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The structure of the �3�3�3�3�R30° and ��13��13�R14° phases of C60 /Ge�111� single layer has been
studied by scanning tunneling microscopy. Submolecular resolution allows to distinguish differently oriented
molecules. In the �3�3�3�3�R30° phase, the molecules are arranged in rhomboidal groups of four molecules,
named tetramers. The �2�2� periodicity in the domains of homogeneously oriented tetramers is due to the
alternating orientation of the molecules within the tetramer, accounting for the observed �3�3�3�3�R30° low
energy electron diffraction pattern. The symmetry of the molecular lattice suggests that the molecules interact
only with the first layer of substrate atoms. The orientation of each molecule is mainly determined by the
configuration of the substrate atoms in the adsorption site, even though a contribution from the intermolecular
interaction is likely present. In the ��13��13�R14° phase, the observed submolecular features indicate that all
the molecules have the same adsorption configuration, with a hexagon facing the substrate. The threefold
symmetry of the molecular lattice suggests that the C60-Ge interaction involves also the atoms of the second
layer of the substrate.
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I. INTRODUCTION

The behavior of C60 molecules adsorbed on semiconduc-
tor surfaces and the properties of thin C60 films have at-
tracted much interest in recent years �see, for example, Refs.
1–11�. In fact, C60 monolayers on single crystal substrates
represent a well ordered quasi-two-dimensional �2D� system
with peculiar crystalline properties, which, in turn, are
closely related to the electronic properties of the system �see,
for example, Ref. 12�. The transport properties and the elec-
tronic structure of a C60 thin film depend indeed on the in-
teraction with the substrate and between the molecules, and
their competition determines the geometric structure of the
film and the molecule orientation as well.2,13–16 As a conse-
quence, several studies are present in the literature devoted to
investigating how the C60 molecules are oriented with re-
spect to the substrate and how the orientational degrees of
freedom play a role in the resulting periodicity and/or sym-
metry of the system.9,13–15,17–20

The C60 adsorption on Ge�111�-c�2�8� surface has been
studied by x-ray diffraction,7 low energy electron diffraction
�LEED�,1,8 scanning tunneling microscopy �STM�,1,4,5 and
spectroscopy techniques such as x-ray photoelectron spec-
troscopy and ultraviolet photoelectron spectroscopy �UPS�.2,8

Two different ordered molecular configurations have been
observed,1 depending on the preparation temperature: the
�3�3�3�3�R30° phase and the ��13��13�R14° phase, de-
fined with respect to the Ge�111�-�1�1� unit cell. The
former is obtained by annealing �or depositing� a multilayer
C60 film at 450–500 °C.1 The latter is obtained by annealing
�or depositing� a C60 multilayer at more than 500 °C,1 up to
the single layer desorption temperature, which on Ge�111� is
�670 °C.8 After the annealing in this temperature range,
only a single molecular layer is still present on the substrate
because the layers above are desorbed from the surface at a
temperature close to the sublimation temperature of bulk C60
in vacuum, which is �230 °C.21

The �3�3�3�3�R30° �R3 hereafter� LEED pattern corre-
sponds to a hexagonal 2D superlattice with a periodicity of
2.08 nm. However, the STM images reveal a close packed
hexagonal superlattice in which the molecule-molecule dis-
tance is �1.0 nm,1 i.e., the periodicity observed by STM is
one-half that observed by LEED. Xu et al. explained this
discrepancy by supposing that a reconstruction of Ge�111�
adatoms is responsible for the R3 LEED pattern.1 In contrast,
Goldoni et al. suggested that the observed R3 periodicity is
due to an alternating orientation of the molecules.2 In this
model, which will be discussed in the next section, the dif-
ferent molecular orientations are determined by different
substrate atom configurations in each adsorption site. This
implies that the interaction between C60 and substrate is the
predominant factor in the resulting molecular orientation. On
the other hand, the short distance �1.02 nm� between neigh-
boring molecules indicates that a role of the intermolecular
interactions cannot be a priori excluded. For example, in the
C60 molecular crystal, where the neighbor molecules are at
the same distance of the system studied here, below
−20 °C22 the intermolecular interactions are responsible for
the orientation of the C60. In any case, the question about the
origin of the observed R3 LEED pattern on Ge�111� is still
open since direct observations of the molecular orientation in
this phase are missing.

