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C 60, the most stable fullerene, is an
atom-like building block of fullerite
solids with potential applications in

molecular electronics and
optoelectronics.1�4 By doping with alkali at-
oms, C60 fullerites can be transformed from
semiconducting into the metallic, insulat-
ing, superconducting, and magnetic phases
depending on the concentration and the
composition of the dopant atoms.5�8 Mono-
layer C60 films on metal surfaces become
conductive normal to the molecular plane
through charge transfer from the substrate
to the lowest unoccupied molecular orbital
(LUMO). Within a chemisorbed C60 molecu-
lar monolayer, however, the electron delo-
calization, as probed by the scanning tun-
neling microscopy (STM) and spectroscopy,
is constrained by the poor intermolecular
wave function overlap between the highly
degenerate and tightly bound � and � or-
bitals of the proximate molecules.9�15

Nevertheless, nearly free electron (NFE)-
like behavior has been observed for the un-
occupied states of C60 aggregates on metal
surfaces in angle-resolved two-photon pho-
toemission (2PP) and low-temperature
scanning tunneling microscopy (LT-STM)
experiments.16,17 In the LT-STM experi-
ments, we discovered a series of atom-like
molecular orbitals, which are distinct from
the well-known � and � orbitals that form
through hybridization of the atomic s and p
orbitals on C atom nuclei. On the basis of
the experimental and theoretical spatial dis-
tributions of these orbitals, we dubbed
them the superatom molecular orbitals
(SAMOs).17 Instead of being bound to indi-
vidual C atoms and deriving their shapes
through hybridization between the atomic
centers like the � and � orbitals, SAMOs as-
sume the radial and angular distributions

of spherical harmonic functions that are de-
fined by the central potential of the hollow
C60 molecular core. The SAMO wave func-
tions extend well beyond the more tightly
bound � orbitals, which allows
themOwhen C60 molecules are brought to
approximately their van der Waals distance
of �1.0 nm18Oto hybridize akin to the s, p,
and d orbitals of atoms. Remarkably, for mo-
lecular materials, when C60 molecules are ar-
ranged into 1D, 2D, or 3D structures, ac-
cording to the 2PP and LT-STM
measurements, SAMOs hybridize into
s-electron metal-like NFE bands.16,17

The atom-like self-organization of C60

molecules into higher dimensional aggre-
gates and the metal-like NFE band
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ABSTRACT Motivated by the discovery of the superatom states of C60 molecules, we investigate the factors

that influence their energy and wave function hybridization into nearly free electron bands in molecular solids.

As the n � 3 solutions of the radial Schrödinger equation of the central attractive potential consisting of the short-

range C atom core and the long-range collective screening potentials, respectively, located on the icosahedral C60

molecule shell and within its hollow core, superatom states are distinguished by their atom-like orbitals

corresponding to different orbital angular momentum states (l � 0, 1, 2,...). Because they are less tightly bound

than the � orbitals, that is, the n � 2 states, which are often exploited in the intermolecular electron transport in

aromatic organic molecule semiconductors, superatom orbitals hybridize more extensively among aggregated

molecules to form bands with nearly free electron dispersion. The prospect of exploiting the strong intermolecular

coupling to achieve metal-like conduction in applications such as molecular electronics may be attained by

lowering the energy of superatom states from 3.5 eV for single chemisorbed C60 molecules to below the Fermi level;

therefore, we study how the superatom state energies depend on factors such as their aggregation into 1D�3D

solids, cage size, and exo- and endohedral doping by metal atoms. We find, indeed, that if the ionization potential

of endohedral atom, such as copper, is sufficiently large, superatom states can form the conduction band in the

middle of the gap between the HOMO and LUMO of the parent C60 molecule. Through a plane-wave density

functional theory study, we provide insights for a new paradigm for intermolecular electronic interaction beyond

the conventional one among the spn hybridized orbitals of the organic molecular solids that could lead to design of

novel molecular materials and quantum structures with extraordinary optical and electronic properties.
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formation derived from hybridization of SAMOs could
enable novel applications in molecular electronics.19,20

For instance, 1D and 2D aggregates of C60 molecules
could be exploited as quantum wires and quantum
wells with single-molecule-wide dimensions.16,17,20 For
an isolated C60 molecule, however, the lowest energy
s-SAMO with the orbital angular momentum l � 0 is
3.28 eV above the LUMO.17,21�23 Positioned above the
unoccupied LUMO to LUMO�3 �* orbitals, the s-SAMO
can decay by the internal conversion on the femtosec-
ond time scale, precluding its role in charge transport.16

Therefore, to achieve practical SAMO-mediated elec-
tron transport, it is essential to tune their energy closer
to the Fermi level (EF). That this should be possible is
evident from intercalated graphite, for which the inter-
stitial metal atoms stabilize the related interlayer states
to below EF,24,25 as well as from the superatom NFE char-
acter of the conduction band minima of hexagonal BN
and BN nanotubes.26 With this goal in mind, we study
how the fullerene packing, cage size, and exo- and en-
dohedral doping with metal atoms affect the energy
momentum dispersion of SAMO-derived NFE bands of
1D, 2D, and 3D fullerite aggregates.

