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CONSPECTUS
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lectronic and optical properties of molecules and molecular solids
are traditionally considered from the perspedtive of the frontier orbitals = X
and their intermolecular interactions. How molecules condense into arystalline _:- i i
solids, however, is mainly attributed to the long-range polarization interaction. - Bt ' N
In this Account, we show that long-range polarization also introduces a distinc- I I I Hmn
tive set of diffuse molecular electronic states, which in quantum structures or Cio dimer O-bonding
solids can combine into nearly-free-electron (NFE) bands. These NFE proper- = s =X
ties, which are usually assodated with good metals, are vividly evident in spZ 1 4 T M
hybridized carbon materials, spedifically graphene and its derivatives. " il Mo

The polarization interaction is primarily manifested in the screening Cio $SAMO qm':um will Band
of an external charge at a solid/vacuum interface. It is responsible for the STM topography = &
universal image potential and the assodiated unoccupied image potential
(IP) states, which are observed even at the He liquid/vacuum interface. The
molecular electronic properties that we describe are derived from the IP
states of graphene, which float above and below the molecular plane and
undergo free motion parallel to it. Rolling or wrapping a graphene sheet into a
nanotube or a fullerene transforms the IP states into diffuse atom-like orbitals
that are bound primarily to hollow molecular cores, rather than the component
atoms. Therefore, we named them the superatom molecular orbitals (SAMOs).
Like the exditonic states of semiconductor nanostructures or the plasmonic
resonances of metallic nanopartides, SAMOs of fullerene molecules, separated by their van der Waals distance, an combine to form diatomic
moleaule-like orbitals of Cg dimers. For larger aggregates, they form NFE bands of superatomic quantum structures and solids.

The overlap of the diffuse SAMO wavefunctions in van der Waals solids provides a different paradigm for band formation than
the valence or conduction bands formed by interaction of the more tightly bound, directional highest occupied molecular orbitals
(HOMOs) or the lowest unoccupied molecular orbitals (LUMOs). Therefore, SAMO wavefunctions provide insights into the design of
molecular materials with potentially superior properties for electronics.

Physicists and chemists have thought of fullerenes as atom-like building blocks of electronic materials, and superatom
properties have been attributed to other elemental gas-phase dusters based on their size-dependent electronic structure and
reactivity. Only in the case of fullerenes, however, do the superatom properties survive as delocalized electronic bands even in the
condensed phase. We emphasize, however, that the superatom states and their bands are usually unoccupied and therefore do not
contribute to intermolecular bonding. Instead, their significance lies in the electronic properties they confer when electrons are
introduced, such as when they are excited optically or probed by the atomically sharp tip of a scanning tunneling microscope.

We describe the IP states of graphene as the primary manifestation of the universal polarization response of a molecular sheet
and how these states in turn define the NFE properties of materials derived from graphene, such as graphite, fullerenes, and
nanotubes. Through low-temperature scanning tunneling microscopy (LT-STM), time-resolved two-photon photoemission spectros-
copy (TR-2PP), and density functional theory (DFT), we describe the real and reciprocal space electronic properties of SAMOs for single
Ceo molecules and their self-assembled 1D and 2D quantum structures on single-crystal metal surfaces.
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Introduction

Cohesive energy of molecular materials has contributions
from short-range chemical bonding and long-range polar-
ization interactions.! The short-range interactions give mo-
lecules their chemical identity, whereas the long-range
interactions define how molecules interact with each other
in supramolecular structures such as molecular crystals,
proteins, cell membranes, etc. These interactions also define
how electronic charge is transported within and among
molecules in molecular materials.

The long-range polarization interaction between atoms,
molecules, and surfaces is universal because it arises
through correlations between fluctuating charge distribu-
tions and fields. In this Account, we examine the fundamen-
tal polarization interaction between an external charge and
a molecular sheet, which gives rise to the long-range image
potential with the associated IP states, and its manifestations
in the superatom electronic properties of hollow molecules,
their nanostructures, and solids derived from molecular
sheets.

