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We investigate the electronic structure of an endohedral fullerene, Sc3N@C80, chemisorbed on
Cu�110�-�2�1�-O surface by scanning tunneling microscopy and density-functional theory. Scanning tunnel-
ing microscopy and spectroscopy identify a series of delocalized atomlike superatom molecular orbitals �SA-
MOs� in the Sc3N@C80 and its aggregates. By contrast to C60, the encapsulated Sc3N cluster in Sc3N@C80

distorts the nearly-spherical central potential of the carbon cage, imparting an asymmetric spatial distribution
to the SAMOs. When Sc3N@C80 molecules form dimers and trimers, however, the strong intermolecular
hybridization results in highly symmetric hybridized SAMOs with clear bonding and antibonding characteris-
tics. The electronic-structure calculations on Sc3N@C80 and its aggregates confirm the existence of SAMOs
and reproduce their hybridization as observed in the experiment.
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I. INTRODUCTION

Following the discovery of C60 two decades ago,
fullerenes have been studied extensively as promising mate-
rials for applications in molecular electronics and
optoelectronics.1–9 In a fullerene assembly, such as one-
dimensional �1D� wire, two-dimensional �2D� quantum well,
and three-dimensional crystal, the charge transport through
the assembly is governed by the �-� stacking, which defines
the intermolecular wave-function overlap,10–14 similar to
other molecular solids that are held together by van der
Waals forces.15,16

In a recent scanning tunneling microscopy �STM� and
density-functional theory �DFT� studies of chemisorbed C60
molecules on copper surfaces, however, we discovered a new
paradigm for the intermolecular hybridization among hollow
molecules.17–19 Considering the � and � molecular orbitals
as the n=1 and 2 solutions of the central potential of the
hollow C atom shell, the next higher n=3 or � states could
provide the requisite intermolecular wave-function overlap
to achieve nearly-free-electron �NFE�-like band
delocalization.20,21 Because the � orbitals were characterized
by diffuse atomlike spatial distributions in STM experiments
and DFT calculations, we have dubbed them the superatom
molecular orbitals �SAMOs�.17 By contrast to the � and �
orbitals of fullerenes, which are highly degenerate and
tightly bound to individual C atoms, the SAMOs are more
loosely bound to the screening potential of the hollow mo-
lecular cage. Their radial and angular distributions can be
described by the spherical harmonic functions similar to the
s, p, and d orbitals of H atom. The SAMOs extend spatially
further from the C atom shell than the more tightly bound �
orbitals and can hybridize in a C60 dimer like the s and p
orbitals of hydrogen atoms into a H2-like superatom mol-
ecule; in extended 1D and 2D C60 assemblies, SAMOs hy-

bridize into s-electron metal-like NFE bands.17,22 Because
SAMOs originate from the binding of electrons to the central
potential of their screening charge, they are a general prop-
erty of hollow molecules.17

Whether or not SAMO-mediated transport is feasible in
fullerene quantum structures and solids depends on the
SAMO energy with respect to the �-orbital-derived highest
occupied molecular orbital �HOMO� and lowest unoccupied
molecular orbital �LUMO� states. For example, the calcu-
lated energy of the lowest energy s-SAMO of C60 is 3.28 eV
above the LUMO. A time-resolved two-photon photoemis-
sion study on the C60 /Au�111� surface showed that electrons
excited to a 2D NFE quantum well formed by hybridization
of s-SAMO decay on the femtosecond time scale,22 possibly
to the lower-lying LUMO states. While such short lifetime
impedes the use of C60 in practical SAMO-mediated charge
transport, a strategy for tuning the energy of the SAMOs by
endohedral doping with metal atoms has been proposed.18