RESULTS AND DISCUSSION
SAMOs of an Isolated C60 Molecule. The electronic struc-

ture of C60 molecules has been studied extensively by
a broad range of experimental and theoretical
methods.27�35 The highly degenerate valence states of
this icosahedral symmetry molecule consist of the
deeply bound � orbitals and above them the � orbit-
als.35 Several of the �* orbitals, especially the HOMO,
LUMO, LUMO�1, and LUMO�217,36 have been resolved
at the molecular orbital level by LT-STM.13,23,27,37,38 The
LT-STM images can be interpreted in terms of the local
density of states (LDOS) of the � antibonding orbitals
on the C atom pentagons or hexagons, which mediate
the tunneling through C60 molecules.38

Our recent STM spectroscopic study focused on the
unoccupied electronic structure of C60 molecules on

copper surfaces in the 2.8�5.2 V
range, which is higher than has
been previously studied.17 By
means of z-V spectroscopy, we
could study several new unoccu-
pied states that exist above 3.5
V.17,39 dI/dV spectroscopic imaging
in the 2.8�3.2 eV range revealed
that the LUMO�2 state retains the
�* molecular orbital character.
LUMO�2 and LUMO�3 are diffi-
cult to resolve and distinguish
through dI/dV imaging or z-V spec-
troscopy because they are nearly
degenerate and have similar LDOS
distributions. Above 3.5 V, the �*
molecular orbital LDOS in the dI/dV

images of single C60 molecules is supplanted by orbit-
als with more simple, diffuse character; when C60 mol-
ecules self-assemble into 1D chains and 2D islands,17,20

single molecule contrast vanishes from the dI/dV im-
ages, indicating that the diffuse orbitals hybridize into
delocalized bands. We performed plane-wave DFT cal-
culations on isolated C60 molecules and projected out
the atom-localized DOS to identify the remaining dif-
fuse molecular orbitals as the SAMOs. As shown in Fig-
ure 1a, these diffuse orbitals are centered on the hollow
core rather than being bound to the individual carbon
atoms on the C60 molecule shell. Because they resemble
the spherical harmonic functions corresponding to the
orbital angular momentum states with l � 0, 1, and 2,
we label SAMOs with the s, p, and d notation of atomic
orbitals. In agreement with the experiments, the low-
est energy s-SAMO is predicted above the LUMO�3
state (Figure 1b). Although it is predicted at �3.8 eV,
LUMO�4 has not been observed by LT-STM, most likely
because the STM imaging is more sensitive to the more
diffuse SAMO states at nearly the same energy.

In order to establish the physical origin of SAMOs,
in Figure 2, we plot the angle-averaged radial poten-
tial of the C60 molecule and wave functions obtained
by solving the Schrödinger equation for this potential.
The radial potential in Figure 2a is composed of a deep
well at the C atom shell and a shallow, nearly constant
attractive well within the center of the hollow core. The
wave functions obtained for this radial potential quali-
tatively reproduce the angularly averaged DFT prob-
ability densities of the �, �, and SAMO states in Figure
2b. Solutions of the Schrödinger equation are defined
by their principal quantum number n and the angular
momentum quantum number l. The � and � orbitals,
respectively, with 0 and 1 radial nodes, correspond to
the n � 1 and 2 solutions. The SAMO wave functions
have two radial nodes that approximately coincide with
the � orbital density maxima and, therefore, corre-
spond to the n � 3 states. By performing the calcula-
tions with different relative depths for the core and the

Figure 1. (a) DFT calculated orbitals of the � (HOMO and LUMO) and s-, p-, and d-SAMO states.
(b) Density of states of a single C60 molecule is separated into contributions that are derived from
orbitals localized on individual C atoms (black line) and those that are not bound to C atoms (red
line). The energy of LUMO is set to zero.
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shell potentials, we found that the n � 1 and 2 states
are dominantly bound by the shell potential, while the
n � 3 SAMO wave functions critically depend on the
depths of both potentials.

The origin of the attractive core potential can be
traced to the screening of an electron charge by the
charge density on the C atom shell through the short-
range exchange-correlation and long-range Coulomb
interactions.40 For a 2D graphene sheet, the many-body
screening gives rise to a double Rydberg series of im-
age potential (IP) states with even and odd symmetry
that converge to the vacuum level and have NFE char-
acter parallel to the molecular plane.26,40�42 When a 2D
graphene sheet is wrapped to form a spherical C60 mol-
ecule, the lowest energy IP state with even symmetry
correlates with the n � 3 s-SAMO state. Consequently,
the central potential can be attributed to the short-
range exchange and correlation potential; the long-
range Coulomb potential, which makes a significant
contribution only on the outside of C60 molecule and is
not included in the DFT calculation, is essential for de-
scribing the external potential.40 The wave functions
above the s-SAMO (i.e., n � 3, l � 0, and n � 3) solu-
tions of the radial potential exist mainly on the outside
of the C60 shell, and therefore, to describe them more
accurately would require inclusion of the Coulomb con-
tribution to the radial potential. The binding energy of
s-SAMO with respect to the vacuum level is �0.94 eV,
compared with �1.17 eV for the DFT calculation for the
lowest energy IP state of graphene.40 The lower bind-
ing energy can be attributed to the stronger quantum
confinement of the 0D wave function with respect to
the 2D one.

The experimentally observed SAMOs are the lowest
members of a diffuse series of states that should con-
verge in a Rydberg series to the vacuum level. In fact,
the Rydberg character of high angular momentum n �

3 states has been observed by Boyle et al. for the neu-
tral C60 molecule42 under the molecular beam condi-
tions.42 We distinguish SAMOs from Rydberg states,
however, because the former are contained substan-
tially, and for the s-SAMO, dominantly within the hol-
low C60 core, while the latter see the core as a point
charge. Whereas SAMOs are unique to hollow mol-
ecules, any molecule or molecular anion will have Ryd-
berg states.

