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We present density-functional theory calculations of the adsorption of C60 on the Si�111�-p�7�7� surface.
We have considered seven different adsorption configurations, including the corner hole and other adsorption
sites with a high degree of coordination with the dangling bonds of the surface. Tight-binding molecular
dynamics suggest that the highly reactive adatoms and rest atoms of the �7�7� reconstruction are always able
to adjust the C60 position—rotating it and displacing it—so that one of such adsorption configurations is
possible. We have then performed scanning tunneling microscopy and scanning tunneling spectroscopy simu-
lations of the adsorbed geometries, taking explicitly into account the tip, i.e., beyond the Tersoff-Hamann
approach, and considering both a Pt and a W tip structure.
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I. INTRODUCTION

The interface between organic molecules and surfaces has
attracted great interest in recent years due to their potential
use in molecular electronics,1 information technology,2 or
biomedical3 applications. Among candidate molecules C60
stands out for its interesting properties ranging from the for-
mation of ordered self-assembled nanostructure on some
substrates4 to the possibility of targeted drug delivery which
has recently been explored.3 Considerable experimental and
theoretical efforts have been devoted to the study of the
physics of the adsorption of C60 on silicon,5–13 and much
progress on its manipulation have been reported14–18 as well.
The characterization of this system is particularly challeng-
ing due to the plethora of metastable adsorption geometries
available as a consequence of both the large size of the C60
and the multiple active dangling bonds present at the surface.
Depending on the orientation of the molecule and the num-
ber of covalent bonds it forms with the silicon atoms, the
fullerenes may either physisorb or chemisorb covering a
wide range of adsorption energies.

On Si�100� Hobbs et al. calculated a wealth of adsorption
configurations for the C60,

8 the most stable ones forming
three to four covalent bonds to the surface. Furthermore,
scanning tunneling spectroscopy �STS� spectra have been
found to be very sensitive to the precise adsorption
geometry6,7 at the surface. The other widely studied Si sur-
face is the Si�111�-p�7�7� reconstruction for which the
landscape of metastable C60 adsorption geometries is even
larger. In an STM study Hou et al.13 identified four possible
fullerene adsorption sites on the �7�7� surface, namely, cor-
ner hole �CH�, faulted and unfaulted halves �FH and UH�,
and dimer lines. For the three former cases they were able to
image intramolecular features which showed a strong depen-
dence with the bias polarity. At positive voltages, a sort of
tilted pentagon surrounded by three elongated bumps could
be resolved, although the tilt angle from the surface normal
varied depending on the adsorption site. At negative biases,

on the other hand, four roughly parallel stripes were imaged.
Similar internal features for the fullerenes adsorbed at the
FH, UH, and CH have been recently reported by Huang et al.
in a room-temperature scanning tunneling microscopy �RT-
STM� study.11 STS measurements for these configurations
were found to be site dependent,9 although in all cases the
spectra revealed a strong hybridization between the C60 mo-
lecular orbitals �MOs� and the surface states, with certain
charge transfer from the latter to the fullerene. In another
STM experiment Pascual et al. imaged the fullerenes with
two clearly different apparent sizes;10 the larger ones were
less stable and after annealing they converted into the more
stable smaller ones. Different internal structures were found
for the small molecules depending on bias, tip conditions or
the precise adsorption site, although they all share certain
similarities with the above mentioned works.

From the theoretical side, most studies have relied on
density-functional theory �DFT� but have employed several
approximations due to the large �7�7� supercell size. Hou et
al. and Wang et al. used a cluster approach but did not take
into account any fullerene’s or Si surface restructuring upon
adsorption9,13 but only optimized the C60 height assuming
two different orientations. Still, the calculations led to
Tersoff-Hamann images which reproduced the intramolecu-
lar structures at both the CH and the F/UHs �Ref. 13� for
positive and negative biases and for specific C60 orientations.
At positive biases—empty states—the internal features could
be directly assigned to the unoccupied MOs of the isolated
fullerene, whereas at negative biases—occupied states—
there was a strong discrepancy in the aspect between the
isolated and adsorbed molecule. Moreover, the density of
states projected on the C60 MOs for the CH case was in good
agreement with its measured STS spectra.9 Pascual et al., on
the other hand, associated the different types of images to the
fullerene’s highest occupied molecular orbital �HOMO� after
applying a slight distortion to the isolated molecule and com-
paring the associated local density of states �LDOS� against
the experimental internal features. The F/UH adsorption ge-
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ometries have been later revisited adopting a reduced �2�3
�2�3�R30° supercell, this time fully relaxing the entire sys-
tem. The relaxations were indeed found to be very large and
essential to the stability of the adsorbed C60, while several
metastable phases could be identified depending on the ini-
tial molecule’s orientation and adsorption site in the total-
energy minimizations.12,19 Surprisingly, the Tersoff-Hamann
�TH� images at negative biases for these new optimized ge-
ometries hardly fitted the experimental images, in contrast
with the simulations of Hou et al. despite their guessed ge-
ometry is less reliable.