Endohedral fullerenes have been a particularly attractive
subject for research because of their unique properties asso-
ciated with the interaction and charge transfer between the
encapsulated metal atoms or clusters and the carbon
cage.23–27 The family of endohedral fullerenes containing
M3N clusters, where M is a Group III metal atom, have been
of interest because they might exhibit the violation of the
isolated pentagon rule for the stability of fullerenes. They are
predicted to enhance electron transmission through single-
molecule junctions, and exhibit M-dependent cluster rotation
at room temperature.25,28,29 In this work, we studied the elec-
tronic structure of an endohedral fullerene, Sc3N@C80, ad-
sorbed on Cu�110�-O surface by LT-STM and DFT calcula-
tions �1� to verify the universal nature of the SAMOs and �2�
to explore how the endohedral doping of an endohedral
fullerene affects the energy, spatial distribution, and intermo-
lecular hybridization of its SAMOs.
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II. EXPERIMENTAL SECTION

The experiments were performed with an Omicron LT-
STM system composed of two connected ultrahigh-vacuum
chambers. As in our previous study, we employed a partially
oxidized single-crystal Cu�110� substrate.30 The substrate
was cleaned by Ar+-ion �600 V� sputtering and annealing
cycles. The clean Cu�110� surface was dosed with 6.8 L of
high-purity O2 at 520 K to form a partially oxidized
Cu�110�-�2�1�-O surface.30 The Sc3N@C80 sample used in
this study was prepared and purified as described
elsewhere.25,32 A submonolayer of Sc3N@C80 molecules was
deposited by thermal evaporation at 670 K on the
Cu�110�-�2�1�-O surface. During the deposition, the sub-
strate was kept at room temperature and the chamber pres-
sure was below 1�10−8 Torr. The sample was then trans-
ferred to the STM chamber with a base pressure less than
3�10−11 Torr, and cooled down to 78 K for experimental
measurements. Constant current STM images and distance-
voltage �z-V� spectra were recorded with an electrochemi-
cally etched tungsten tip, which was prepared by field emis-
sion as well as in situ cleaning treatment. dI /dV images
giving the local density of states �LDOS� at specific bias
voltages were measured by adding an ac modulation of 15
mV �rms� at 693 Hz to the junction bias �sample potential
referenced to the tip� and demodulating the tunneling current
with a lock-in amplifier.

III. THEORETICAL METHODS

As in our previous calculations on C60 SAMOs, we per-
formed plane-wave basis set DFT electronic-structure calcu-
lations using the generalized gradient approximation with the
PBE �Ref. 33� functional as implemented in the Vienna ab
initio simulation package.34–36 The projector augmented
wave method was used to describe the electron-ion
interaction.37 The plane-wave basis set cut-off energy was set
to 500 eV. For Sc atom, the 1s-2p were treated as core or-
bitals. For the isolated Sc3N@C80 molecule calculation, we
used a cubic unit cell with dimension a=30 Å. For
Sc3N@C80 dimer and trimer, we used larger unit cells of
40�30�30 and 40�40�30 Å, respectively.

IV. RESULTS AND DISCUSSION

A. SAMOs of isolated Sc3N@C80 molecules

Sc3N@C80 molecules contain a planar triangular nitride
Sc3N cluster with its C3 rotation axis coinciding with that
of the Ih symmetry C80 cage29,31 �Fig. 1�a��. The partially
oxidized Cu�110�-�2�1�-O surface is composed of
�100-nm-wide �2�1�-O domains separated by the 0.76-
nm-wide linear gaps of bare Cu running along the �001�
direction, as shown in Figs. 1�b� and 1�c�. After deposition
onto the Cu�110�-O substrate Sc3N@C80 molecules are
found adsorbed both on the �2�1�-O domains and in the Cu
troughs. Besides the individual monomers, Sc3N@C80 mol-
ecules also aggregate into small structures such as dimers
and trimers �Fig. 1�d��. According to dI /dV spectroscopy,
which will be discussed in a separate publication, the LUMO