By heating the system above 500 °C, a phase
transition occurs and the monolayer rearranges in the
��13��13�R14° phase1 �R13 hereafter�. In this case, the
molecular lattice observed by STM is a hexagonal lattice
with a lower density with respect to the former �molecular
lattice unit vector: 1.44 nm� and the observed R13 LEED
pattern is consistent with the lattice periodicity observed by
STM.1 For this reason, no long-range extra periodicity due to
the molecular orientation is expected in this case.

In this work, we present the results of LEED and STM
investigations on the two mentioned phases of the C60 mono-
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layer on Ge�111� substrate. The analysis of STM images with
submolecular resolution allows to disentangle different mo-
lecular orientations and to describe the actual arrangement of
the film, which accounts for the observed R3 LEED pattern.
The Fourier transform �FT� of the STM images acquired on
the R3 phase gives a direct proof that the �3�3�3�3� peri-
odicity belongs to the molecular layer and not to the arrange-
ment of the substrate atoms. The R13 phase is also analyzed
with submolecular resolution STM and the orientation of the
molecules in this phase is determined.

II. EXPERIMENT

After the introduction into the UHV apparatus �base pres-
sure of 1�10−10 mbar�, the Ge�111� wafer has been de-
gassed for several hours at 450 °C. The surface has been
prepared by several cycles of sputtering with Ar+ ions at
700 eV and series of short �about 20 s� annealing at 700 °C.
The quality of the surface c�2�8� reconstruction has been
checked by LEED after every preparation process. C60 pow-
der has been evaporated in the same UHV conditions from a
tantalum crucible by resistive heating. Before deposition, the
C60 source has been degassed at 350–400 °C for several
hours. During the evaporation, the crucible temperature,
monitored by a thermocouple welded to the crucible, has
been kept at about 400 °C, with the pressure in the prepara-
tion chamber never exceeding 7�10−10 mbar. The STM
measurements have been carried out in situ in a connected
UHV chamber �base pressure of 3�10−11 mbar� with an
Omicron Multiscan System. The STM data have been ac-
quired in constant current mode with tip to sample biases
ranging from +2.0 to −2.0 V. 1 ML �monolayer� is defined
as the density of the single layer of C60 molecules left on the
Ge�111� surface after annealing a C60 multilayer at 300 °C.

III. RESULTS AND DISCUSSION

A. „3�3Ã3�3…R30° phase

Figure 1�a� shows the LEED pattern acquired on the C60

film after the deposition of about 3 ML and subsequent an-
nealing at 450 °C. The sharp spots enclosed by circles cor-
respond to the �1�1� hexagonal periodicity of the Ge sub-
strate. The other broader spots indicate the presence of the
R3 hexagonal periodicity, whose lattice vectors are indicated
by the short white arrows �the inner spots are not visible
because they are hidden by the shadow of the electron gun�.
We recall that the R3 pattern corresponds to a periodicity of
2.04 nm in the real space. The STM image in Fig. 1�b�
shows the morphology of the same system. In agreement
with previous observations,1 the molecules are arranged in a
hexagonal close packed lattice with an average nearest
neighbor distance of about 1.0 nm. In this STM image, the
submolecular features are not resolved. Note the presence of
some background in the LEED image and that the R3 spots
are much broader than the ones due to the substrate, indicat-
ing that the degree of order of the surface is not high and that
the R3 periodicity is extended over small domains. Accord-
ingly, the STM image shows that the hexagonal molecular
lattice of the film is defective or distorted in many points. An
evaluation of the defect density averaged on several images
can be given by measuring the uncovered area �observed as
dark areas in Fig. 1�b�� of the film, resulting to be about 14%
of the total area.