In summary, the STM experimental works agree in the
multiple C60 chemisorbed sites, FH, UH, and CH while the
detailed intramolecular features at each of these sites are not
unique but show certain differences between the different
experiments. The interpretation of these internal features is,
however, contradictory.

In this work we perform a thorough survey of the precise
adsorption geometries covering the entire Si�111�-p�7�7�
supercell, which is still lacking from the theoretical point of
view. To this end, we combine tight-binding molecular-
dynamics �TB-MD� calculations with DFT based total-
energy calculations. We analyze in detail up to seven differ-
ent configurations including the simulation of their
respective STM images and STS. In Sec. II we will summa-
rize our approach to both the determination of the different
adsorption geometries and the simulations of STM images
and STS spectra. Our results will be presented and discussed
in Sec. III, leaving the last section for a summary of the
conclusions of the paper.

II. THEORY

We have performed DFT calculations with the SIESTA

package20 using norm-conserving pseudopotentials for the
core electrons and the local-density approximation �LDA�
for the exchange-correlation energy. The one-electron wave
function has been represented with a double-� polarized ba-
sis set,21 optimized following Anglada et al.22 We have used
one unit cell of the �7�7� reconstruction of the Si�111� sur-
face in slab geometry. The slab was made of two bilayers
plus the required surface adatoms to describe the �7�7� re-
construction. The bottom bilayer, whose dangling bonds
were terminated with hydrogens, was kept frozen, while the
remaining atoms were relaxed until the maximum force was
smaller than 0.04 eV /Å. Because of the large size of the
simulation cell the Brillouin zone was sampled with the �
point only.

As we discuss in Sec. III A 1 we have also performed a
limited series of molecular-dynamics simulation in the mi-
crocanonical ensemble to gain some qualitative hints on the
favored sites for the adsorption of the fullerene. For these
simulations the total energy and the forces were calculated
within the computationally lighter tight-binding scheme of
Porezag et al.23 as implemented in the TROCADERO

package.24

The results of the STM/STS simulations presented in Sec.
III B have been calculated with the GREEN code.25,26 Tip and
sample are modeled at the atomic level as two semi-infinite

bulklike blocks. The sample is a �111�-oriented Si bulk on
top of which the reconstructed �7�7� surface plus the C60
molecule are stacked following the DFT derived geometry.
The tip consists of a metallic bulk terminated by an isolated
apex cluster with a pyramidal shape comprising a few atoms.
Again, the apex geometry is obtained from DFT calculations.
We have considered two different tips depicted in Fig. 1.
First, a sharp one-atom ended Pt�100� oriented metallic tip
�Fig. 1�a�� and, second, a more blunt W�110� oriented tip
ended with a rectangular pyramid made of 6 W atoms at its
base and 4 Si atoms at the apex �Fig. 1�b��. The latter was
considered in order to address the possible transfer of Si
atoms from surface to tip during the scanning process.27

The STM setup is modeled by bringing the tip and sample
blocks close to each other ensuring that the surface-apex dis-
tance, dsa, corresponds to the tunneling regime, i.e., dsa
�4 Å. The elastic current flowing from one lead to another
is then evaluated via Green’s function techniques following
the formalism described in Refs. 25 and 26. Given the com-
plexity of the combined tip-sample STM system, we replace
the self-consistent Hamiltonian employed for the energy op-
timizations by the simpler extended Hückel theory �EHT�.28

The EHT related parameters are optimized separately for the
tip and the surface after fitting the atom projected Density of
States �PDOS� to those obtained from the ab initio
calculations.28,29 More specifically, we first obtained EHT
parameters for C in the isolated fullerene varying the on-site
energies and the Slater exponents and coefficients. The pa-
rameters were then transferred to the fullerene-surface sys-
tem where due to the large computational cost of the fits,
only the C and Si on-site energies were further refined for
each adsorption model. Examples of such fits are given in
Sec. III A 2.