Hybridization of SAMOs in C60 Assemblies. Because SAMOs
are more diffuse than the � and � orbitals, their hybrid-
ization within C60 molecular aggregates should give
rise to delocalized bands with larger bandwidths and
therefore greater energy stabilization than the intermo-
lecular hybridization among the atomic spn orbitals.
Therefore, we studied theoretically how SAMOs hybrid-
ize when C60 molecules are assembled into 1D wires,
2D quantum wells, and 3D solids. As already noted, the
vanishing of molecular contrast in dI/dV images of 1D
and 2D assemblies is indicative of extensive wave func-

tion delocalization.17 We calculated the electronic struc-

ture of an infinite, one C60 molecule wide chain for in-

termolecular separations a ranging from 0.9 to 1.8 nm.

For the 2D and 3D close packed structures, we set the

distance between the nearest neighbor C60 molecules

to their van der Waals diameter of 1.0 nm.18,43 For com-

parison, the intermolecular distances in the 1D and 2D

quantum structures on Cu(110) and Cu(111) surfaces,

respectively, are 1.07 and 1.02 nm.17,20 The 1D�3D band

structures were calculated, and the effective masses

m* were obtained from the curvatures of the bands at

their respective � points. The effective masses m* are

reported in Table 1 as multiples of the free-electron

Figure 2. Calculated angle-averaged radial potential and wave
functions of single C60 molecules. The dashed line in (a) is the
potential magnified 10 times.

TABLE 1. Effective Masses of the Energy Bands for the 1D, 2D, and 3D C60

Supramolecular Assemblies

a (nm) LUMO s-SAMO py, pz-SAMO px-SAMO

1D structure 0.9 0.25�1.5 1.0 1.0 �0.3
1.0 3.0�7.0 1.0 1.1 �0.2
1.1 4.0�10.0 1.4 1.4 �0.3
1.2 14.0�20.0 1.6 1.6 �0.4
1.3 30.0�60.0 2.7 2.8 �0.5
1.4 100.0�580.0 3.9 4.0 �0.6
1.5 �	 4.4 4.5 �0.8
1.8 12.0 12.5 �2.0

LUMO s-SAMO px-SAMOa py-SAMOa pz-SAMO

2D structure C60 3.0�6.5 1.0 �0.1 �0.3 1.0
Li2C60 1.5�2.1 1.0 �0.5 �0.7 2.1
Li@C60b 2.0�5.0 2.0 �0.7 �1.6 1.8
Li@C60c 1.5�5.5 1.5 �0.5 �0.5 1.2
Ca@C60b 2.0�7.0 1.6 �0.6 �1.4 1.0
Cu@C60 2.5�5.0 2.8 �0.5 �0.6 0.8
C60/Cu(111) 1.5�2.2 1.0 �0.1 �0.3 0.9

LUMO s-SAMO pz-SAMO

3D structure C60 3.0�6.5 0.9 �0.3

aThe px and py are nearly equivalent because of the icosahedral symmetry of C60 molecules. bDoping
atom at the center of C60 molecule. cDoping atom at the optimized position.
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mass me. The SAMO-derived bands can immediately

be distinguished in Figures 3�5 from the LUMO�n-

derived bands by their larger band dispersions and,

therefore, smaller effective masses. The effective masses

obtained for C60 molecular assemblies with a � 1.0 nm

confirm that the bands derived by hybridization of

SAMOs will have NFE properties expected for s-electron

metals.

In order to further parametrize the NFE bands, we

cast the SAMO hybridization within the tight-binding

approximation, where we consider only the interaction

between the nearest neighbor molecules.44 The tight-

binding band structure can be expressed as

E(k) ) ε0 - ∑
R)nn

�(R) · e-ik•R (1)

where 
0 is the energy of the band center and �(R) �

�0|h|nn� is the hopping integral connecting the near-

est neighbors. The hopping integral � in Table 2 is ob-

tained by fitting the SAMO bands
to eq 1. The magnitude of � deter-
mines the strength of the intermo-
lecular interaction and, therefore,
the bandwidth: the larger the over-
lap, the stronger the dispersion and
the broader the width. For the 1D,
2D, and 3D structures, the tight-
binding bandwidths correspond to
4�, 9�, and 12�, respectively.

Because our calculations do not
include the substrate for the 1D
and 2D aggregates, we also per-
formed electronic structure calcula-
tions for a 2D monolayer of C60 mol-
ecules on the Cu(111) surface, such
as we investigated experimentally in
ref 17. From the close similarity be-
tween the SAMO effective masses,

hopping integrals, and LUMO�SAMO gaps for the free
and supported 2D quantum wells that are reported in
Tables 1�3, we conclude that the substrate has a neg-
ligible role in conferring the NFE properties to the
SAMO-derived bands. Therefore, our conclusions based
on the calculations for the free 1D and 2D quantum
structures are applicable to a far more practical situa-
tion where such structures are supported on solid
surfaces.

From our calculations, we conclude that SAMOs hy-
bridize into delocalized bands with NFE dispersion akin
to the s and p orbitals of s-electron metals (e.g., alkali at-
oms). For the simplest example of the 1D C60 wire, from
the Brillouin zone center to the boundary (k � 0 to �/a),
the s and py/pz-derived bands disperse to higher en-
ergy, whereas the px-derived band disperses to lower
energy. From the orbital distributions of s- and p-SAMO-
derived bands at � point in Figure 3b, it is clear that
the s- and py/pz-SAMOs hybridize like atomic orbitals
into bands with the � and � bonding character, respec-

tively, whereas the px-orbital hybridizes into a
band with the �* antibonding character. We
have established that such atom-like hybrid-
ization of SAMOs into superatom molecular
states occurs by imaging the corresponding
� and � symmetry orbitals of C60 molecule
dimers.17

The diffuse character of SAMOs makes the
electronic interaction between the nearest
neighbor C60 molecules much stronger than
when mediated by the � and � HOMO and
LUMO orbitals. From the 1D C60 wire calcula-
tions, we can see that the onset of significant
SAMO hybridization occurs when the distance
between C60 molecules is �1.5 nm. Our DFT
calculations actually underestimate the inter-
action strength because the C60 potential does
not include the long-range Coulomb tail. For

Figure 3. (a) Band structure of a 1D C60 quantum wire for a � 1.0 nm. The red lines show the en-
ergy bands formed by the SAMOs. (b) Orbital distributions of the s-, pz-, and px-SAMOs at k � 0
(the � point).