Here, we want to focus the attention onto the origin of the
LEED periodicity �2.04 nm�, which does not correspond to
the molecule-molecule distance, as seen by STM �1.02 nm�.1
Xu et al.1 explained the discrepancy between LEED and
STM periodicity by considering a substrate reconstruction.
In their model, the Ge�111� adatoms that in the clean surface
reconstruct in the c�2�8� lattice rearrange in a R3 lattice
upon C60 adsorption and annealing, explaining the observed
R3 LEED pattern and the disappearance of the c�2�8� pat-
tern. Goldoni et al.2 proposed a different model based on
core-level photoemission data. Upon the molecular
adsorption and the thermal treatment, the Ge adatoms are no
longer present on the surface, which rearranges in the
Ge�111�-�1�1� hexagonal lattice as a bulk terminated crys-
tal. Hence, the R3 LEED pattern is due to the alternating
orientations of the molecules in the hexagonal molecular su-
perlattice, which results in a �2�2� unit cell �defined with
respect to the molecular hexagonal superlattice observed by
STM,1 where the unit vector is �1.0 nm�. The model is
based on four different molecular orientations, corresponding
to four different configurations of the substrate atoms under
the molecules. The model proposed in Ref. 2 is sketched in
Fig. 2, where the big circles represent, by different filling, the
different adsorption sites. This model is supported by the
almost complete quenching of the adatom contribution in the
Ge 3d photoemission spectra,2 which at the same time dis-
cards the model proposed by Xu et al.1

To investigate the actual origin of the R3 periodicity and,
in particular, to verify the hypothesis of alternating orienta-
tions, high resolution STM measures have been obtained,
providing the observation of submolecular features. In gen-
eral, this allows to determine whether two molecules have
the same orientation. Furthermore, in some cases and with
supporting calculations,15,20,23,24 the analysis of the submo-
lecular features can lead to the recognition of the orientation

FIG. 1. �a� R3 LEED pattern �Ep=33 eV� of the C60 /Ge mono-
layer obtained by annealing a C60 multilayer at 450 °C. The circles
indicate the spots of the �1�1� substrate periodicity; the long ar-
rows are the reciprocal unit vectors. The short arrows indicate the
R3 reciprocal unit vectors. �b� STM image �40�40 nm2,
V=−1.6 V, I=0.6 nA� of the same system, where the submolecular
features are not resolved. The white hexagon represents the hexago-
nal molecular network �first neighbor distance: �1 nm�.
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of the molecule, as for the R13 phase �see the next section�.
Figure 3�a� �same scale of Fig. 1�b�� shows a STM image

of the R3 system, allowing to distinguish submolecular fea-
tures. At a first glance, no long-range order appears in the
periodicity of the molecular orientations. The Fourier trans-
form of Fig. 3�a� is shown in Fig. 3�b�, while in Fig. 3�c�, the
FT of the STM image in Fig. 1�b� is shown. To enhance the
contrast, the FT-STM images have been filtered at low fre-
quencies �exponential high-pass filter, cutoff at 0.5 nm−1�,
which produces the black circular region in the center of the
images. In both images, the inner black hexagon indicates
the spots yielded by the �1�1� periodicity of the molecular
lattice. Along the outer hexagon �white dotted line�, whose
side is twice the one of the black hexagon, some spots are
visible that belong to the second order of the �1�1� molecu-
lar periodicity. The spots observed in Fig. 3�b� along the
hexagon in the middle �white full line� correspond to the
third order of an R3 periodicity �the first order R3 spots are
not visible because of the low frequency filtering mentioned
above�. Such spots are not observed in the FT in Fig. 3�c�,
which correspond to a STM image where submolecular res-
olution is not achieved. Hence, the presence of the R3 peri-
odicity for Fig. 3�b� can be ascribed to a periodicity of the
submolecular features. Actually, the R3 pattern in the FT-
STM could also come from a substrate reconstruction in-
duced by the molecules which would create an actual height
difference between the molecules. However, in this case, the
R3 pattern should also be detected in the FT in Fig. 3�c�,
which corresponds to a STM image acquired on the same
system with lower lateral resolution, but with the same ver-
tical resolution. Anyway, a comparison with the literature can
better clarify. There are some cases in which adsorption of