To understand how polarization leads to new electronic
states, we begin with the electronic structure of graphene.
The electronic potential of graphene can be constructed
from contributions from the Coulomb, the short-range ex-
change—correlation, and the long-range polarization inter-
actions. Solutions of the Schrodinger equation for the
combined potential describe the electronic structure over a
range of length and energy scales that are relevant to
chemical bonding, optical response, and electron transport
of graphene and its derivatives. The solutions obtained in a
density functional theory (DFT) calculation can be classified
according to their principal quantum number, which speci-
fies the number of nodes parallel to the molecular plane (the
carbon sheet); the n =1 and 2 solutions correspond to the
familiar o- and z-orbitals, respectively, with zero and one
nodal planes. Four valence electrons per carbon atom dis-
tributed between the 2s and 2p orbitals occupy three filled o-
bands and two degenerate half-filled 7-bands. At the I'-point
of the 2D Brillouin zone, energy gaps of 34 and 20 eV,
respectively, separate the o- and 7-bonding from the corre-
sponding antibonding bands;** at the K- and K'-points,
however, the conical n-bands intersect at point-like Fermi
surfaces (Figure 1).* The quasiparticles of graphene occupy-
ing these so-called Dirac cones impart exotic electronic and
optical properties that are of significant topical interest.

Whereas the well-known ¢- and n-bands have density
maxima at the atomic cores and along the chemical bonds,
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FIGURE 1. The calculated band structure of graphene. Only the first
members of the even (n{) and odd (n7) IP states series are shown by red
lines.

we are primarily interested in the less-explored n = 3 solu-
tion for graphene. The many-body screening of the Cou-
lomb field of an external charge creates an oppositely
charged image in a polarizable medium.® The induced
Coulomb potential dominates the long-range interaction
between an external charge and a polarizable surface. This
potential supports n > 3 states of graphene, which converge
asymptotically to the vacuum level, E,, in a dual Rydberg
series of even and odd parity.> Without inclusion of the
polarization, DFT calculations cannot give accurate energies
and spatial distributions of these IP states.

We first describe the IP states of graphene because they
are the physical origin of the superatom states. Next, we
explore by experiment and theory how IP states evolve by
interlayer interaction into the interlayer states of graphite,
and through topological transformations (wrapping and
rolling) into atom-like orbitals of graphitic hollow molecules.
We show that these atom-like states, in turn, form nearly-
free-electron (NFE) bands of fullerene and nanotube quan-
tum structures or solids. Finally, we speculate on the poten-
tial of exploiting n = 3 states of hollow molecules in
molecular electronics.

Image Potential States of Graphene

We begin by providing a theoretical description of then > 3
states, that is, the IP states, of molecular sheets. Although the
n = 3 state of graphene is unoccupied, it nevertheless can
impart striking chemical and physical properties to graphitic
materials. For instance, the interlayer state, which is derived
from the IP state of graphene, confers superconducting
properties to intercalated graphite compounds and domi-
nates the interstitial potential involved in charge transport in
Li-ion batteries.”® Whereas DFT and tight binding methods
describe adequately the o- and sw-bands of graphene, they
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FIGURE 2. The effective surface-normal potential and the correspond-
ing calculated probability densities of n = 1—4 states of graphene. Top
panels show the top views of the n = 1—3 state probability densities at
the I'-point.

fail for the n=3 and higher states, which are defined by both
the short-range exchange—correlation (VyJ and the long-
range (Vjp) polarization potentials.2 Therefore, to describe
the electronic properties derived from IP states, we construct
an empirical potential following the prescription for semi-
infinite metal surfaces:*° we splice the V,. from DFT to the
Coulomb potential (V}p) at a distance +z; above and below
the molecular sheet. Requiring that the obtained potential
for a stack of graphene layers reproduce the known IP state
energies of graphite defines z.'>'" Thus calculated potential
and probability densities for n = 1—4 states averaged in the
graphene plane and top view are shown in Figure 2. The o-
and z-band charge densities are characteristic of aromatic
molecules." The more diffuse n = 3 and n = 4 solutions are
the first even (n7) and odd ny IP states.? Like their semi-
infinite counterparts on metals, the bilateral IP states of
molecular sheets are characterized by pronounced n-depen-
dent non-nuclear density maxima (Figure 2).> The IP states of
epitaxial graphene on SiC substrate, where the even—odd
symmetry is broken, have recently been observed by STM.'?