of Sc3N@C80 lies at �0.5 V above the Fermi level �EF�. To
identify the SAMOs, which appear above 3.5 V for C60, we
recorded distance-voltage �z-V� scans by ramping the tip-
sample bias while keeping the current constant and feedback
loop engaged. The slope of the z-V curve changes whenever
a resonant tunneling channel becomes available to increase
the tunneling probability. Compared with the conventional
I-V spectroscopy, the z-V method prevents the sample or tip
damage due to the high tunneling current at high bias
voltage.38,39 Figure 1�e� shows z-V spectra measured on an
adsorbed Sc3N@C80 monomer as well as on the �2�1�-O
domain. Each curve is an average of 10–20 scans measured
at the center of the same molecule. The energetic positions
for opening of the tunneling channels for Sc3N@C80 mol-
ecule and the substrate are apparently different. This differ-
ence in the resonances can be seen more clearly in the nu-
merical derivatives of the z-V curves �dz /dV vs V�, as shown
in Fig. 1�f�. The characteristic resonance at 3.7 V of the

FIG. 1. �Color online� �a� Molecular model of Sc3N@C80. �b�
Schematic model of the partially oxidized Cu�110�-�2�1�-O sur-
face. �c� High-resolution STM topographic image of the partially
oxidized Cu�110�-�2�1�-O surface showing both the 0.76 nm Cu
troughs and the �2�1�-O domains. �d� STM image of Sc3N@C80

adsorbed on Cu�110�-�2�1�-O surface. The tunneling conditions
are Vbias=0.5 V and Isetpoint=400 pA for �a�, and Vbias=0.79 V
and Isetpoint=150 pA for �d�. �e� z-V spectra for Sc3N@C80 and
Cu�110�-�2�1�-O domain measured with initial tunneling condi-
tions of Vbias=1.0 V and Isetpoint=200 pA. �f� Numerical deriva-
tive of �e�. The curves are displaced with respect to each other for
clarity.
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substrate, which corresponds to a surface state of Cu-O atom
chain, disappears above the Sc3N@C80 molecule; instead
there appears a new peak with a maximum at �4.4 V and a
shoulder at �4 V.

To find out whether these resonances correspond to the
SAMOs of Sc3N@C80, we imaged their spatial distributions
by recording the dI /dV images at different energies within
the 4.4 V peak region in the dz /dV curve. Figures 2�a�–2�d�
show dI /dV images taken between 4.2–4.8 V, in which the
orbitals exhibit approximate monopolar and dipolar symme-
tries. Based on their diffuse spatial distributions, the orbitals
are distinct from the more tightly bound � orbitals directed
along the C-C bonds, such as have been observed for C60
molecules,40,41 and from lower bias Sc3N@C80, images,
which show strong and asymmetric LDOS localization
within a molecule on account of the tunneling pathways me-
diated by the endohedral cluster. Unlike C60, however, the
high DOS of the Sc3N cluster appears to obscure specific
resonances associated with the �� orbitals in the dz /dV spec-
tra. In addition to their diffuse LDOS, SAMOs exhibit strong
intermolecular hybridization when two or more molecules
aggregate into clusters, which will be discussed in the next
section. The diffuse nature and intermolecular hybridiztion
leads us to conclude that the images in Figs. 2�a� and 2�b�
correspond to the m=0 SAMOs �s- or pz-like; m is the sur-
face projection of the angular-momentum quantum number
l�, whereas Figs. 2�c� and 2�d� correspond to the m=1 SA-
MOs �px-/py-like�.

The asymmetry of SAMOs could arise from the aniso-
tropy of the substrate and the structure of the endohedral
cluster within the fullerene cage. For adsorbed C60 mol-
ecules, the broken symmetry of space and the anisotropy of
O/Cu�110� surface cause the degenerate p-SAMO to split
into three spatially distinct orthogonal px-, py-, and

pz-SAMO’s that extend along the �11̄0�, �001�, and �110�
directions, respectively. The pz-SAMO of C60 further hybrid-
izes with s-SAMO into a bonding �3.70 V� and an antibond-
ing �4.15 V� pair, with orbital density pointing into and away
from the surface.17 In Sc3N@C80, the D3h symmetry of Sc3N
cluster along with the anisotropy of the substrate mixes the
px- and py-SAMO’s, causing the resulting asymmetric orbit-