The STM system Green’s function is then evaluated at the
EHT level and up to first order in the surface-apex interac-
tions. The potential drop, V, is assumed to be confined in the
vacuum region; i.e., apex and surface are in equilibrium with
the tip and sample bulk blocks, respectively. This last as-
sumption is known to fail at semiconductor surfaces where
the limited electron transport drives any surface state bands
out of equilibrium with respect to the bulk thus yielding STS
spectra with peaks shifted from their equilibrium energy
values.30 However, on the Si�111�-p�7�7� surface the sur-
face conductivity is thermally activated at room temperature
and the RT-STS experiments provide a true energy scale.30

Our approach, therefore, is only applicable here within the

FIG. 1. �Color online� Side views of the two tip models em-
ployed in the STM/STS simulations. �a� A semi-infinite Pt�100�
bulk block with a 14 Pt atoms cluster. �b� A semi-infinite W�110�
bulk block with six W plus four Si atoms �blue� cluster.
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RT regime. The expression for the tunneling current at each
relative surface-apex position, r�sa, and for an applied bias V,
is given by26

I�V,r�sa� =
2e

h
�

−�

�

T�E,V,r�sa��fFD�E − �s� − fFD�E − �a��dE

�1�

where fFD gives the Fermi-Dirac distribution function at each
electrode and T�E ,V ,r�sa� corresponds to the transmission
function giving the probability that an electron of energy E
will leave the first contact and will reach the second reservoir
contact. Within GREEN, T�E ,V ,r�sa� is evaluated according
to26

T�E,V,r�sa� = �
ms,ma

�	ugs
0

m �Fsa�r�sa��uga
0

m 
�2 �2�

where gs/a
0 are the so-called contact matrices describing the

electronic propagation at the surface and apex and the sum-
mation ms/a is restricted to those eigenvectors �ugs/a

0
m 
 of the

contact matrices with nonzero eigenvalues. At each energy
E, the contact matrices at the apex are shifted in energy by V
with respect to those at the surface. Fsa�r�sa� is the secular
matrix for the surface-apex interactions. The elements of the
eigenvectors �ugs

0
m 
 corresponding to the C60 atomic orbitals

may be trivially transformed to the isolated C60 MO basis
set, and by retaining the contribution of each MO to
T�E ,V ,r�sa� one can decompose the tunneling current at each
r�sa in terms of the molecules MOs. As will be shown below,
this procedure allows us to determine which MOs are the
most relevant in the imaging process.

All simulations presented in this work have been com-
puted employing a finite imaginary part of the energy fixed
to Ei=50 meV while the energy step employed in the nu-
merical integration of Eq. �1� was set to 25 meV. Test calcu-
lations with larger �smaller� Ei values hardly produced any
changes in the topographic images and yielded broader
�sharper� peaks in the STS spectra without altering their en-
ergy locations. The two-dimensional periodicity of the sur-
face and tip blocks was taken into account via Brillouin zone
integrations over fine k-space grids; the apex, however, is
assumed isolated.25 Topographic images are obtained by dis-
cretizing the �7�7� surface unit cell into a grid of pixels
with a lateral resolution of 0.5 Å, i.e., around 3000 pixels
per image. At each pixel we varied the surface-apex normal
distance, dsa, until the tunneling current attained a prese-
lected value �we always used a set point current of 1 nA�.
This iterative procedure allows us to extract a numerical es-
timate for the dI /dz derivative at each pixel as well.

For the STS simulations, we fix the tip height at each
pixel to that obtained from the topography and sweep the
bias V between −2 and +2 eV. Furthermore, and in order to
eliminate the tip convolution from the STS spectra, we
freeze the tip electronic structure so that at any energy and
bias in the T�E ,V ,r�sa� calculation we always employ the tips
contact matrices evaluated at the Fermi level, ga

0��a�. This

way, the tip-energy-dependent terms may be pulled out from
the energy integral in 1, and the conductance at each pixel
becomes

dI�V,r�sa�/dV � T�E = V,V,r�sa� . �3�

Following the usual experimental convention we will plot
�dI /dV� / �I /V� spectra in order to resolve any DOS related
peaks. We note that this electronically frozen tip approxima-
tion is best suited for STS simulations, since the calculated
spectra will only display peaks associated to the substrate.
On the other hand, for topographic images there is no need to
deconvolute the tip contribution since the particular elec-
tronic structure of the tip within a given bias will in general
affect similarly all pixels in the image.

III. RESULTS AND DISCUSSION

A. Atomic and electronic structure

1. Tight-binding molecular dynamics

In order to simplify the search for minima in such a com-
plex phase space, before performing a systematic study of
different adsorption configurations, we have carried out a
few MD simulations within the tight-binding scheme. These
unbiased MDs, where the adsorption conditions are selected
randomly, reduce considerably the probability to miss some
deep minimum as a consequence of an unfavorable initial
guess. Furthermore, it gives some valuable, though qualita-
tive, information on the dynamics of the adsorption process.