Interlayer State of Graphite

When graphene sheets are stacked to form graphite, the
NFE-IP states form a band, as was first described theoretically
by Posternak et al."® Figure 3a—c shows how the so-called
interlayer state (IS) is formed through overlap of IP states
when two graphene sheets are brought together. The IS
probability density is calculated by solving the Schrodinger
equation for the sum of graphene potentials in Figure 2 to
represent several graphene bilayers with different interstitial
separations, d. The IS density between the basal planes
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FIGURE 3. (a-q) The calculated probability densities of the n=1-3
states of bilayer graphene for interlayer separations, respectively, of d =
10.0, 7.0, and 3.35 A. (d) The effective potential and calculated radial
distributions of the n = 1—3 states of Cg, molecule. (e) The calculated
effective potential and IS band formed by interaction of the ny IP states
of graphene for a 10-layer slab.

depends strongly on d as it is reduced from 10 to 3.35 A
(Figure 3a—c). Because the interlayer distance of graphite,
d=335Ais comparable to the distance of the n{ IP state
density maximum from the graphene plane, where V, still
dominates over Vp, the IS is well described by DFT.>31314
The competing effects of wave function overlap and con-
finement produce the maximum interlayer density of IS for
d ~ 7 A (Figure 3b). Confinement within smaller interlayer
distances expells the probability density to the vacuum
giving IS predominantly an IP character (Figure 3q). For the
n=3band of a 10-layer graphite slab in Figure 3e, the dual
IP—IS character of the NFE band is evident. In graphite, the
strong interlayer interaction of n > 3 states causes the IS to
disperse normal to the basal planes from 4.0 eV at the I'-
point (all energies are given relative to the Fermi level, E),
where it has the maximum IP character, to 7.5 eV at the A-
point, where it has the maximum IS character.® Because IP
states are a universal consequence of the polarization inter-
action, we can conclude that the strongly 3D dispersive IS
states are a universal property of layered quasi-2D solids.
The IS has been described by theory and characterized by
inverse photoemission spectroscopy (IPS) for the intrinsic
and Li intercalated graphite.>'%'3 Although IP states and
NFE bands derived from them exist several electronvolts
above Eg, through doping with metal atoms, IS can be
stabilized to below Eg,” thereby imparting novel electronic
properties. IPS measurements show that intercalation stabi-
lizes IS by ~3 eV through interaction with 2s states of Li
atoms. Stabilization of IS below Er has been implicated in
superconductivity of intercalated graphitic compounds such



as CgCa and related layered materials.” Moreover, in materi-
als with two inequivalent atoms like hexagonal BN, opening
up of a band gap in the z-bands can place IS at the conduc-
tion band minimum.'>'6

Superatom States of Hollow Molecules

Having described the IP state of graphene, we next examine
how topological transformations (wrapping or rolling) of
graphene into fullerenes and nanotubes leads to superatom
states. The bilateral n{ and ny IP states can be interpreted as
the symmetric and antisymmetric linear combinations of
degenerate semi-infinite wave functions on each side of the
graphene plane. Curvature-induced symmetry breaking'”
lowers/raises the energy of IP states on the concave/convex
side of the sheet. DFT calculations predict that the internal
n = 3, I = 0 (linear momentum Kk transforms into orbital
angular momentum |) NFE states of nanotubes or fullerenes
are stabilized relative to the parent IP state.'®'®

The electronic counterparts of IP states of graphene have
been observed experimentally with femtosecond temporal
and atomic spatial resolution, respectively, in spectroscopic
time-resolved two-photon photoemission spectroscopy (TR-
2PP) and low-temperature scanning tunneling microscopy
(LT-STM) measurements for Cgy molecules on noble
metals.'®'® Although the LUMO states of chemisorbed Cg
have been studied extensively,>°~2? here we focus on the
less explored 3—5 eV energy range where we discovered
the n = 3 states.

The TR-2PP and LT-STM are complementary probes of the
unoccupied electronic structure of metal/molecule interfaces.
Each method can be used to introduce an additional electron,
either from the metal substrate or the STM tip, into normally
unoccupied resonances of chemisorbed molecules. In TR-2PP, a
pair of ultrafast (<100 fs) optical pulses excites electrons from
occupied initial to final states above E, via unoccupied inter-
mediate states. Photoelectron spectra recorded as a function of
electron momentum and pump—probe delay reveal the inter-
mediate electronic states and their relaxation dynamics.®® The
intermolecular electronic interactions among molecular orbitals
lead to formation of electronic bands. These interactions can be
quantified through measurements of energy-parallel momen-
tum dispersion relation, which give the electronic bandwidth
and the effective band-mass Meg.2>~2°