als to align with low-symmetry directions of the substrate
�Figs. 2�c� and 2�d��. While s- and pz-SAMO’s contribute to
the monopolar symmetry in Figs. 2�a� and 2�b�, we could not
find distinct evidence of their intramolecular hybridization in
the experimental images. Keeping in mind that the adsorp-
tion environments for Sc3N@C80 and C60 are the same, we
believe that the properties of the SAMOs in Sc3N@C80 are
influenced by the inclusion of the D3h symmetry Sc3N clus-
ter, as well as the change in the cage size. The px- and
py-SAMO’s are likely to be nearly degenerate and to mix
through the incompatible symmetry of the endohedral cluster
and the substrate �we assume that for most molecules the
cluster is nearly parallel to the surface plane,28 as explained
below�. The endohedral cluster distorts the nearly-spherical
central potential of the carbon cage leading to asymmetric
SAMOs of the isolated molecules, as will be supported by
our calculations.

Figures 2�e�–2�h� show the dI /dV images recorded on
another Sc3N@C80 molecule, which confirm the existence of
the m=0 and 1 SAMOs. While the m=0 SAMO is similar to
the one in Figs. 2�a� and 2�b�, the m=1 SAMOs have differ-
ent distributions. It is possible that this variability in SAMO
distributions originates from several factors including differ-
ent molecular adsorption configurations of the C80 cage, the
distribution in and possibly interconversion between several
rotational isomer configurations of Sc3N cluster, and pres-
ence of further isomeric structures associated with the orien-
tation of the cluster C3 axis with respect to the surface plane.
The existence of such isomeric forms has been addressed in
a recent STM and x-ray photoelectron diffraction study of
Dy3N@C80 adsorbed on Cu�111� surface, where Treier et
al.28 found that the molecules form domains with the same
orientation of the C80 cage, whereas the encapsulated cluster
occupies at least two inequivalent orientations within the C80
cage. Based on the structural similarity of Sc3N@C80 and
Dy3N@C80, it is therefore possible that the different orienta-
tion of the encapsulated Sc3N cluster with respect to the
carbon cage is responsible for the molecule-to-molecule dif-
ferences in the LDOS of m=1 SAMOs. Because of their
vague shapes, the classification of SAMO into distinct struc-
tures and analysis according to their statistical probability of
appearance has not been attempted.

B. HYBRIDIZATION OF SAMO’S IN Sc3N@C80 CLUSTERS

Because SAMOs are more spatially diffuse than the � and
� orbitals of the fullerenes, we expect them to hybridize
within a Sc3N@C80 molecular assembly, as we found for C60
molecules.17 Therefore, we further investigated the electronic
structures of Sc3N@C80 aggregates to investigate the nature
of SAMO-mediated intermolecular hybridization.

1. Fullerene dimer

We start from the smallest cluster, i.e., Sc3N@C80 dimer.
Many metal-containing endohedral fullerenes such as
Tb@C82,

42 Nd@C82,
43 and Y@C82

44 have a tendency to
form dimers especially in the solid state. The dimerization
has been explained by intermolecular interactions originating
from a permanent dipole moment43 or an unpaired electron44