C60 actually induces a surface reconstruction �a reconstruc-
tion of the substrate induced by the adsorption of C60 mol-
ecules has already been observed in several systems as re-
ported, for example, in Refs. 4, 5, 7, and 16� which is
detected in the STM images as a periodical variation in
brightness, as, for example, for C60 on Ag �100�.16 In that
case, the apparent height difference between bright and dim
molecules is about 0.1–0.2 nm. In the present case the maxi-
mum apparent height difference between molecules is about
0.04 nm, with an estimated uncertainty �mainly given by
noise� of 0.01 nm. Hence, we believe that it is unlikely that
the R3 pattern in the FT-STM is given by a substrate recon-
struction but rather comes from a true periodicity in the sub-
molecular features pattern.

More insight on the actual origin of the R3 periodicity is
obtained by analyzing high resolution STM images in more
detail as in the following. In the STM image shown in Fig.
4�a�, submolecular features are clearly visible. Almost all the
molecules can be divided into two types: the first type,
named A in Fig. 4�c�, appears as a bright spot with two

FIG. 2. Sketch of the C60 adsorption sites on the Ge�111� sur-
face in the R3 phase taken by the model of Goldoni et al. �Ref. 2�.
The big circles indicate the position of the C60 molecules and the
different colors indicate different adsorption sites. The meaning of
the black dotted rhombus is explained in the text.

FIG. 3. �a� STM image �25�25 nm2, V=2.4 V, I=1.6 nA� with
submolecular resolution. In the inset, an area of the image �white
rectangle, 5.0�4.1 nm2� is shown at higher magnification. �b� FT
of the STM image in �a�. The black and the white dotted hexagons
indicate the first and second order spots of the molecular network
periodicity. The white hexagon between them indicates the R3 pe-
riodicity spots �see text�. The white bar at the bottom left is 1 nm−1

long in the reciprocal space. �c� FT of the STM image in Fig. 1�b�.
The FT image has been rotated and aligned with the one in �b�. The
symbols are as in �b�.
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smaller lobes on one side, while the other type, named B, is
almost spherical, but a slight elongation on one side is vis-
ible. The molecules in the monolayer are arranged in rhom-
boidal structures, each made of four molecules, hereafter
named tetramers. The tetramer structure, shown in detail in
Fig. 4�c�, is made of two A-type and two B-type molecules.
The A-type molecules are oriented with the bright spot out-
ward, while the elongation of the B-type molecules is ori-
ented inward. The tetramers are evidenced in Fig. 4�b� �white
rhombus�, where one can observe that, due to the substrate
surface symmetry, three different orientations of the tetram-
ers are present in the film, rotated each other by 60°. Small
domains where tetramers are homogeneously oriented are
commonly observed, up to a size of six to seven tetramers.
For example, in Fig. 5, the largest domains are indicated by
white lines. However, adjacent tetramers showing different
orientations are frequently observed, limiting the overall do-
main size. The tetramer structure shown in Fig. 4�c� has not
been arbitrarily chosen, but it represents the stable structure
in which the molecules are arranged. In fact, by this elemen-
tary structure, it is possible to cover almost all the films, even
in the proximity of defect boundaries �see Fig. 4�b��, which
is not possible by choosing any other group of neighbor mol-
ecules.