STM measurements provide complementary real-space
information on the interfacial electronic structure and
interactions. In addition to topography, differential current—
voltage measurements (di/dV) with STM provide spatially
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FIGURE 4. The dz/dV spectra identifying specific tunneling resonances
of an isolated Cgo molecule and dimer on Cu(110)-(2 x 1)-O surface and
a quantum well on Cu(111) surface.'®
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FIGURE5. (a—f) The dI/dVimages of LUMO + 2 and s-, p-, and d-SAMOs
for a Cgp molecule (topography is shown in the inset) on Cu(110)-(2 x 1)-
O surface.’®
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resolved spectra and maps of the local density of states (LDOS).
For bias voltages up to ~3 V, the HOMO, and LUMO — LUMO + 2
states of Cgg molecules on metal and semiconductor sur-
faces have been characterized through their di/dV spectra
and LDOS.*°" 2% At higher voltages, z—V modulation at
constant current offers an alternative spectroscopic method.
Tunneling resonances produce plateaus in z—V scans.>’ The
numerically differentiated dz/dV spectra, such as those of a
single Cgo molecule in Figure 4, reveal peaks corresponding
to the LUMO + 1, LUMO + 2, and superatom molecular
orbital (SAMO) resonances.

Figure 5 shows the LDOS images of a single Cgo molecule
trapped in a one atom wide bare Cu trough on a Cu(110)-
(2 x 1)-0 reconstructed surface.'® The di/dV images are
recorded for resonances revealed in Figure 4. At 3.15 V
(Figure 5a), the LDOS shows the characteristic contrast within
the Cgo molecule corresponding to the z*-orbitals of the
LUMO + 2 state on the topmost carbon pentagon and
hexagon.'®
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FIGURE 6. The calculated spatial distributions of LUMO—-LUMO + 3,
and s-, p-, and d-SAMOs of isolated Cgo molecule.

To contrast the unoccupied electronic structure in differ-
ent energy regions, Figure 5 juxtaposes the LDOS of LUMO +
2 with other images taken with higher bias voltages. Above
3.5V, the intramolecular contrast in LDOS images vanishes.
For example, at 3.70 V, the LDOS is nearly uniform over the
entire molecule except for a characteristic dark spot above
the topmost Cgo hexagon. At 4.15 eV, the LDOS has the
same symmetry but is more confined above the Cgq mole-
cule. At 4.80 and 4.915 V, respectively, the LDOS images
have nodes bisecting the molecule in the (001) and (110)
planes. Finally, the 5.00 V image has a quadrupolar LDOS
distribution corresponding to nodes in both planes. By
contrast to LUMO + 2, the LDOS of these diffuse orbitals is
uncorrelated with atoms or bonds of the fullerene cage.

To explain the origin of these diffuse orbitals, we performed
plane-wave DFT electronic structure calculations for the neu-
tral, isolated Cgo.'® The calculated unoccupied orbitals repro-
duced in Figure 6 can be classified as either compact or diffuse.
By projecting out the states with predominantly C-2p orbital
character, we sift the diffuse states from the x*-states. Thus
identified diffuse orbitals are centered on the hollow core and
evoke shapes of atomic s, p, and d orbitals corresponding,
respectively, to/=0, 1,and 2. Accordingly, we named them the
superatom molecular orbitals (SAMOs), and labeled them
according to their | and its surface projection m. Based on the
energy and nodal structures, we attribute the images in
Figure 5b—f to the s-, p, py~, px-, and d-SAMOs.

Because the description of SAMOSs requires a complete
basis set, for example, plane-waves, they have largely
escaped scrutiny by theory. A study by Matrtins et al. on
the photoemission and IPS of Ce( solid employed the plane-
wave basis set and classified the states obtained for a self-
consistent central potential of a hollow spherical shell ac-
cording to their n and 1.>® The n = 3 solutions have also been
found in calculations where Cgo was described by a
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stabilized jellium shell.?° Recently, Pavlyukh et al. described
the electronic structure of spherical molecules in terms of the
averaged angular momentum /, where SAMOs are a con-
sequence of a radial potential and spherical symmetry.3°
The theoretical description of SAMOs and their LDOS ima-
ging confirms them as the modes of a hollow spherical shell.