FIG. 2. �Color online� ��a�–�d�� dI /dV mapping showing the
LDOS of SAMOs of an individual Sc3N@C80 molecule at different
energies. ��e�–�h�� dI /dV mapping of the SAMOs of another
Sc3N@C80 molecule showing different spatial distributions. The
measurement bias voltages are indicated in the figures; the tunnel-
ing current Isetpoint is 200 pA.
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at the fullerene cage. In our experiment, Sc3N@C80 mol-
ecules are found forming dimers both on the �2�1�-O do-
mains and the unoxidized 0.76-nm-wide Cu troughs. In both
cases the dimers align along the �001� direction of the sub-
strate and the SAMOs images are similar. Figure 3�a� shows
the spatially resolved dz /dV spectra recorded at different tip
positions along the dimer axis. The spectra reveal that the
characteristic peak at �4.4 V for Sc3N@C80 monomer splits
into two peaks at 4.1 and 4.7 V peaks, in the case of a dimer.
The intensity maxima occur at the center and the ends of the
dimer, respectively, for the 4.1 and 4.7 V resonances. Figure
3�b� presents the dI /dV images in the 3.6–4.8 V range. The
splitting of the 4.4 V peak of the monomer into a lower and
higher energy resonances and the spatial distribution of the
new states shown in Fig. 3�b� strongly suggest the intermo-
lecular hybridization of the SAMOs into a bonding and an-
tibonding pair of the dimer. The SAMO orbitals are only
transiently occupied by tunneling electrons from the STM
tip, and otherwise have no impact on the cohesion of a dimer,
which is determined by the ground-state molecule-surface
and molecule-molecule interactions.

The atomlike orbitals of Sc3N@C80 hybridize into mo-
lecular orbitals of dimers with � and � symmetry bonding

and antibonding characters, as would atomic orbitals of H
atoms when combined into an H2 molecule. Specifically, in
the range from 3.6 to 4.2 V the hybridized orbitals exhibit the
�- and �-bonding characters, as judged by the accumulation
of LDOS in the center of the dimer. A strong distinction
between the �- and �-bonds is not observed probably be-
cause of the approximate symmetry of the monomer orbitals
and because both kinds of bonds contribute in the same en-
ergy interval. Between 4.4 and 4.6 V the orbitals acquire ��

antibonding character, as judged by appearance of a node
bisecting the dimer. Finally, at 4.7 V the hybridized orbitals
show �� antibonding character with an additional node along
the dimer axis. Figure 3�c� shows the dI /dV images recorded
on another Sc3N@C80 dimer. By contrast to the Sc3N@C80
monomers, for which the SAMO shape differs significantly
from molecule-to-molecule, as we noted in the last section,
the SAMOs of dimers have nearly-identical spatial distribu-
tions in all the recorded images. The consistent dimer orbital
shape suggests that �i� it is dominated either by the intermo-
lecular hybridization; �ii� it is independent of the Sc3N clus-
ter geometry; �iii� the cluster can rearrange continuously dur-
ing the measurement; or �iv� the dimerization causes the
adjacent molecules in a cluster to align into a specific con-
formation. We believe that the similarity arises mainly from
the strong intermolecular hybridization. Compared with C60,
the hybridization-induced peak shift in dz /dV spectra of
Sc3N@C80 dimer is much larger,17 confirming the strong hy-
bridization. According to the similarity of the images for
dimers above Cu trough and �2�1�-O domains, we conclude
that the density distribution is independent of the substrate
and appears to be dominated by the intermolecular interac-
tion.

2. Linear fullerene trimer

The hybridization of the SAMOs is further investigated
for the Sc3N@C80 trimers. The 0.76 nm bare Cu troughs on
the surface provide templates for the growth of linear trimers
as shown in Fig. 4�a�. The characteristic peak at 4.4 V for
Sc3N@C80 monomer again splits into two peaks at 3.8 and
4.4 V, indicating formation of hybridized SAMOs of the tri-
mer. The low-energy resonance has the intensity maximum at
center of the trimer, whereas the high-energy one shows
maxima at the ends.

Figures 4�b�–4�g� present the dI /dV LDOS images of the
hybridized SAMOs of the trimer. Compared with the dimer,
the two peaks shift down in energy, and the 3.8 V resonance
is less localized within the aggregate than its counterpart for
the dimer. The LDOS images in Figs. 4�b� and 4�c� show the
bonding character, whereas Figs. 4�d�–4�g� show the anti-
bonding character. The 4.2 and 4.5 V orbitals have one and
two nodes, respectively, characteristic of the �� antibonding
character, whereas the 4.7 and 4.8 V orbitals have additional
nodes along and perpendicular to the trimer axis expected for
the �� antibonding character.