Figure 4. (a) Band structure of a 2D C60 quantum well. The red lines show the energy
bands formed by the SAMOs. (b) Orbital distribution of the s-, px-, py-, and pz-SAMOs
at the � point.
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a � 1.5 nm, the s- and py/pz-SAMOs form bands with
m* of about 4.5 times me, whereas the interaction be-
tween for the px orbitals is even stronger correspond-
ing to an effective mass of 0.8me. By contrast, the inter-
molecular interactions mediated by the triply
degenerate LUMO state are negligible. For the van der
Waals molecular separation of a � 1.0 nm, m* of the
s-and px-SAMO-derived bands decrease to 1.0me and
0.2me, which is still much smaller than for the LUMO-
derived bands. The bandwidth of the 1D s-SAMO band
is 4� � 0.36 eV, whereas the corresponding bandwidths
of the 2D and 3D C60 aggregates are even larger at
�0.6 eV. For comparison, the experimental HOMO
bandwidths for the prototypical molecular semiconduc-
tor pentacene are smaller by a factor of 2 to 3.15

The NFE dispersion of SAMO-derived bands is con-
sistent with the previous report of a quantum well state
formation for C60 overlayers on the Au(111) surface. In
an angle and time-resolved 2PP spectroscopic study,
Zhu et al. reported a state 3.7 eV above EF with m* �

1.4me for the first and second monolayers of C60 mol-
ecules on the Au(111) surface.16 They could fit the band
dispersions with the tight-binding model using a hop-
ping integral of � � 33 meV. On the basis of a calcu-
lated energy level structure from a DFT calculation with
an atomic basis set, they attributed this quantum well
state to the hybridization of the LUMO�2 or LUMO�3
states. Our calculation with the plane-wave basis sets,
which includes the diffuse states, favors the assignment
of the 2D C60 quantum well state to the s-SAMO-derived
band. Compared with the experiment on C60/Au(111)
surface, our theoretical calculations predict stronger in-
termolecular interaction characterized by larger � �

71 meV and smaller m* of �1.0me. The weaker experi-
mental interaction can in part be explained by the inter-
molecular distance of 1.15 nm between C60 molecules
for the 4 � 4 superstructure on the Au(111) surface. Be-
cause the molecule�surface interaction on the Au(111)
surface forces the intermolecule distance to be signifi-
cantly larger than the van der Waals distance, the larger
effective mass is expected; in good agreement with
the 2PP experiment, from the 1D calculation, we esti-
mate an effective mass of �1.5me for a � 1.15 nm.

Our DFT study shows that the atom-like SAMOs of
C60 molecules can achieve sufficient wave function
overlap for electrons to delocalize over a molecular as-
sembly as would free electrons in an s-electron metal.
Therefore, C60 molecules may be considered as atom-
like building blocks of molecular wires, quantum wells,
and molecular crystals, where the hybridization of SA-
MOs could potentially impart metal-like conductivity.

Motivation for Reducing the LUMO�SAMO Gap. The pros-
pect of exploiting the superatom properties of C60 mol-
ecules in practical applications has to be tempered by
the fact that below SAMOs there exist several LUMO
states. The calculated lowest energy s-SAMO is 3.28 eV
above the LUMO for an isolated C60 molecule. On the

basis of the line width analysis of 2PP spectra and the

estimated time resolution of their pump�probe mea-

surements, Zhu et al. set the lower and upper bounds of

4 and 20 fs for the lifetime of s-SAMO quantum well

state.16 Although it is not known whether the decay oc-

curs by coupling of s-SAMO with the conduction band

of Au(111) or by the internal conversion, multiphoton

ionization studies of free C60 molecules show that the

internal conversion from the high-lying electronic states

occurs on the �100 fs time scale.45 The similarity be-

tween the z-V spectra of C60 molecules on Cu(110) and

Figure 5. Band structure of a 3D C60 crystal. The red line indicates the s-SAMO
band. The p-SAMO band is indicated with a thicker blue line because the
px, py, and pz energy bands are nearly degenerate on account of the icosa-
hedral symmetry of C60 molecules.

TABLE 2. Hopping Integral � between SAMOs of the Nearest
Neighbor C60 Molecules within the Tight-Binding Approximation

� (meV)

a (nm) s-SAMO py, pz-SAMO px-SAMO

1D structure 0.9 109 124 �287
1.0 90 89 �268
1.1 77 77 �225
1.2 62 57 �173
1.3 43 39 �124
1.4 28 26 �112
1.5 17 17 �101
1.8 4 5 �37

s-SAMO pz-SAMO px, py-SAMO

2D structure C60 71 70 �127
Li2C60 91 29 �111
Li@C60

a 20 25 �46
Li@C60

b 18 19 �91
Ca@C60

a 21 46 �54
Cu@C60 12 85 �113
C60/Cu(111) 72 73 �130

s-SAMO p-SAMO

3D structure C60 53 �83

aDoping atom at the center of C60. bDoping atom at the optimized position.
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Cu(111) surfaces suggests that the electronic interac-

tions with the substrate may not be the dominant fac-

tor. Because of the anisotropy of the electronic band

structure of copper, adsorbates on the Cu(110) surface

undergo much faster electronic decay by the resonant

charge transfer than for the Cu(111) surface.46,47 There-

fore, if the interaction with the substrate were signifi-

cantly different, the z-V spectra of C60 on Cu(110) would

be significantly broader than for the Cu(111) surface.