Accordingly, we solve the Schrodinger equation for the
self-consistent radial potential obtained by angular averaging
of the DFT potential. This potential and its solutionsupton=3
are shown in Figure 3d. Similar to the bilayer graphene, the
potential has a deep minimum on the carbon shell and a
shallow attractive inner potential. For the shell diameter of 7.2
A, Vi mainly defines the inner potential; the long-range Vjp
potential contributes significantly only outside the shell. The
cross-sectional probability densities of Cso molecule (Figure 3d)
and graphene monolayer and bilayer (Figures 2 and 3a—¢) are
similar for their tightly bound n =1 and 2 states; the small
asymmetry between the internal and external o- and s-orbital
densities of fullerenes has been attributed to the curvature-
induced o—z mixing3’

By contrast to the - and s-orbitals, the intersheet inter-
action strongly affects the n = 3 states. Recall that for
graphene bilayer, the n = 3 probability densities attain their
interlayer maximum for d ~ 7 A, which is comparable to Cgo
molecule diameter (Figure 3). Therefore, Cgo is close to the
ideal size for confining the maximum s-SAMO density within
the carbon shell.>? The accumulation of probability density
within the Cgo molecule can be attributed to both the shell
curvature and its diameter.'®32 As for atomic wave func-
tions, the I = 1 wave functions have nodes intersecting the
core, and therefore their densities within the carbon shell are
reduced substantially with respect to s-SAMO.32

The unique property of s-SAMO that distinguishes it from
a Rydberg state is the accretion of probability density within
the molecular core. The higher energy n = 4 state being
derived from the ny state of graphene is mostly external to
the carbon shell, and therefore, can be considered as the first
member of a Rydberg series. Note that SAMO-like states with
additional excitonic stabilization also appear as excitations
in neutral Cgo molecules.3

Finally, we consider the role of the Cu(110)-(2 x 1)-O surface.
The LDOS of SAMOs of chemisorbed Cgo molecules corresponds
quite well to their theoretical description for isolated molecules.
The anisotropic substrate primarily lifts degeneracy of the
spatial components of p-SAMO but otherwise is a minor pertur-
bation. We also calculated the electronic structure of Cgo 0N
Cu(110)42 x 1)-O surface and found that the LDOS at the



molecule—vacuum interface that is probed by STM is hardly
perturbed by the interactions at the molecule—metal interface.

Formation of SAMO-Derived NFE Bands

Next we discuss how the interaction of SAMOs leads to
formation of NFE bands of 1D and 2D quantum structures.
The primary features of intermolecular interaction of SAMOs
can be found in di/dV images of fullerenes.'®3%3> On Cu-
(110)-(2 x 1)-O surface along the (001} direction, occasional
0.76 nm wide bare Cu domains act as templates for self-
assembly of single-molecule wide, up to fifty Ceo molecules
long (>50 nm), chains. The 0.36 nm unit cell of Cu(110)
substrate defines the intermolecular spacing of 1.07 + 0.02
nm, that is, ~7% larger than the Cgo molecule van der Waals
diameter.'® Cgo molecules can assume two orientations
corresponding to the opposite alighnment of the topmost
pentagon and hexagon in the (110) direction®® (see the

images in Figure 7a).'®
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FIGURE 7. The dl/dVimages of a Cgo dimer on Cu(110)-(2 x 1)-O surface
contrasting the LUMO -+ 2 (a) with the diatomic molecule-like orbitals of
interacting SAMOs (b—i).
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It is evident in Figure 7 that intermolecular interaction of
SAMOs transforms the LDOS of the interacting orbitals. In the
dimer image of LUMO + 2 (Figure 7a), 7*-orbitals largely
retain the LDOS of a monomer (Figure 5a). By contrast, the
energy-dependent changes in the LDOS of SAMOs can be
understood by analogy to a diatomic molecule where the
interacting atomic s and p orbitals form the bonding and
antibonding molecular orbitals.' With increasing energy, the
dl/dV images exhibit features of o- and o*-bonding of
s-SAMOs, z-bonding of p,SAMOs, o- and o*-bonding of py-
SAMOs, and z- and z*-bonding of p,-SAMOs.'® We found
similar intermolecular interactions of SAMOs of ScsN@Cgo,
an endohedral fullerene.?*