3. Triangular fullerene trimer

In addition to the linear Sc3N@C80 trimer, the intermo-
lecular interaction also favors the formation of fullerene tri-

FIG. 3. �Color online� �a� dz /dV spectra measured at the center
and an end of a Sc3N@C80 dimer. Top inset: STM topography of a
dimer adsorbed on a 0.76 nm Cu trough; the red circle and blue
square indicate the positions where the dz /dV spectra were re-
corded. Bottom inset: dI /dV image of the dimer recorded at 3.4 V
showing the LDOS of the Cu trough. Imaging dimensions for both
insets are 5.0�5.0 nm2. ��b� and �c�� dI /dV mapping of the SA-
MOs in two different Sc3N@C80 dimers. SAMOs show typical
bonding and antibonding characteristics originating from the strong
hybridization between molecules. In �b� and �c� the dimers are ad-
sorbed on a Cu trough and �2�1�-O domain, respectively. At 3.6 V,
the dimer adsorbed on the �2�1�-O domain shows distinct LDOS
at each end �black arrows in �c��, which is caused by scattering of
surface state electrons of the substrate at adsorbed molecules. The
measurement bias voltages are indicated in the figures; the tunnel-
ing current Isetpoint is 200 pA, and the imaging size is 4.2
�4.2 nm2.
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mers with an equilateral triangle shape, as shown in the inset
of Fig. 5. Within this trimer, two molecules adsorb on the Cu
trough while the third one is on the �2�1�-O domain. De-
spite experiencing different molecule-surface interactions,
the hybridized SAMO orbitals of the three molecules appear
to be electronically identical. The dz /dV spectra recorded at
different positions �Fig. 5�a�� show the existence of three
types of hybridized SAMOs, which have different spatial
distributions. From the corresponding LDOS images in Figs.
5�b�–5�f�, it is clear that the 3.5–3.8 V resonance �Figs. 5�b�
and 5�c�� has a bonding character with its density mainly in
the gaps between the neighboring molecules and the density
maximum at the center of the trimer. The 4.2 V resonance
�Fig. 5�d�� has LDOS maxima at the center of each side of
the three sides of the triangle. The 4.3–4.5 V region, how-
ever, shows antibonding character, where the hybridized or-
bital is located mainly at the three corners of the triangle. It
is notable that despite the asymmetric spatial distribution of
the single molecular SAMOs, the hybridized SAMOs of the
trimer show a perfect threefold symmetry. This suggests the
intermolecular hybridization within the fullerene trimer is
sufficiently strong to obliterate distinct character of the com-
ponent molecules arising from the adsorption on Cu vs Cu-O
domains or possible differences in the internal conformations
of the Sc3N cluster.

C. DFT CALCULATIONS OF THE SAMO’S OF Sc3N@C80

Figure 6�a� shows the calculated DOS of an isolated
Sc3N@C80 molecule. The band gap between HOMO and

LUMO of 1.48 eV agrees with previous calculations.29 The
delocalized DOS corresponding to s-SAMO’s appears at
3.29 eV above LUMO, with the p- and d-SAMO’s appearing
at 3.44 and 3.59 eV, respectively. The energy difference be-
tween SAMOs of Sc3N@C80 is smaller than for C60, most
likely because of their interaction with the unoccupied orbit-
als of the internal cluster. In Fig. 6�b�, we show the calcu-
lated s- and p-SAMO probability densities for Sc3N@C80
molecule oriented with a hexagon facing up, which is the
preferred orientation for Dy3N@C80 adsorbed on Cu�111�
surface according to the photoemission diffraction.28 In this
orientation the C80 cage attaches the surface with a hexagon,

FIG. 4. �Color online� �a� dz /dV spectra measured at the center
and the end of a linear Sc3N@C80 trimer adsorbed on a Cu trough.
Inset: STM topography of a linear trimer; the red circle and blue
square indicate the positions where the dz /dV spectra were re-
corded. ��b�–�g�� dI /dV mapping of the trimer at different energies
revealing the intermolecular hybridization of the SAMOs. The mea-
surement bias voltages are indicated within the figures; the tunnel-
ing current Isetpoint is 200 pA.