We have dropped a C60 molecule on the Si�111�7�7 sur-
face giving it an initial velocity of 2.65 10−2 Å / fs from ap-
proximately 7 Å above the substrate. The in-plane coordi-
nates and the initial orientation of the fullerene have been
randomly chosen. Although the computational load of the
tight-binding calculations is significantly lower than for the
DFT calculations presented in Sec. III A 2, it is still too de-
manding to perform a massive run of a statistically signifi-
cant number of samples. Nonetheless, we could obtain some
qualitative interesting information.

�a� The tight-binding MDs have sampled configurations
that have later turned out to be among the most stable within
the systematic series of DFT structural relaxations discussed
below, with the only notable exception being the corner hole.
This fact confirms the reliability of the tight-binding scheme
employed and indicates that there should not be any deep
minimum besides the stable configurations that we discuss in
Sec. III A 2 �b� The thermal motion of the surface dangling
bonds is capable of selecting the best orientation of the C60
for its adsorption, translating �Figs. 2�a� and 2�b�� and/or
rotating �Figs. 2�c� and 2�d�� it until it can be more tightly
bonded. �c� Seldom, the incoming orientation of the C60 and
the surface site can be particularly unfavorable for the ad-
sorption and the thermal activated atoms at the surface can
backscatter the fullerene which rebounds �Figs. 2�e� and
2�f��. Remarkably, part of the thermal motion of the surface
atoms is transferred to the rigidly incoming C60 which, after
being backscattered, is left in a vibrationally excited state.
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2. DFT structural relaxations

Based on the adsorbed configurations selected by the
tight-binding molecular dynamics and on symmetry consid-
erations we have selected three different initial positions �la-
beled C, M, and R�, each one of which has been calculated in
the faulted as well as in the unfaulted half of the �7�7�
surface. The positions are shown in Fig. 3. In all the cases
the fullerene is at the center of a triangle defined by three
adatoms, but at position C and R it rests on a rest atom. We
label these sites with a subscript F or U, depending on the
surface half where they are located; thus, CF�CU� indicates a
C site at the faulted �unfaulted� half of the �7�7� recon-
struction. Besides these six adsorption sites, we have also
considered the CH �see Fig. 3�b��. Our set of initial configu-
rations for the DFT optimizations covers a more ample range
than has been previously considered in related theoretical
studies. It should be noted, however, that after relaxing the

system hybrid configurations could be obtained and distin-
guishing, for instance, a C from an M position could be
sometimes ambiguous.

The most stable adsorption site that we have found is the
CH. The relative stabilities of the other adsorption configu-
rations are summarized in Table I, where we also provide
details of the adsorption geometries such as the relative
height of the C60, the C-Si bond lengths and the displace-
ments of the Si atoms with respect to the clean surface av-
eraged over the five Si atoms which show largest deviations
in each case. The values in the table reveal that the energy
hierarchy results from a complex trade-off between the num-
ber of C-Si bonds and the substrate reconstruction.

At a first approximation, the reasons for the high stability
of the C60 at the CH site can be understood by simple geo-
metric arguments. The fullerene naturally fits in the corner
hole and can achieve in principle a maximum coordination
with the surface adatoms �see Fig. 3� with a minimal defor-
mation of the substrate arrangement. The DFT relaxed geom-
etry described in Table I reveals the formation of four C-Si
bonds and moderate substrate relaxations.

When the fullerene is adsorbed in the proximity of the C
positions, on the other hand, it undergoes a noticeable defor-
mation which leads to a strongly bonded configuration com-
prising up to six carbon-adatom and carbon-rest-atom bonds.
Such a bonding is possible because of the flexibility with
which some carbon atoms of the C60 can partially rehybrid-
ize from sp2 to sp3 and bind one surface atom. As it is clearly
seen in Fig. 4 and Table I, the adsorbed configuration is quite
different from the minimal distortion of the corner hole.
Here, both the fullerene and the surface atoms must readjust,
finding a trade-off between elastic deformation and the for-
mation of new bonds. We recall that such an activity of the
surface dangling bonds was already observed in some of the
tight-binding MD runs where the fullerene was adjusted until
the most favorable configuration for the adsorption was met.

Remarkably, our CU configuration, which is the most
stable adsorption site besides the CH, has striking similarities

(a)

(d)

(b)

(c)

(e) (f)

FIG. 2. �Color online� The adatoms adjust the incoming C60

until the best conditions for adsorption are satisfied. �a� and �b� the
C60 is displaced to the left, maximizing its interaction with the
highly reactive dangling bonds of the atoms, and ends up in a CU

adsorbed configuration; �c� and �d� the C60 is rotated until a hexa-
gon �whose atoms are highlighted with golden spheres� faces down
and the molecule binds in a RU configuration; and �e� and �f� the
C60 is rebounded and left in a vibrationally excited state.