Next we examine the SAMO-derived electronic properties
in quantum structures. Figure 8 shows a topographic and
several dI/dV images of a self-assembled chain of nine Ceq
molecules on a Cu(110)-(2 x 1)-O surface. The loss of
molecular contrast in the LDOS of the chain portends that
SAMOs form delocalized 1D bands. In discussing such
images, we note that the applied bias voltage determines
whether STM tunneling occurs into the Brillouin zone center
orthe boundary states. Moreovetr, electron bands with meg>
0 (band minimum at the I point), that is, s-o, py-7, and p,-,
are imaged differently from the hole bands with meg < 0
(minimum at the zone boundary), that is, p,-¢*. Indeed, LDOS
corresponding to these bands can be identified in Figure 8 by
comparison with the calculated SAMO orbital distributions
for a Cgo molecule chain in ref 32. Fitting the calculated
energy—momentum dispersions gives meg of 1.0m, for the
s-o0 and p-z bands and —0.2m, for the p,-0* band (m. is the
free-electron mass), confirming that SAMOs combine into
NFE bands.! A tight binding parametrization gives the re-
spective hopping integrals g of 90 and —270 meV, corre-
sponding to bandwidths of 360 and 1000 meV.32

We have also investigated the electronic structures of 2D
quantum wells for one to several Cgo molecule thick films.
Figure 9 shows the topographic and LDOS images of a Cgo

P, ‘-‘.AMO|(e]ﬂ % "

FIGURE 8. (a—e) The topography and d//dVimages of a linear chain of Cgo molecules on the Cu(110)-(2 x 1)-O surface showingthe 1D ¢- and z-bands

formed by interaction of SAMOs.
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FIGURE 9. (a—f) The topography and dI/dV images of a Cg island on
Cu(111) showing the 2D s- and py, p,-SAMO (m= 0 and m = £1) bands.

island on Cu(111). Cgo molecules form a hexagonal 4 x 4
structure with 1.02 nm intermolecule distance defined by
the 0.255 nm surface unit cell. Again, the LDOS images show
SAMO delocalization into NFE bands. The LDOS at 3.74 V
shows the complete loss of molecular contrast consistent
with the 2D NFE band formation of s-SAMO.32 The 4.2 V
image shows the spatially complementary contrast arising
from tunneling into the IP state of the bare Cu(111). These
images (i) confirm that the diffuse contrast can be attributed
to formation on the NFE band; (ii) illustrate that even though
IP states disperse above E,,>® the STM probes mainly the
DOS at the T'-point; and (i) delineate the electronic edge of
the Cgg island.

Next we examine two distinct features of the 4.6 V band
in Figure 9. First, centered on each Cgo molecule is a dark spot
indicative of a wave function node. Second, the edge of the
Ceo island shows one-molecule wide dark contrast, which
reverses to bright contrast at 4.8 V. The node piercing each
molecule reflects the m = +1 symmetry of the p,- and p,-
SAMOs. For single molecules on an anisotropic surface
(Figure 5), nodal planes identified the p,- and p,-SAMOs.
For the isotropic Cu(111) surface, m = +1 SAMOs are
degenerate, so the orthogonal nodal planes collapse into a
line at their intersection. The corrugation with the periodicity
of the Cg lattice identifies the 4.6 V image with the zone
boundary region of the m=+1 band. Therefore, on the basis
of these features, we attribute the 4.6 V LDOS to the p,, p,-
SAMOs band.'®

Concerning the Cg island edge, the inversion from the
dark to bright contrast between 4.6 and 4.8 V is a conse-
quence of dispersion of the m=+1 SAMO band. Being a hole
band, the bonding and antibonding characteristics, respec-
tively, appear at the zone boundary (band minimum) and
the I'-point (band maximum)." The bright contrast of the
island boundary is an edge state, thatis, a 1D analog of a 2D
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FIGURE 10. Right, 2PP spectra taken with 4.593 eV photons for Cgo
covered Au(111) surfaces at molecular film thicknesses of 1—4 mono-
layers (ML). IR1 and IR2 are assigned to IP resonances above the Cgo
overlayer, and S is assigned to the s-SAMO band. The dashed curves
show deconvolution of multilayer film features into peaks that are split
by the interlayer interaction. Left, Parallel dispersions of the s-SAMO
band for 1 and 2 ML thick films. The curves are fits to a tight binding
model."®

surface state. Just as surface states appear by termination of
a solid, so do edge and point states, respectively, appear at
boundaries of 2D quantum wells and 1D quantum
wires.>”38 A finite system minimizes its free energy by
accumulating the bonding charge density in its interior and
by expelling the antibonding density to its boundary. These
concepts also explain the line end (point state) dark and
bright contrast of the p,-SAMO in Figure 8e.