Inside each domain, a �2�2� periodicity in the molecular
lattice is actually present because the primitive vector with
2 nm modulus is yielded by the alternating orientation of
adjacent molecules in the three equivalent directions �ori-

ented 60° to each other�. In such �2�2� lattice, the unit cell
is the tetramer itself. Furthermore, even if different domains
have a different orientation of the tetramers, the �2�2� pe-
riodicity is in the same direction since the domains also have
a 60° relative orientation. Therefore, the presence of such
domains where tetramers are homogeneously oriented fully
accounts for the observed R3 LEED and FT-STM pattern,
explaining the real structure of the R3 phase.

We now turn to discuss the physical origin of such ar-
rangement. The observed film structure is consistent with the
hypothesis that the C60 orientation is determined by the geo-
metric configuration of the Ge atoms at the molecule adsorp-
tion site, as proposed by Goldoni et al.2 In their model, four
different molecular orientations are expected, depending on
the Ge substrate atom configuration under each molecule
�Fig. 2�. Considering the symmetry of the tetramer observed
by STM, it is required that the adsorption sites of the A
molecules have a mirror configuration with respect to the
longer diagonal. Similarly, the sites of B molecules should
have a mirror configuration with respect to the shorter diag-
onal. In Figs. 4�d� and 4�e�, the two possible tetramer adsorp-
tion sites that fulfill the symmetry requirements �considering
only the first layer of atoms� are shown. They can also be
recognized in the model of Goldoni et al. and correspond to
the two dotted black rhombuses in Fig. 2. One can suppose
that one of these adsorption sites belongs to the tetramer
structure indicated in Fig. 4�c� and the other one to the tet-
ramers indicated by the dotted white line in Fig. 4�b�. Note
that within each domain �disregarding the domain bound-
aries�, the two tetramers can be equivalently chosen to de-
scribe the lattice and have the same symmetry. However, we
recall that, considering the behavior of molecules at the do-
main boundaries and the defect boundaries, the tetramer in
Fig. 4�c� is the only suitable building block to describe the
film structure. The question about which of the two adsorp-
tion sites �Fig. 4�d� and 4�e�� is the actual one for the tet-
ramer in Fig. 4�c� cannot be answered by means of our STM
data.

It is important to stress that, in any case, the two A-type
adsorption sites no longer have mirror configurations if one
considers also the Ge substrate atoms of the second layer
�black dots�. Hence, the symmetric orientation of the A mol-

FIG. 4. �a� High resolution STM image �10.4�9.8 nm2,
V=2.5 V, I=1.6 nA� of the R3 phase. �b� Same STM image of �a�
where tetramers are indicated by the white rhombus. The meaning
of the dotted rhombus is explained in the text. �c� Detail
�2.9�2.6 nm2� of the STM image in �a�. In �b� and �c�, the size of
the rhombus has been arbitrarily chosen, i.e., they do not corre-
spond to the boundaries of a unit cell. ��d� and �e�� Sketch of the
two possible C60 tetramer adsorption sites on the Ge�111� surface in
the R3 phase according to the tetramer symmetry �see text�. They
correspond to the two tetramers indicated by the rhombus in Fig. 2
�model of Goldoni et al. �Ref. 2��. The dark gray and light gray
circles correspond to the A-type and B-type molecules, respectively,
the shadow reflecting the symmetry of the molecules in the
tetramer.

FIG. 5. STM image �22�13.4 nm2, V=2.4 V, I=1.6 nA� of the
R3 phase. White lines indicate the larger domains in the area.
Within the domains, each tetramer is indicated by a white rhombus
in the center.
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ecules within the tetramer can be regarded as an indication
that only the first layer atoms are involved in the bond with
C60. In other words, the C60 monolayer, which is formed by
tetramers oriented in three equivalent directions, retains the
sixfold rotational symmetry �invariant for 60° rotations� of
the first layer of Ge atoms, which indicates that the interac-
tion does not involve the second Ge layer �in this case, the
symmetry should be only threefold�.