Therefore, for chemisorbed C60 molecules on metal sur-

faces, internal conversion can contribute significantly

to the electronic decay of SAMOs. If, however, the

SAMO-derived bands could be stabilized to below the

LUMO states, or even to the Fermi level, molecular ma-

terials with the SAMO-defined charge transport proper-

ties might find important applications in molecular

electronics.

Strategies for Reducing the LUMO�SAMO Gap. The

LUMO�SAMO gap could be reduced by selectively

modifying the external and internal potentials that de-

fine the SAMO wave functions. Because the tightly

bound � orbitals are predominantly defined by the C

atom potentials, as well as the hybridization between

the nearest neighbor atomic centers, they will be less

affected than SAMO wave functions by perturbations

that are not on the C atom shell. The perturbations

could be in the form of the intermolecular hybridiza-

tion of SAMOs, which, as noted above, stabilize the cor-

responding bands. Alternatively, the external perturba-

tions could be through doping with electron-donating

materials, such as metal atoms, which can hybridize
with the external tails of SAMO wave functions.

Alternatively, tuning the potential of the hollow
fullerene core may reduce the LUMO�SAMO gap.
Whereas decreasing the fullerene volume increases
the depth of its central potential, the concomitant in-
crease in the electron kinetic energy has the opposite
effect on the SAMO binding energy with respect to the
vacuum level. Thus, there may exist an optimum size
and/or shape between the small fullerene limit and
graphene that gives the largest binding energy and
the smallest LUMO�SAMO gap.

Finally, the internal doping with electron-donating
metal atoms could also substantially enhance the cen-
tral potential. Internal atoms can increase the electron
kinetic energy by excluding a part of the internal vol-
ume through the Pauli exclusion. They can also en-
hance the central potential according to the electron
binding energy of their ionic core (i.e., the ionization po-
tential). Thus, small s-electron metal atoms with large
ionization potentials will stabilize SAMOs most strongly.
The degree of mixing between the metal atom and
SAMO character will depend, however, on the strength
of the potential. Strong mixing will happen for low ion-
ization potential metal atoms because their energies
will be the closest to the interacting SAMO energy lev-
els. Because fullerenes have large electron affinities,
however, low ionization potential metals will be ion-
ized, and their most stable sites will be in the high
charge density regions of the C atom shell off-center
from the hollow core. If the ionization potential is suffi-
ciently strong, however, the hybrid orbital between the
metal atom and SAMO will be partially occupied, as re-
quired for a metal, and the repulsive interaction with
the C atom shell will stabilize the metal atom in its
center.48

SAMO Band Formation. The intermolecular hybridiza-
tion of SAMOs into 1D�3D bands has a modest effect
on decreasing the LUMO�SAMO gap at the � point. As
can be gleaned from Table 3, the free molecule gap de-
creases from 3.28 eV for the free molecule to 2.83 eV
for the 3D solid. The SAMO energy decrease upon ag-
gregation corresponds approximately to one-half of the
bandwidth of the 3D s-SAMO band. Thus, the intermo-
lecular interaction and the dimensionality of the ex-
tended bands have a modest effect on reducing the
LUMO�SAMO gap.

Fullerene Size Dependence. We have calculated the un-
occupied electronic structure for different size
fullerenes from C20 to C130, as summarized in Figure 6,
in order to understand the role of the kinetic and poten-
tial energy in defining the SAMO energy. The trend in
Figure 6 shows that increasing the cage size increases
the s-SAMO binding energy with respect to the vacuum
level. The kinetic energy effect counteracts the deeper
central potential of smaller fullerenes to destabilize
their superatom states.

TABLE 3. LUMO�SAMO Gap at � Point for the 1D, 2D, and 3D C60

Supramolecular Assemblies

LUMO-SAMO gap at � point (eV)

a (nm) s-SAMO py, pz-SAMO px-SAMO

1D structure 0.9 3.18 3.65 5.23
1.0 3.16 3.75 4.91
1.1 3.16 3.70 4.42
1.2 3.16 3.69 4.23
1.3 3.20 3.73 4.03
1.4 3.23 3.76 4.05
1.5 3.26 3.78 4.05
1.8 3.28 3.89 3.80

s-SAMO px, py-SAMO pz-SAMO

2D structure C60 2.93 4.95 3.53
Li2C60 2.85 4.95 3.47
Li@C60a 1.05 3.37 2.89
Li@C60b 1.90 4.49 3.52
Ca@C60

a 0.44 4.11 3.18
Cu@C60 �0.52 5.22 3.27
C60/Cu(111)c 3.31 5.30 3.90

s-SAMO p-SAMO

3D structure C60 2.83 5.0

adoping atom at the center of C60
bdoping atom at the optimized position cenergy is relative to

the Fermi level
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When the fullerene size becomes sufficiently large
for the central potential to tend to zero, the SAMO bind-
ing should approach that of the lowest IP state of a
graphene sheet (�1.17 eV).40 Additional stabilization
can be achieved for larger fullerenes (C70, C90, C110, and
C130) by keeping the same minor axis while extending
the major axis. Increasing the length in one dimension
decreases the kinetic energy in that dimension, while
keeping the constant core potential, as defined by the
minor axis. By extending the axis to infinity, the binding
energy approaches �1.23 eV for a (4,4) carbon nano-
tube.49

Because different physical principles determine the
SAMO and LUMO energies, the LUMO�SAMO gap
has much more erratic dependence on the fullerene
size and shape (Figure 6, inset) than the SAMO binding
energy. Whereas the core potential depends mainly on
the molecular dimensions, the LUMO energy depends
on the total number of the valence electrons and the

symmetry-dependent orbital degeneracies. The
LUMO�SAMO gap, however, never decreases be-
low about 3.0 eV. Therefore, changing the cage size
is not very effective in stabilizing the SAMO energy
with respect to the LUMO.