RM
C

FIG. 3. �Color online� �Left� Schematic view of the C60 adsorp-
tion sites on the Si�111�7�7 surface. �Right� C60 adsorbed at the
corner hole �CH�, displayed for clarity in a 2�2 supercell of the
Si�111�7�7 surface. The six adatoms whose dangling bonds are
responsible for the chemisorption �see text� are indicated by the
arrows.

TABLE I. Relative total energies, �E, and average C60 normal
distance from the surface, z�C60�, for each adsorption configuration
considered in this work. The values are given with respect to the
most stable adsorption site found, namely, the CH. Fourth column
contains the bond lengths between the fullerene and the Si surface
atoms; superscript a and r stand for adatoms and rest atoms, respec-
tively. Last column gives the average deviation of the Si atoms with
respect to the clean p�7�7� case. The average for each configura-
tion is taken over the five Si atoms which show larger deviations.
All energies are in eV and distances are in Å.

�E z�C60� d�C-Si� �	r�Si��

CH 0.00 0.0 1.9,2.0,2.1,2.1 0.4

CU 0.05 0.8 1.9,1.9,2.0,2.0a ,2.1r ,2.1r 0.7

RU 0.31 1.3 1.9,2.0a ,2.0r 0.6

CF 0.47 1.2 2.0,2.0,2.0a ,2.0a ,2.0r ,2.1a 0.8

MF 0.94 1.2 1.9,2.0a ,2.0r 0.6

RF 1.31 1.9 2.0r 0.2

MU 2.81 2.9 2.2a 0.2
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with the L configuration that was found to be the most stable
among those considered in Ref. 19. At this respect, it should
be recalled that the CH could not be considered by Sánchez-
Portal et al.19 because they did not model the full
Si�111�-p�7�7� surface and were restricted to a �2�2� ada-
tom reconstruction.

The adsorption process and the adsorbed configurations
when the C60 is found close to the R and M positions shows
qualitative differences with respect to the C positions. The
RU and MF sites present a smaller coordination of 3 and the
deformations of the fullerene and the surface are more mod-
erate �see Table I�. We have also found two weakly bound
configurations, specifically positions RF and MU, consisting
of just one C-Si bond and a much larger molecule-substrate
distance and where the fullerene and the surface are hardly
distorted, pointing toward a hardly stable physisorbtion state
�Fig. 5�.

It is interesting to note that our TB-MD runs never ended
with the fullerene at the CH position despite it being the
most energetically favorable site. This result is in line with
the experiments since the CH occupation is always consid-
erably smaller than that at the F/UHs. This may be partly
understood from kinetic arguments by recalling the large
number of metastable configurations available at the F/UHs
but also suggests that there is a considerable energy barrier
associated to this highly symmetric site. This fact is indi-
rectly confirmed by starting a MD run with the C60 in the CH
position. At least within the limited time span that can be
covered by our simulations, the C60 is found not to leave this
high-symmetry position. On the other hand, if a C60 is
dropped on top of the CH position it is often adsorbed at
neighboring local minima.

In order to understand the nature of the electronic inter-
action between the C60 molecule and the silicon surface, we
have calculated the PDOS on the molecular orbitals. Such an
analysis delivers at the same time two very important pieces

of information: �a� the degree of hybridization of the molecu-
lar orbitals with the substrate, i.e., strength of the interaction,
by looking at the broadening and splitting of the peaks and
�b� the charge transfer by observing how the molecular or-
bitals are located with respect to the Fermi energy of the
system, i.e., if unoccupied MOs have been filled or occupied
MOs have been emptied �charge transfer from the substrate
to the molecule and vice versa, respectively�.

We display in Fig. 6 the PDOS for all configurations com-
puted from the self-consistent SIESTA Hamiltonian �left
panel� and from the fitted EHT �right panel�. The configura-
tions have been ordered by decreasing adsorption energy
from bottom to top. Solid dark lines compromise the HOMO,
dashed dark the HOMO-1, solid gray the lowest unoccupied
molecular orbital �LUMO�, and dashed gray the LUMO+1
states of the isolated molecule. The agreement between the
SIESTA and EHT derived PDOS is reasonable, with almost all
peaks qualitatively reproduced. The larger discrepancy is
found for the HOMO states, which appear at higher binding
energies in the EHT case thus leading to larger molecular
gaps. We ascribe this difference to the limited number of
parameters varied in the PDOS fits �see Sec. II�. Neverthe-
less, given the fact that DFT systematically underestimates
the gap values, we do not find this fact relevant.