Concerning the bond between the molecules and the sub-
strate, several facts indicate that it is a strong chemical bond.
First, the molecules in the R3 phase do not desorb from the
substrate even at 450 °C, while the sublimation temperature
of the C60 crystal, where only intermolecular interactions are
present, is about 230 °C in vacuum. Second, the molecules
do not rotate at RT, while in the C60 molecular crystal, they
freely rotate at temperatures down to −40 °C at the �111�
surface �and −20 °C in the bulk�.22 Third, UPS valence band
spectra reveal a splitting of the highest occupied molecular
orbital state in two peaks at about 2.3 and 1.8 eV below
Fermi level,2,8 which is also observed at the C60 /Si�111� and
C60 /Si�100� interfaces, where a chemical bonding between
some C60 carbon atoms with the substrate takes place.25–27

Finally, concerning the nature of this strong bond, zero den-
sity of states at the Fermi level indicates that no partial filling
of the lowest unoccupied molecular orbital �LUMO�
occurs.2,8 This suggests the presence of a covalent bond in-
stead of an ionic one.21

Summarizing, there are several factors suggesting that the
orientations of the molecules are determined by the
molecule-substrate interaction: �1� the bond between the
molecules and the substrate is a strong covalent bond; �2� the
adsorbed monolayer retains the substrate symmetry, i.e., the
tetramers are oriented along the high symmetry directions of
the substrate surface; �3� in agreement with the model pro-
posed by Goldoni et al.,2 the internal symmetry of submo-
lecular features within the tetramers mimics the symmetry of
the underlying substrate.

However, there are some clues that suggest a possible role
of the intermolecular interactions. �1� Almost all the mol-
ecules �about 95%� are organized in a tetramer, as shown in
Fig. 4�c�, i.e., there are a very small number of isolated
molecules or incomplete tetramers, also in the proximity of
�2�2� domain boundaries or uncovered areas. This means
that, from an energetic point of view, it is favorable for a
molecule to join a tetramer up to the completion of it, i.e.,
complete tetramers are more stable than incomplete ones,
and this additional gain in energy should be related to inter-
molecular interactions. �2� The distance between the mol-
ecules is �1 nm, which is the equilibrium distance for the
van der Waals intermolecular interaction, i.e., the distance
observed in the �111� plane of the C60 molecular crystal. At
this distance, van der Waals and Coulombic interactions are
not negligible and strong enough to determine the molecular
orientation �at low temperature� in systems where no other
strong interactions are present, as, for example, in the �111�
surface of C60 crystal �below 230 K, see Ref. 28 and refer-
ences therein�, in the C60 monolayer on graphite �observed at
100 K�,29 and on the C60 monolayer on an inert self-
assembled monolayer �SAM� �observed at 5 K�.19,20 Note
that for the C60 �111� plane and C60 monolayer on SAM, a

�2�2� periodicity in the molecular superlattice due to the
alternating orientation has also been observed, but in these
cases, the orientation of the molecules is completely different
from what observed here.19,28 �3� Finally, we would remark
the result reported in Ref. 18 about C60 /Cu�110�, where it is
shown that the intermolecular interactions play a role in the
orientation of the molecule even though a strong interaction
with the substrate is present similarly to our system.

In conclusion, we have shown that the real structure of the
R3 phase is made by the tetramers. We believe that the ori-
entation of the molecules in the tetramer is mostly deter-
mined by the interaction with the substrate, as suggested by
Goldoni et al.2 On the other hand, a secondary contribution
to the resulting tetramer structure from the intermolecular
interactions should be taken into account. This point could be
further clarified by knowing the exact orientation of A-type
and B-type molecules, which would be possible by compar-
ing STM data with theoretical calculations.