FIG. 5. �Color online� �a� dz /dV spectra measured at different
positions of a triangular Sc3N@C80 trimer. Inset: STM topography
of a trimer, where red circle, green triangle, and blue square indicate
the positions where the dz /dV spectra were recorded. ��b�–�f��
dI /dV mapping of the triangular Sc3N@C80 trimer at different en-
ergies. The measurement bias voltages are indicated in the figures;
the tunneling current Isetpoint is 200 pA.

FIG. 6. �Color online� �a� Calculated DOS of an isolated
Sc3N@C80 molecule analyzed into components that are localized
on the carbon cage and Sc3N cluster, and delocalized from the
atomic centers. The energy of LUMO is set to zero. �b� Calculated
s- and p-SAMO wave functions for an isolated Sc3N@C80 mol-
ecule. The energy is relative to LUMO. The inset shows the top
view of the molecular structure.
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which causes the planar Sc3N cluster to be slightly tilted
relative to the surface. Although there is no guarantee that
the C80 cage adopts the same orientation on Cu�110�-O sur-
face, because we have no other information, we assume this
orientation in displaying our theoretical results. It can be
seen that the s-SAMO follows the triangular shape of the
Sc3N cluster. The p-SAMO’s are also distorted from the
ideal spherical harmonic symmetry by the endohedral Sc3N
cluster, in agreement with experiment. The triangular cluster
causes mixing of the p- and d-SAMO’s, which is reflected in
the asymmetric shapes and the overlap of the p- and
d-SAMO energy ranges.

The Sc3N cluster can adopt ten equivalent orientations
within the C80 cage by aligning its C3 axis to ten different C3
axes of the C80 cage. For each orientation, the Sc3N cluster
can occupy four equivalent positions with different azimuths
corresponding to rotation about its C3 axis. The energy bar-
rier for rotation with respect to the C3 axis of the cluster is
calculated to be around 90 meV.29 At 78 K we expect the
thermal rotation of the cluster to be frozen out, but neverthe-
less, isomerization may be possible through excitation by
inelastic electron tunneling. Therefore, during the STM mea-
surements, the Sc3N@C80 may isomerize between the two
configurations through the Sc3N cluster rotation, as shown in
Fig. 7�a�. Because the LDOS images obtained in the STM
measurements are likely to have contributions from two or
more Sc3N azimuths through interconversion by the tunnel-
ing electrons, we have represented the probability density

distributions of the monomer, dimer, and triangular trimer by
adding the distributions of two Sc3N@C80 molecules with
different Sc3N cluster azimuths, as shown in Figs. 7�b� and
7�c�. The SAMOs of Sc3N@C80 dimers and trimers clearly
show the general bonding and antibonding characteristics
and high symmetry that would be expected for atoms when
combining into similar structures. Compared with C60, the
pattern of molecular bonding and antibonding orbitals of
Sc3N@C80 aggregates is less distinct. The blurring of the
distinct atomic character of SAMOs of Sc3N@C80 molecules
can be attributed to the mixing of the s-, p- and d-SAMO
character through the influence of the endohedral cluster,
which lacks the icosahedral symmetry of the C80 fullerene
cage.

V. DISCUSSION

Whereas the radial quantum number n=3 orbitals of C60
molecules have been reported in several theoretical calcula-
tions that treated the fullerene cage as a hollow conducting
sphere,20,21 they were first imaged by Feng et al.17 in LT-
STM measurements at bias voltages above 3.5 V. Their
simple spherical harmonic LDOS distributions were attrib-
uted to the central exchange-correlation potential within the
hollow C60 core. In that and a subsequent publication, Zhao
et al.18 argued that doping fullerenes with endohedral atoms
could be used as a strategy for affecting the energy and in-
termolecular hybridization of SAMOs. In the present work,
we have �i� demonstrated the existence of SAMOs for
Sc3N@C80 monomers; �ii� imaged their hybridization into
dimeric and trimeric aggregates; and �iii� demonstrated that
endohedral atoms and cluster can influence the properties of
SAMOs.