As we move from top to bottom in the graphs we find that
the well-resolved peaks found for the less stable MU configu-
ration gradually broaden as the interaction with the substrate
increases. This is particularly evident for the LUMO states
which rehybridize with the surface in a bonding antibonding
fashion, a clear signature of covalent bonding, together with
a considerable charge transfer coming from the occupation of
the bondinglike states. For the weak-interaction limit, on the
other hand, the bonding consists mainly of a charge-transfer
process, revealed by the pinning around the Fermi level of

FIG. 4. �Color online� Adsorbed geometry of the CU �top panel�
and CF configurations �bottom panel�. Both the C60 and the sub-
strate undergo a relevant deformation in order to maximize the co-
ordination with the surface dangling bonds. FIG. 5. �Color online� Adsorbed geometry of the MU �top panel�

and RF configurations �bottom panel�. The orientation of the sub-
strate is different from Fig. 4 for visual purposes.
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some of the LUMO orbitals. Another clear feature in the
plots is the opening of the HOMO-LUMO+1 gap as ones
move upwards in the figure. Summarizing, we find two limits
in the adsorbed configurations: �a� a weak adsorption that
relies on a charge transfer without the formation of new
bonds and with no significant distortion of the molecule or
restructuring of the surface �cases MU or RF in Fig. 6�; �b� a
strong adsorption where the fullerene undergoes a noticeable
deformation in search of the highest possible coordination
with adatoms and rest atoms of the substrate �cases CH, CU,
or RU�.

B. STM simulations

1. Clean Si(111)-p(7Ã7)

As a first test for the performance of our EHT-GREEN

formalism, we present in Figs. 7�a� and 7�b� occupied and
empty states topographic images simulated for the clean �7
�7� surface employing the WSi tip. The simulations nicely
reproduce the change in the aspect of the reconstruction with
bias. In Fig. 7�c� we plot STS spectra calculated according to
Eq. �3� with the electronically frozen Pt tip. We have aver-
aged the STS signal placing the tip apex on top of the rest
atoms �R� and on top of the adatoms �A�. The so-called S2,
S�1, and S1 peaks are well resolved at energies −0.5, −0.35,
and −0.1 eV, respectively, while the U1, U�1, and U�1 peaks
all show up as a single peak at around 0.2 eV denoted by U1
in the figure. Deviations in the peak positions with respect to
the RT experimental values30 are at most 0.2 eV. Current
image tunneling spectroscopy �CITS� maps are presented in
Figs. 7�e� and 7�f� for the S2, S1, and U1 states. Clearly, the
first peak is associated to the rest atoms, the second to the
corner adatoms while the third one combines contributions
from all adatoms. Also notice the nonequivalence in the

bright features between the faulted and unfaulted maps—in
good qualitative agreement with the experimental results.30

2. Topography

We next address the STM simulations for the fullerene as
a function of its adsorption geometry. Figure 8�a� shows
�60�60� Å2 topographic images simulated with the Pt tip
and corresponding to the C60 adsorbed at the CH and MU
positions. The fullerene is imaged as a large bump with any
intramolecular features hardly visible. In agreement with the
images of Pascual et al.,10 the weakly bound molecule MU
appears much brighter and larger than in the CH case, which

FIG. 6. DOS projected on to the C60s HOMO-1 �dark dashed�,
HOMO �dark solid�, LUMO �gray solid�, and LUMO+1 �gray
dashed� for the seven C60 configurations studied in this work. Left
and right panels correspond to the SIESTA-DFT and EHT-fitted re-
sults, respectively.

FIG. 7. �a� and �b� Simulated STM topography maps for the
clean Si�111�-p�7�7� surface calculated with the WSi tip. Tunnel-
ing parameters are: V= 
1.0 V and I=1 nA. �c� STS spectra cal-
culated on the p�7�7� surface employing the Pt tip. Top and bot-
tom graphs are averages over the rest atoms �r� and adatoms �a�,
respectively. Peaks S2, S�1, S1 and U are indicated by dashed lines.
�d� and �f� CITS maps calculated with the Pt tip at selected energies
so that the S2, S1, and U1 states are clearly visible.

FIG. 8. Simulated STM maps for the C60 at the CH and MU

positions in different modes. �a� Topography using as set current I
=1 nA, �b� dI /dz calculated with the tip height at each pixel set to
the same value as in the topographic map and �c� the z+dI /dz map
obtained after summing up maps in �a� and 1.5 times �b�. The same
gray scale is used per column. All images computed for a bias of
V=−2 eV.