B. „�13Ã�13…R14° phase

In Fig. 6�a�, the STM image of the C60 /Ge film is shown
after an annealing treatment of 10 min at 550 °C. In agree-

FIG. 6. �a� STM image �80�80 nm2, V=−2.0 V, I=1.8 nA� of
the C60 /Ge film in the R13 phase �after annealing at 550 °C. The
white lines indicate two differently oriented domains, labeled A and
B. The C label indicates residual R3 domains. �b� R13 LEED pat-
tern �Ep=23 eV� acquired on the same system of �a�, which is the
sum of two hexagonal reciprocal lattices. One of them is indicated
by smaller circles, the short arrows being its reciprocal unit vectors.
Bold circles indicate the spots of the �1�1� periodicity of the sub-
strate, the long arrows being its reciprocal unit vectors. �c� High
resolution STM image �7.4�7.4 nm2, 2.0 V, 1.8 nA� in which the
molecular orbitals are visible. In the inset, single molecule STM
image detail is shown. �d� Sketch of the arrangement of the mol-
ecules with respect to the �1�1� substrate lattice �black crosses� as
deduced by LEED and STM.
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ment with literature,1 the molecules are arranged in a hex-
agonal lattice with an average distance between molecules of
1.4�0.1 nm. There are two equivalent domains, two of them
are indicated in Fig. 6�a� by A and B, rotated by 28° apart.
Moreover, some residual R3 domains are still present in the
film, indicated by C, suggesting that the transition to the R13
phase is not yet complete. In Fig. 6�b�, the corresponding
LEED pattern is shown. Accordingly with that reported in
Refs. 1 and 8, the LEED indicates an R13 superlattice unit
cell. The LEED pattern is the superposition of two hexagonal
lattices rotated by 14° with respect to the Ge�1�1� hexago-
nal lattice �the circles in Fig. 6�b� indicate one of the two
hexagonal patterns�, which correspond to the two domains
observed in the STM image. The presence of the two do-
mains, which are specular with respect to the high symmetry
directions of the substrate hexagonal lattice, is expected
since the 14° tilt breaks the reflection symmetry along the
same directions. The spots of the diffraction pattern are
sharper than the ones observed on the R3 phase, in agree-
ment with the high degree of order observed by STM.

Figure 6�c� shows a high resolution STM image, where
the submolecular features are visible. In particular, in a
single domain, every molecule has the same trilobate shape
�inset of Fig. 6�c�� and the same orientation, forming a lattice
invariant for 120° rotations. A comparison with literature al-
lows to determine the actual adsorption configuration of the
molecule. With the sample at positive bias, the STM image
shows the LUMO real space charge distribution, which is
centered on the C-C bonds between a hexagon and a
pentagon.15,23 Therefore, at a sample bias of +2.0 V, the
bright features correspond to the pentagons, as confirmed
also by STM image simulations reported in Ref. 15. As a
consequence, the observed features indicate that the mol-
ecules adsorb with a hexagon facing up, which is the darker
region in the center of the three bright lobes. The same ori-
entation has been deduced from the same trilobate STM
shape in Ref. 30.

Within the resolution of the data, the molecule results to
be azimuthally aligned along the high symmetry directions
of the molecular lattice, i.e., the three bright lobes, which
correspond to the pentagons, point toward the neighbor mol-
ecules �see Fig. 6�d��.

In the domains of the same type, A or B, the orientation of
the molecules is univocally determined. In other words, in
our data, we do not observe molecules in the same domain,
or in two homogeneously oriented domains, with two
equivalent orientations tilted by 60°. On the contrary, this
should be expected in the case of a substrate with sixfold
rotational symmetry �see, for example, Ref. 30�. For this
reason, we believe that the second layer atoms are also in-
volved in the interaction between the molecule and the sub-
strate. In fact, in this case, the symmetry of the substrate is
threefold and not sixfold, as for the first layer only. The
present STM data cannot indicate what the actual adsorption
site of the molecules is. Torrelles et al.31 studied the system
by means of grazing incidence x-ray diffraction and suggest
that the substrate reconstructs, forming pits �i.e., holes with
�1 nm diameter� by removing atoms of the first two layers.
C60 are hosted in these holes, forming covalent bonds with
the surrounding atoms.31 Their model is in perfect agreement

with our STM data, including the orientation of the mol-
ecules.