Exohedral Doping. A3C60 fullerites, where A stands
for the exohedrally doped K, Rb, or Cs, are known
superconducting materials.5 We investigated the
SAMO electronic structure of single C60 with 1�3 ex-
ternal Li or K atoms. As noted already, alkali atoms,
with their low ionization potentials, donate their va-
lence ns electrons to the LUMO of C60 molecules,
thereby creating a positive ionic potential outside
the C atom cage, and moving the Fermi level into
the LUMO. Despite experiencing additional stabiliz-
ing potential, the lowest s-SAMO band, neverthe-
less, remains at about 2.8 eV above the LUMO. This
result is essentially independent of the alkali atom

ionization potential or the number of alkali atoms

per C60 molecule (we tested AxC60, where x � 1 and 3).

The external doping is ineffective in reducing the SAMO

energy because C60 acts as a Faraday cage;50,51 the col-

lective response of the 240 valence electrons per C60

molecule effectively screens the states that are confined

by the cage from the Coulomb potential of an external

charge.

We have also investigated 2D aggregates with the

Li2C60 stoichiometry. The orbitals of the dopant Li ions

hybridize with the � orbitals of C60 molecules, giving

the hybrid HOMO, LUMO, and LUMO�1 states more

dispersive character (Figure 7) as compared with the

undoped C60 molecule quantum well (Figure 4). This

tendency has already been noted for metal atom inter-

calated C60 solids.52,53 Notwithstanding, the doping with

Li atoms hardly affects the s-SAMO band. In the case

of the pz and px/py orbitals, which have most of their

density outside of the cage, the interaction with the ex-

Figure 6. Correlation of the SAMO binding energy with respect
to the vacuum level (EV) and the LUMO (inset) with the size and
shape of fullerenes.

Figure 7. (a) Band structure of a 2D Li2C60 layer (external doping with Li atoms). The red lines show the energy bands formed
by the SAMOs. (b) Orbital distributions for s, px, py, and pz SAMOs at the � point. Li atoms are indicated by the green spheres.
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ternal Li cations causes their bands to become more lo-
calized as evidenced by their larger effective masses
and smaller hopping integrals �.

Endohedral Doping. Because screening renders the exo-
hedral doping with alkali atoms as a method for stabi-
lizing the superatom state ineffective, we also investi-
gated the effect of the endohedral doping.54,55 We
performed electronic structure calculations with single
alkali, alkaline earth, noble metal, and rare earth metal
atoms at their equilibrium position, which is usually off-
center near the C atom shell, and in the center of the
fullerene cage. First, we illustrate the effect of metal
atom doping by the example of endohedral Li atom dis-
placed to the center of C60 molecule and also at its
most stable site 0.15 nm from the center of C60 toward
the center of one of its C atom hexagons.

The coincidence of the Li ion and C60 molecule po-
tentials within the hollow molecule core causes the
atom and superatom electronic states to hybridize. Be-
cause of the relatively low ionization potential (see
Table 4) of Li and high (�4 eV) electron affinity of C60,56

the 2s electron of Li is completely transferred to its
fullerene host. For Li in the center of C60 cage, the inter-
action between the unoccupied 2s orbital of Li and
s-SAMO decreases the LUMO�SAMO gap for the hy-
bridized orbital by �2 eV with respect to the undoped
case. Even though they retain some diffuse character,
the hybridized orbitals are more localized within the
hollow shell than parent SAMOs, as can be seen by
comparison of the orbitals in Figures 1a and 8a. The p-
and especially d-SAMOs are hardly affected by the en-
dohedral doping because the respective p and d orbit-

TABLE 4. Electronic Configurations and Ionization Potentials of the Endohedral Atoms and SAMO Energies with the
Metal Atom at the Centera and at the Most Stable Positionb (d is the distance in nm between the most stable position
and the center of C60 molecule)

doping atom electron configuration ionization potential (eV) s-LUMO�SAMO gapa (eV) d (nm) s-LUMO�SAMO gapb (eV)

Li [He], 2s1 5.40 1.20 0.146 2.05
Na [Ne], 3s1 5.12 1.29 0.080 1.62
K [Ar], 4s1 4.36 2.81 0.013 2.81
Rb [Kr], 5s1 4.18 3.03 0.000 3.03
Cs [Xe], 6s1 3.89 3.38 0.000 3.38
Ca [Ar], 4s2 6.14 0.48 0.115 1.66
Er [Xe], 4f126s2 6.14 0.15 0.118 1.71
Cu [Ar], 3d104s1 7.73 �0.52 0.000 �0.52

aDoping atom at the center of C60. bDoping atom at the optimized position.