RURALI, CUADRADO, AND CERDÁ PHYSICAL REVIEW B 81, 075419 �2010�

075419-6



is simply related to the fact that in the former geometry the
C60 is almost 3 Å higher from the surface. The molecule’s
apparent height for the rest of sites is always between these
two limiting cases. On the other hand, Fig. 8�b� shows the
corresponding derivative dI /dz maps, where a clear enhance-
ment for the fullerene’s internal structure is apparent and
both the molecule and the surface adatoms can be resolved
simultaneously. Since both types of imaging modes can be
readily obtained in current experimental setups, we will
show from now on the sum of both types of maps—the de-
rivative term always premultiplied by 1.5—in order to view
more clearly the molecule’s internal structure. The result of
this combined mode, denoted by z+dI /dz, is given in Fig.
8�c�.

In order to aid the interpretation of the STM images pre-
sented below, LDOS isosurfaces for the C60 MOs close to the
Fermi level are displayed in Fig. 9. They have been calcu-
lated for the isolated nondistorted molecule, adding up the
contribution of degenerate states; the degeneracies are 4, 5,
3, and 3 for the HOMO-1, HOMO, LUMO, and LUMO+1
states, respectively. We have checked that the LDOS surfaces
hardly change if we consider instead the C60 geometries
found for each adsorption model despite the molecular dis-
tortions lift the degeneracies. The visual inspection of the
LDOS reveals that the HOMO-1 and HOMO on one hand,
and the LUMO and LUMO+1 on the other hand, are very
similar. There are, however, marked differences between the
occupied versus unoccupied LDOS and therefore, one would
expect that STM images associated to empty and occupied
states should differ considerably.

Figure 10 presents z+dI /dz maps simulated with the Pt
tip at different biases for some representative cases, namely:

CH, RU and MU. The simulations for the other configurations
show similar features but with different orientations. At large
positive biases, �right column in Fig. 10� we find pentagons
with different orientations but all of them reminiscent of the
LUMO and/or LUMO+1 LDOS presented in Fig. 9. Recall,
however, that the CH case does not show a dip at its center,
while for the MU geometry we find a nodal line crossing the
pentagon. At large negative biases, V�−1.0 V �left column
in Fig. 10� the imaged fullerenes present a five-pointed star
that resembles the HOMO and/or HOMO-1 LDOS displayed
in Fig. 9. At intermediate biases, −1 V�V�+1 V, we find
a wide range of internal features which, in general, are dif-
ferent to those depicted in Fig. 9 and a direct correspondence
with the C60 MOs is not evident. Nevertheless, at these small
voltages the fullerenes appear much dimmer since the tip
apex comes closer to the molecule so that, from the experi-
mental point view, the imaging process could become rather
unstable.13 Overall, our empty state STM images agree rea-
sonably well with the available experimental data but, on the
contrary, there are marked discrepancies for the occupied
states case which we will further discuss in the next subsec-
tion.

We present in Fig. 11 equivalent z+dI /dz maps for the
same three adsorption geometries, but this time employing
the WSi tip. The C60 loses its rounded shape and now ap-
pears as large triangles, meaning that the fullerene is acting
as a probe which scans the tip topography. The molecules
apparent size is larger because the WSi tip is rather blunt. At
large negative and positive biases one can still recognize at
the center of the triangles similar features to those in Fig. 10,
i.e., HOMO-1/HOMO and LUMO /LUMO+1 states, respec-
tively. However, the sides of the triangles are now decorated
by lots of extra strokes leading to an overall fullerene’s as-
pect which differs substantially from those imaged with the
clean Pt tip as well as from the LDOS in Fig. 9.

From the above comparison between the two tip results,
we may conclude that the apparent shape of the fullerenes is
strongly dependent on the tip topography and certain struc-
tural information on the tip could be directly extracted from
it. This fact stresses the difficulty to experimentally view the
C60 frontier MOs in the topographic maps since these MOs
may show up highly distorted due to their convolution with
the tip apex atoms. Our results indicate that only images
acquired with ideal–sharp and clean–tips can be interpreted
in terms of the MO LDOS.

FIG. 9. LDOS contour surfaces for the C60s frontier molecular
orbitals. The HOMO-1, HOMO, LUMO, and LUMO+1 are 4, 5, 3,
and threefold degenerate, respectively.

FIG. 10. Simulated STM z+dI /dz maps for the CH, RU, and
MU adsorption geometries calculated with the Pt tip and for differ-
ent biases. Size of images is �20�20� Å2. Tunneling parameters
are: V= 
1.0 V and I=1 nA.