Thermally activated phases of C60 monolayer have been
already observed where a reconstruction of the substrate
takes place in order to host the molecules:
C60 /Au�110�-p�6�5�,32 C60 /Al�111��6�6�,33 and different
phases of C60 /Pd�110� �Ref. 34� and C60 /Pt�111�.35,36 In the
latter, a ��13��13�R14° molecular superlattice is observed
as well as in the present system �but with a molecule-
molecule distance of 1.0 nm� and the orientation of the mol-
ecule with a hexagon facing up is also observed. In all of
these systems, the bond between the molecule and the sub-
strate is considered to be covalent.

Concerning the interaction between molecules and sub-
strate, it is believed that there is a covalent bond as well in
the R3 phase. This is in accordance with the strength of the
bond �desorption takes place at 670 °C, Ref. 8� and with the
absence of partially filled LUMO in the UPS spectra, which
excludes the possibility of an ionic bond.8 While for the R3
phase the interaction between molecules can have some role
in determining the resulting structure and the orientation of
the molecules, in the case of R13, the long distance between
neighbors would suggest that the intermolecular forces can
be safely neglected. Moreover, calculations show that the
interaction potential between the C60 molecules with a
center-center distance of 1.4 nm is very close to zero �Ref.
37 and references therein�. However, there are two hints that
raise the question about a possible role of the intermolecular
interactions. �1� It is remarkable that the molecules, within
our STM measurement resolution, are azimuthally oriented
along the high symmetry direction of the molecular lattice
and not symmetric with respect to the substrate. This is also
in agreement with that reported in Ref. 31. Actually, consid-
ering the strong interaction with the substrate and the large
distance between the molecules, one should expect the mol-
ecules to be azimuthally aligned with the substrate, accord-
ing to the symmetry of the adsorption site, as it happens, for
example, in the C60 /Pt�111�-��13��13�R14° monolayer,
where molecules are 1.0 nm apart.35,36 �2� In the observed
arrangement, neighbor molecules face each other, conjugat-
ing region poor of charge �hexagon-hexagon bonds� with re-
gion rich of charge �pentagons�. This arrangement, in prin-
ciple, is the one which minimizes the interaction potential.
Therefore, even in this case, the present information cannot
exclude a role of the intermolecular interactions over the
system geometric arrangement.

IV. CONCLUSIONS

High resolution STM measurements have shown that the
unit cell of a monolayer of C60 molecules in the R3 phase on
the Ge�111� surface is made of tetramers. The tetramers can
be oriented along three equivalent directions. Domains of
homogeneously oriented tetramers are observed, accounting
for the R3 pattern observed by LEED. The observed struc-
ture of the film is in agreement with the hypothesis that the
orientation of the molecules is mostly determined by the con-
figuration of the first layer Ge atoms. However, some clues
indicate that the interaction between adjacent molecules,
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even though weaker than the strong covalent bond between
C60 and the substrate, have probably an ancillary role in the
resulting arrangement.

High resolution STM data have also shown that the mol-
ecules in the R13 phase are homogeneously oriented within
each of the two observed domains. The submolecular STM
features indicate that the molecules are bonded with a hexa-
gon facing the substrate. The threefold symmetry of the do-
mains suggests that the Ge substrate atoms of the second
layer are also involved in the bonding. A comparison with
literature suggests that the substrate undergoes to a recon-
struction forming pits where molecules are hosted. In this

case, the orientation of the molecules can be ascribed to the
interaction with the substrate, even if there are some clues
that do not allow to completely exclude a role of intermo-
lecular interactions.
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