The Sc3N cluster within the fullerene cage affects the
symmetry and energy of the resulting SAMOs. The D3h sym-
metry of the cluster and the anisotropy of Cu�110�-O surface
both serve to mix SAMOs of different orbital quantum num-
ber l. The asymmetric monomer images therefore reflect the
combined effects of the azimuthal orientation of the internal
cluster, and the angle of the cluster with respect to the �001�
direction of the bare Cu domains. The cluster also affects the
energies of SAMOs. The s-SAMO, which has the maximum
probability density for C60 molecules at the center of the
fullerene cage, is destabilized by the Pauli exclusion by the
central N atom. Zhao et al.18 demonstrated that metal atoms
in the center of C60 cage lower the energy of s-SAMO
through the hybridization between the atom and superatom
orbitals of s symmetry. The situation, however, is somewhat
different for the p- and d-SAMO’s, which have nodes bisect-
ing the cage; in the case of Sc3N@C80, their energies are
reduced with respect to those of C60. This stabilization may
be a consequence of hybridization of the orbitals of the metal
atoms of the endohedral cluster with the p- and d-SAMO’s,
which may be more effective than in the case when metal
atoms occupy the center of the fullerene core.

In addition to providing new information on the intramo-
lecular hybridization of SAMOs, our study shows interesting
aspects of the intermolecular hybridization for Sc3N@C80
dimers and trimers. Considering the pronounced changes in

FIG. 7. �Color online� The calculated SAMO probability densi-
ties obtained by adding the distributions of two Sc3N@C80 mol-
ecules with different Sc3N cluster azimuths, as shown in the mo-
lecular structures. �a� monomer; �b� dimer; and �c� trimer.
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the dz /dV spectra as the Sc3N@C80 aggregation increases
from monomers to dimers and trimers, the intermolecular
hybridization is significantly stronger for Sc3N@C80 as com-
pared with C60. The stronger hybridization of Sc3N@C80 ag-
gregates may stem from the presence of the electronegative
N atom in the center. Because of Pauli exclusion, the central
N atom expels some of the SAMO density to the exterior of
the fullerene cage. This external density may be responsible
for the enhanced hybridization. The hybridized orbitals of
the linear and triangular fullerene trimers are the origin of the
nearly-free-electron-like quantum wire and quantum well
band formation that we reported for C60 molecules on copper
surfaces.17

VI. CONCLUSIONS

In summary, by LT-STM experiments and DFT electronic-
structure calculations, we have shown that the endohedral
cluster fullerene Sc3N@C80 has a series of delocalized su-
peratom molecular orbitals, which originate from the central
exchange-correlation potential. Our findings substantiate our
previous hypothesis that the SAMOs are universal character-
istic of hollow molecules.17,18 The SAMOs of Sc3N@C80
show strong atomic-orbital-like hybridization into delocal-
ized states upon the formation dimers and trimers. Although
SAMOs of single Sc3N@C80 molecules show asymmetry
that can be attributed to the structure of the internal cluster,

the orbitals formed by SAMO hybridization within two or
three molecule aggregates exhibit higher symmetry with
minimal variability between different samples, indicating
that the LDOS distributions are dominated by strong inter-
molecular interactions. The energies and spatial distributions
of SAMOs of Sc3N@C80 molecules are significantly differ-
ent from those of C60, demonstrating the feasibility of influ-
encing the properties of SAMOs by the size of the carbon
cage and endohedral inclusions. The large variety of
fullerene cages and internal clusters offers the possibility de-
signing endohedral fullerenes with distinct SAMO-derived
properties that may be useful for electronic and optical ap-
plications of molecular materials.
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