Next we consider the correspondence between the LT-
STM and two-photon photoemission (2PP) studies of Cgg
overlayers on noble metals. Using angle- and time-resolved
2PP, Zhu, Harris, and co-workers have studied the unoccu-
pied electronic structure of monolayer to multilayer thick Cgo
films on Cu(111), Ag(111), and Au(111) surfaces.' 9253941

Whether an electron is supplied externally by tunneling
from an STM tip or internally by photoexcitation from the
substrate, LT-STM and 2PP measure the same unoccupied
states assuming that the electron—hole interaction is
screened. Other differences may arise through a shift of
electronic resonances by the Stark effect induced by the
applied field of STM tip. The Stark shift of IP states is much
larger than that for molecular states.?” Moreover, differ-
ences in the wave function overlap and transition moments
for the internal vs external electron transfer can influence
the sensitivity of each technique.

The main point of comparison between LT-STM and 2PP is
the 3.7 eV peak, which appears both in 2PP spectra of Cgo/
Au(111) surface (Figure 10) and dz/dV spectra of Cgo ON
copper surfaces (Figure 4). In 2PP spectra, Zhu et al. found
this state to disperse with both parallel and perpendicular



momenta. The right panel in Figure 10 shows a set of 2PP
spectra of 1—4 monolayer (ML) films, which reveal three
distinct unoccupied bands: the first two are IP resonances,
“IR1” and “IR2". Below them is the peak labeled “S”, which
reveals its NFE characteristics through both its parallel disper-
sion and splitting with increasing film thickness above 2 ML.
The splitting in thicker films is evidence for interaction that
evolves into the 3D NFE band of Cgo molecular crystal. The
first monolayer is unique because Cgo molecules are strongly
polarized by the metal substrate. A tight binding model
describes both the parallel dispersions and interlayer split-
tings with a # = —33 + 3 meV"? corresponding to a band-
width of —123 =400 meV. The NFE character of the “S” state
stands in strong contrast with the effectively nondispersive
LUMO states that have also been studied by angle-resolved
2PP measurements for Cgo on the Ag(111) surface.?>32 Thus,
the complementary 2PP and LT-STM measurements establish
that, by contrast with the frontier orbitals of aromatic
molecules,*? the superatom states of hollow molecules can
impart metal-like NFE properties to molecular solids, which
could be of practical interest in molecular electronics.

Perspectives

In this Account, we have described the diffuse electronic states
of molecular sheets and hollow molecules derived from them.
We have shown by experiment and theory that above the
familiar o- and 7 - states that are defined by the constituent
atomic core potentials, there exist n = 3 and higher states that
belong to the image potential states and are defined by short-
range exchange—correlation and longrange polarization
potentials.*® Although one needs to explore several electron-
volts above Eg to discover the superatom electronic propetrties
of Cgo at energies where electronic relaxation would obviate
charge transport, we envisage materials design strategies to
enable exploitation of NFE properties of molecular sheets. For
instance, whereas the IP states of graphene are unoccupied, by
doping of graphite with intercalated metal atoms the IS can be
stabilized to below Er” Our calculations predict the same
outcome for the endohedral doping of Cgo molecules and
nanotubes with, for instance, noble metal atoms.'®32 In other
materials, the IP states can form the conduction band minima,
either by opening a gap in the z-bands, as in hexagonal BN,'®
or by saturating the p-orbitals, as in graphane.**

As a general feature of hollow molecules, the exchan-
ge—correlation potential gives rise to NFE states with prob-
ability densities that can be mostly contained within their
inner space,'® which makes them of significant interest in
optical and electronic applications, because they provide a
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different paradigm for the intra- and intermolecular interac-
tion and charge transport. The non-nuclear density maxima
of IP and superatom states promote strong electronic inter-
molecular interaction that is unprecedented for the more
tightly bound valence states. We expect that the reduced
interaction with the atomic cores makes NFE states superior
with respect to electron—phonon interaction in transport to
the valence states. We predict that by crafting the inner
space of hollow molecules through composition of the
molecular shell and including dopant atoms in the core,
the NFE transport, such as found in semiconductors or
metals, will be realized in a new class of molecular materials.
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