Figure 8. (a) Hybrid SAMO�Li atom orbitals for Li@C60 with Li at the center of and at the most stable position within C60

molecule. (b) Energy change of SAMOs in Li@C60 calculated for the displacement of Li atom from the center of C60 molecule
through its most stable position (dashed line) at 0.15 nm from the center. The potential surface for the radial displacement of
Li atom is also plotted. (c) Band structure of a 2D quantum well of Li@C60 with Li at the center, and (d) at its most stable po-
sition. The next higher n � 4 and l � 0 SAMO is indicated by s=.
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als of endohedral atoms, with which they can hybrid-
ize, are at significantly higher energy than the 2s
orbitals.

For a 2D quantum well, with the Li atom in the cen-
ter of C60, the s-, pz-, and px/py-SAMOs are stabilized, re-
spectively, to 1.05, 2.89, and 3.37 eV above EF at the �

point (Table 3). The dispersion of the SAMO-derived
bands (Figure 8c), however, is weaker than for the un-
doped C60 molecule quantum well (Figure 4a). The m*
of the s-SAMO band, however, at about 2me is still
smaller than for the LUMO. Besides the charge transfer
from Li atoms, the endohedral doping has a negligible
effect on the LUMO states. Even stronger stabilization of
SAMOs can be achieved with higher ionization poten-
tial atoms such as Ca (valence of �2), Er (�3), and Cu
(�1) (Table 4). Therefore, the strength of the central po-
tential can be tuned primarily by choice of the magni-
tude of the ionization potential. Other factors, such as
the ion size (Pauli exclusion) and the valence of the
dopant atom also influence the LUMO�SAMO gap.
For the endohedral Ca and Er, the hybrid state can be
brought closer to the LUMO than for Li. With even larger
ionization potential, the hybrid SAMO for Cu@C60 is oc-
cupied with a LUMO�SAMO gap of �0.52 eV, as we will
discuss in detail. The larger stabilization, however, leads
to more localized orbitals that have pronounced en-
dohedral metal atom character.

As already noted, the center of C60 molecule is not
the equilibrium position for many dopant atoms. Trans-
lating the dopant atom from the fullerene center weak-
ens the hybridization of its orbitals with SAMOs, and
the symmetry reduction allows many states to interact,
causing the hybrid orbitals to acquire more complex
shapes that can be seen in Figure 8a. Figure 8b shows
the change in energy of the s- and p-SAMO orbitals
when Li is displaced from the center through its most
stable position 0.15 nm from the C60 center. At the equi-
librium position of Li, the lowest SAMO energy in-
creases by 0.85 to 2.05 eV above EF. For the other en-
dohedral fullerenes we have investigated, the
displacement of the most stable position from the C60

center and the LUMO�SAMO gaps at the center and
most stable positions are given in Table 4. As can be
seen, the large alkali atoms (K, Rb, and Cs) and Cu oc-
cupy the center position. The location of the large al-
kali atoms is related to their typical chemisorption
height on metals, which is comparable with the C60 mol-
ecule radius.48 Because the large alkali atoms have small
ionization potentials and large excluded volumes, their
LUMO�SAMO gaps are comparable to the undoped C60

molecule. By contrast, the endohedral Cu stabilizes
s-SAMO below the LUMO.

Cu@C60, a Molecular Metal? Cu@C60 is unique among the
s-electron metals that we have studied in its ability to
stabilize s-SAMO below LUMO at its equilibrium posi-
tion within the C atom cage. The two properties are
inter-related and can be attributed to the large ioniza-

tion potential of Cu atoms. As already discussed, low
ionization potential metals are ionized and drawn to-
ward the C atom shell by the Coulomb interaction.
Higher ionization potential metal atoms, however, by
retaining their s-electron experience a repulsive interac-
tion with the C atom shell.

Relevance to Other NFE State of Layered Materials. Our ap-
proach to modifying the properties of SAMOs through
the endohedral doping has a close correspondence to
the intercalation of graphite with metal atoms. When
graphene sheets are stacked into graphite, the image
potential states of the interacting layers hybridize into
the so-called interlayer states, which retain the NFE
properties in the interstitial space.40 The hybridization
of the 2D NFE states of graphene with the valence
states of the intercalated alkali atoms has been de-
scribed by theory already in the pioneering work of
Posternak and Holzwarth and co-workers.41,57,58 It has
been postulated that superconductivity of intercalated
graphite emerges when the hybrid interlayer state be-
comes partially occupied.5,24,25,59 The stabilization of in-
terlayer state by Li intercalation has been documented
for increasing Li concentration by the inverse photoe-
mission spectroscopy.59 The Fermi surface for the occu-
pied interlayer state of the superconducting material
C6Ca has been studied by photoemission spectros-
copy.25

The SAMOs of C60 molecules are 0D analogues of
the interlayer states formed by wrapping a graphene
sheet into a hollow sphere.17 Like the interlayer states,
SAMOs can be stabilized by hybridization with the
s-electron states of endohedral metal atoms. On the ba-
sis of the analogy with the intercalated graphite com-
pounds and our calculations, we predict that, if they can
be synthesized, materials for which the hybrid
SAMO�metal atom orbitals are predicted to be par-
tially occupied, such as Cu@C60, would have properties
of molecular metals. Moreover, because the equilibrium
position of a metal atom within the fullerene cage de-
pends on its charge state, we expect that such materi-
als would exhibit strong electron�phonon interaction,
which may impart superconducting properties. On the
basis of their common physical origins, we propose that
tailoring the electronic properties of states derived
from the image potential states of graphene, such as
the SAMOs of fullerenes, could lead to molecular
materials with extraordinary electronic properties.

