriented
molecules.

3.2. STS measurements

In order to experimentally untangle the behavior of C60

molecular orbitals, we have acquired STS data in addition.
Figure 4(a) shows an image taken on a C60 island of at
least three molecular layers height where spectra have been
acquired at each data point forming a three-dimensional
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Figure 4. (a) High resolution scanning tunneling microscopy image
taken on a C60 island on the HOPG surface. Bias voltage U= 2 V,
tunneling current I= 0.5 nA. (b) Slice through scanning tunneling
spectra three-dimensional data associated with image (a) at
U= 1.3 V. In both images circles indicate a model of the position of
the molecules. (c) Comparison of spectra obtained on three different
molecules labeled 1, 2 and 3 in (a) with a spectrum obtained on C60
on a C60 island.

dataset. A slice through these spectra at U= 1.3 V is shown in
figure 4(b). An image of C60 molecules located on HOPG dir-
ectly taken from a different part of the surface associated with
STS data is shown in section 5 of the supplementary mater-
ial. Both, STS from C60 molecules located on HOPG directly
and from C60 molecules located on a C60 island are shown in
figure 4(c). While C60 molecules located on HOPG were stud-
ied between −2 V and 2 V, C60 molecules located on a C60

island were studied between −3.5 V and 2 V.
For C60 located on HOPG, the topographic image

(figure 4(a)) clearly shows the molecular lattice and internal
molecular contrast is clearly observed. However, due to the
strong influence of the substrate spatial distribution of elec-
tronic orbitals on the image it was not possible to assign
the orientation of the molecules. We conclude that already
the lowest layer of C60 shows strong disorder. This disorder
creates an environment where subsequent layers show local
differences in strain and orientation of the molecules.

The acquisition time of 33 min was long enough to sup-
press noise, but short enough so that no molecular swinging is
observed judging from the slice through the tunneling spectra.
For swinging, we would expect horizontal steps in the image
or in the spectra or both. In the lower part of the image, a tip
change results in several horizontal lines. Distortions of the lat-
tice in figures 4(a) and (b) due to the position of the molecules
near the edge of an island have been limited by cutting the
image. Such distortions also occur e.g. in figure 2 below the
red line profile at the edge of island D and at the edges of the
other islands. We expect that part of the noise in the spectra
shown in figure 4(c) arises from the lower signal to noise ratio
due to the small tunnel current.

In slices of the spectroscopy data such as the one shown in
figure 4(b) taken at U= 1.3 V, the molecules all look slightly
different. The spectra slices show a complicated local structure
which cannot be related to molecular orientations in a simple
manner. In addition we consider that the molecules might hop
during the acquisition time. For rapid full rotational hopping,
we would expect isotropic STS slices, for rare hops we would
expect steps in the appearance of a molecule—both are not
observed. Molecules could swing in a limited way at inter-
mediate timescales, e.g. between two states, complicating the
overall appearance. Indeed the structures observed in the spec-
tra are related to the internal structure of the molecules. Since
the C60 structure on HOPG requires a large unit cell due to
the lattice constant mismatch, each molecule is located on a
different position relative to the HOPG lattice. This could in
addition to the molecular orientation influence the appearance
of each molecule.

For closer analysis, three different molecules with differ-
ent orientations were selected as examples, labeled 1–3 in
figure 4(a). The spectra obtained from each molecule were
averaged over rectangular areas covering the molecule and
have the same spectral range from −2 V to 2 V. Three dom-
inant molecular states, the highest occupied molecular orbital
(HOMO), the lowest unoccupied molecular orbital (LUMO)
and LUMO + 1 appear strongly in the spectra in particular
for molecule 1 [49–51]. These molecular orbitals have been

6
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assigned to the hu, t1u and t1g molecular orbitals resp. in previ-
ous studies [52]. At negative bias we find the HOMO derived
resonance located at around 2.1 V below the Fermi level,
whereas at positive bias the LUMO and LUMO + 1 derived
resonances are found around 1.2 ± 0.1 V for molecule 2 and
3 and 1.7 ± 0.1 V above Fermi level respectively for all three
molecules. The slice at U= 1.3 V shown in figure 4(b) indeed
shows dark contrast at the position of molecule 1 as expec-
ted from the spectrum. The HOMO–LUMO distance reveals a
gap of 3.4± 0.1 eV for molecule 1. The energy gap is smaller
than the energy gap between HOMO and LUMO of a single
C60 molecule [53] in the gas phase (4.95 eV) but it is close
to the measured HOMO–LUMO gap for solid C60 ≈ 3.7 eV
(reference [15]). In reference [32] is has been stated that bright
and dim, i.e. differently oriented molecules show electronic
states that are slightly shifted similar to what we observe here.

When C60 embedded in the islands is surrounded by six
neighbors, the molecular states overlap with those of neigh-
boring molecules leading to a hybridization between π orbit-
als of the C60 molecules and the value of the molecular gap
changes due to the screening of charges in the electronic envir-
onment. This is in contrast to C60 in contact with metal sur-
faces; the molecular gap on HOPG is larger than that observed
on metal surfaces [32, 41, 49, 50, 52, 54]. The large HOMO–
LUMO gap and narrow spectral width of the molecular res-
onances measured for C60 molecules on HOPG indicates that
the interaction between C60 and HOPG is significantly smal-
ler than for C60 on various metallic substrates, implying sig-
nificantly lower interfacial charge transfer. These results are
in overall agreement with recent measurements on different
substrates including semiconducting and insulating substrates
[55, 56], revealing the efficiency of HOPG to decouple the C60

molecules and preserve their electronic properties.
For C60 located on C60, the images acquired parallel to the

spectroscopy look blurred possibly due to repeated swinging
during the time of the measurement, see supplementary mater-
ial, section 5. The spectrum shown should be considered as
average information over different orientations of C60. Only
the HOMO state is detected at around 3.3 V below the Fermi
level. We cannot deduce the molecular energy gap but we
could assume that the gap is larger compared to C60 on HOPG
taking into account that the HOMO state energy is shifted
towards lower values than the ones observed for C60 onHOPG.
While the energy gap in C60 on HOPG is slightly perturbed by
the substrate, we expect less perturbation for C60 on C60 due
to the weak intermolecular bonding. For C60 on C60 the gap
should have a similar value as for the free molecule, 4.95 eV,
see reference [53], in accordance with our observations.

4. Conclusion

We have studied structural and electronic properties of sev-
eral molecular layers of C60 islands near the rotational glass
transition. We observe the internal structure of C60 and its ori-
entation by STM. We have focused on three different molecu-
lar layers giving us insight into the three-dimensional arrange-
ment of the island. We found that upper and lower layers show

a 2 × 2-reconstructed partially rotationally ordered hexagonal
pattern whereas the layer in between exhibits a rotationally
disordered pattern. There is a correlation on the orientation of
layer 1 and 3, while no correlation is established between lay-
ers 1, 3 and layer 2. We can relate this difference to different
bonding between the molecules. STS data confirms the dis-
ordered orientation of the molecules. Our data suggests that
the orientationally disordered C60 structure is not fully locked
but shows a relevant fraction of disorder and rotational hop-
ping that still persists even at liquid nitrogen temperatures.
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