FIG. 11. Same as Fig. 10 but for the WSi tip.
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3. STS

Better insight into the nature of the states dictating the
aspect of the fullerenes can be achieved by simulating STS
data without taking into account the dependence of the tip’s
electronic structure with bias. To this end, we have applied
Eq. �3� to all adsorption geometries using as set point in the
T�E� calculations the topographic map obtained at V=
+2.0 V and I=1 nA. We present in Fig. 12 the
�dI /dV� / �I /V� curves for all cases–solid lines in left panel,
together with the corresponding DOS projected only onto the
fullerene’s states, dashed thin lines. In the right panel we
present the decomposition of the �dI /dV� / �I /V� curves in
terms of the frontier MOs. Overall, the �dI /dV� / �I /V� and
PDOS spectra present the same peak structure, corroborating
that the latter represents a good first approximation when
interpreting the STS spectra. For biases larger than around
+0.7 V the LUMO and LUMO+1 provide similar contribu-
tions and are responsible for the pentagonal structure seen in
Fig. 10. This interpretation concurs with all previous works
except for that of Pascual et al. At large negative biases the
HOMO states �see Fig. 9� completely dominate the electron
transmission and hence the five point star discernible in the
images at the left in Fig. 10. Although these internal features
were also found by Lee et al.,12 they do not match the ex-
perimental images taken at negative voltages. This discrep-
ancy was attributed to the DFT inaccuracy when predicting
the energy location of the molecular levels. As suggested by
Lee et al., it is probable that the real HOMO states are lo-
cated at larger binding energies, in which case one should

compare the experimental images with the theoretical ones
calculated at smaller negative bias voltages. Inspecting Fig. 3
we find that in the region around the Fermi level only the
LUMO states can be resolved. The associated STM images,
displayed in Fig. 10, are again similar to those in Ref. 12 but
still differ qualitatively from the experimental ones or those
calculated by Hou et al. We cannot find a satisfactory expla-
nation to this fact—our approach is more accurate—and
probably more elaborate formalisms, e.g., self-consistent
treatment of the electric field or an electronic description
beyond standard DFT, will be necessary to elucidate this
controversy.

A more detailed comparison between the normalized con-
ductance and the PDOS reveals quantitative differences
which could affect the interpretation of the STS data. First, in
cases RF and CU there is a shift in the first HOMO related
peak. Second, and more importantly, in most cases the rela-
tive height of the LUMO related peaks in the region �V�
�1 V are considerably smaller in the normalized conduc-
tance plots than in their PDOS counterparts so that these
states may become almost invisible experimentally. This is
particularly evident for the three less stable geometries: MF,
RF, and MU. A naive interpretation of their STS spectra
would suggest that the two prominent features at around −1.5
and +0.6 eV are related to the HOMO and LUMO, respec-
tively, thus leading to an erroneous molecular gap larger than
2 eV.

IV. CONCLUSIONS

We have studied the adsorption of C60 molecules on the
Si�111�7�7 surface with density-functional calculations.
We have found the CH to be the most stable adsorption site,
closely followed by the CU site. Besides these strongly
bonded configurations, characterized by covalent bonds be-
tween the C60 and the adatoms and rest atoms of the Si�111�
surface, we have found weaker adsorption configurations
where the interaction with the substrate consists mainly of a
charge-transfer process and the C60 is virtually undistorted.
Tight-binding molecular dynamics provide and interesting
insight on how the surface adatoms select the best site and
orientation for an efficient adsorption of the C60.

Our STM/STS analysis brings two important conclusions.
�i� The aspect of the fullerenes strongly depends on the tip
nature and topography. In general, the tip contribution should
be deconvoluted from the measured topographic images in
order to extract direct information on the fullerene’s elec-
tronic structure. �ii� At large positive voltages STM predomi-
nantly images the LUMO and LUMO+1 states while, unfor-
tunately, at negative biases the interpretation of the images
still needs to be fully understood.
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FIG. 12. Left panel: STS simulations for all the C60 adsorption
geometries considered in this work, ordered from bottom to top in
decreasing adsorption energy. Solid lines correspond to the normal-
ized conductance, �dI /dV� / �I /V�, computed assuming an electroni-
cally flat tip, and averaged over 40–60 tip positions above the
fullerene. Dashed line gives the DOS projected onto the C60 states.
Right panel: the decomposition of the normalized conductance into
contributions from the HOMO-1 �dashed black line�, HOMO �solid
black�, LUMO �solid gray�, and LUMO+1 �dashed gray� states for
the same cases. For the sake of clarity, the latter two contributions
have been magnified by a factor of 2. The theoretical Si bulk energy
gap is indicated by the dashed vertical lines.
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