Moreover, SAMO properties are not only confined
to fullerenes. Indeed, 1D NFE states of carbon and BN
nanotubes (CNT and BNNT) have already been studied
theoretically.60�63 Because these states are in fact the
1D counterparts of s-SAMO of the C60 molecule, we ex-
pect that CNT and BNNT should also have higher NFE
states with p, d, etc. character. NFE states of nanotubes
are particularly interesting for applications in electrical
transport. It is known that the high-field transport in
CNTs is limited by the strong electron�phonon interac-
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tion between the optical phonons and � electrons
that is characteristic of graphitic materials.64�66 Be-
cause SAMOs have a density minimum at the C atom
shell, they should be much more weakly coupled to the
nuclear degrees of freedom. To be relevant to trans-
port, however, SAMOs need either to be the lowest un-
occupied orbital or to cross the Fermi level. This can
be achieved either by lowering the energy of SAMOs
employing some of the strategies we have discussed,
such as metal atom doping, or by increasing the energy
of the � bands. In the case of single-wall CNTs, theory
predicts that internal doping with positive charge can
stabilize the NFE state by more than 3 eV to below EF.60

In the case of BNNT, theory predicts that the lowest en-
ergy NFE state is actually at the conduction band mini-
mum because of the weak � orbital delocalization
within the hexagonal BN sheets.26 Likewise, hollow wa-
ter clusters stabilize solvated electrons through long-
range polarization interaction in SAMO-like internal
states.67 Therefore, we expect that in materials with re-
duced hybridization of the n � 2 states, for instance, hy-
drogenated fullerenes, the more diffuse n � 3 states
could exist below the � bands and their NFE bands
could give rise to novel electronic transport properties.

CONCLUSIONS
In summary, by DFT electronic structure calcula-

tions, we have studied the superatom molecular elec-
tronic structure of C60 and related molecules. The cen-
tral exchange and correlation potential of hollow
molecules gives rise to SAMOs, which are the n � 3 so-
lutions of the Schrödinger equation for the combined
C atom shell and hollow core potentials. Like the IP
states of graphene, which have a similar origin, SAMOs
are delocalized over the entire C60 molecule. As a conse-
quence of the central core potential, SAMOs have ap-
proximate shapes of the s, p, and d orbitals of H or al-
kali atoms.

To test whether C60 molecules and related fullerenes
could be used as building blocks of conducting molec-
ular crystals and molecule-based electronic devices,
where the atom-like SAMOs could impart novel elec-
tron transport properties, we studied the modification

of SAMOs through the intermolecular hybridization,

cage size, and metal atom doping. When C60 molecules

are combined into 1D, 2D, and 3D assemblies, SAMOs

hybridize into energy bands with strong NFE dispersion.

The energies of SAMOs can be tuned most effectively

by inclusion of endohedral metal atoms, whereby the

hybrid bands may become partially occupied and im-

part metal-like conductivity to such molecular solids.

For most of the systems we have studied, SAMO states

are above the LUMO states and, therefore, are unlikely

to be relevant for electrical transport. In the case of

Cu@C60, however, the hybrid state formed by the inter-

action of the s-SAMO of C60 molecule and the 4s state

of Cu is partially occupied; within a 2D quantum well of

Cu@C60, the hybrid state forms a band with an elec-

tron mass of 2.8me midway between the essentially un-

perturbed HOMO and LUMO orbitals of the parent

fullerene. Because the occupation of SAMOs mainly de-

pends on the ionization potential of the endohedral

atom, we expect other metals with ionization poten-

tials comparable or larger than copper to stabilize

s-SAMO to below the LUMO. Although the 140 meV

bandwidth of the conduction band of Cu@C60 solid is

not large, it should be considered as a lower limit be-

cause our DFT-based method does not include the

long-range polarization interaction, and therefore, it un-

derestimates the SAMO hybridization.40

The paradigm for the intermolecular orbital hybrid-

ization and potentially transport exploiting the diffuse

nature of the SAMOs is completely different and poten-

tially much more efficient than that derived from the in-

termolecular hybridization of the more tightly bound

and strongly directional � and � orbitals of aromatic

molecules. Therefore, we believe that if materials such

as Cu@C60 that form partially occupied SAMO-derived

bands could be synthesized68�70 they would find strong

interest in molecular electronics, solar energy, corre-

lated materials, etc. communities. In conclusion, we

have described a novel class of electronic materials and

quantum structures that derive their unusual elec-

tronic properties from the diffuse n � 3 states of hol-

low molecules.

THEORETICAL FRAMWORK
Because SAMOs are diffuse orbitals, it is impractical to de-

scribe them with atomic basis sets. Although the n � 3 states
with similar character at 2.7 eV above the conduction band mini-
mum have been reported in an early plane-wave basis set calcu-
lation for a fullerite solid,71 SAMOs have escaped scrutiny until
their recent experimental observation and characterization by
LT-STM.17 SAMO states also emerge when the band structure
theory for solids is adopted to describe the angular momentum
properties of a free-electron gas bound to a sphere.72

In order to more fully describe the properties of SAMOs by
theory, we performed plane-wave basis set DFT electronic struc-
ture calculations using the generalized gradient approximation
(GGA) with the PBE73 functional as implemented in the Vienna ab

initio simulation package (VASP).74�76 The projector augmented
wave (PAW) method was used to describe the electron�ion in-
teraction.77 The plane-wave basis set cutoff energy was set to 400
eV. For the isolated C60 molecule calculation, we used a large cu-
bic unit cell with dimension a � 3.0 nm. For the 1D, 2D, and 3D
aggregates of C60 molecules, we used Monkhorst meshes of (10
� 1 � 1), (5 � 5 � 1), and (5 � 5 � 5), respectively. The distance
between the two nearest neighbor C60 cores in aggregates was
set to 1.0 nm, unless specified otherwise.18,43 Calculations using
the localized density approximation (LDA) produced essentially
identical results.
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