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Energy stabilization of the superatom molecular orbitals (SAMOs) in fullerenes is investigated with the goal of
involving their nearly free-electron bands in practical charge transport applications. Combining low-temperature
scanning tunneling microscopy-based spectroscopic methods and density functional theory calculations on an
endohedral metallofullerene La@Cg,, we confirm that the s-SAMO of Cg, fullerene is stabilized by as much
as 2 eV with respect to that of Cgy by endohedral doping with the La atom. On the copper metal substrate, the
s-SAMO energy is further lowered to just 1 eV above the Fermi level, making the applications of s-SAMO state
in transport more plausible. We conclude that in an endohedral metallofullerene, the s-SAMO state is stabilized
through the hybridization with the s-symmetry valence state of the metal atom and the stabilization energy

correlates with the ionization potential of the free atom.
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I. INTRODUCTION

Intermolecular electronic wave function overlap and the
consequent band formation is the key to enhanced charge trans-
fer/transport properties in molecular materials.> Recently,
nearly free-electron (NFE) bands were discovered in several
two-dimensional molecular overlayers on metal surfaces.'**
In-depth investigations have revealed that generally the NFE
behavior has the origin in the perturbation of the surface bands
of the metal substrate by the molecular overlayer rather than
being of purely molecular origin.>* It is significant, therefore,
that molecular NFE properties have been discovered in bands
formed by one-dimensional to three-dimensional nanostruc-
tures of Cgo molecules.’ This intrinsic NFE character arises
from the superatom molecular orbitals (SAMOs) of hollow
molecules.”” SAMOs of Cgy molecules have been discovered
by atomically resolved scanning tunneling microscopy (STM)
imaging, and their universal existence in hollow molecules has
been established by electronic structure theory.>~'® Unlike the
typical m-symmetry valence orbitals (mainly composed of the
carbon 2s, 2 p atomic orbitals), which are spatially confined to
the carbon cage by the carbon atomic potential, the SAMOs
originate from the central exchange-correlation potential due
to polarization of all the constituent atoms forming the hollow
shell. They have atomlike spherical harmonic probability
distributions with substantial charge density within the hollow
core. Their diffuse density, which extends substantially beyond
the molecular van der Waals radius, allows them to readily
hybridize among neighboring molecules to form NFE bands
similar to those of free-electron metals, e.g., alkali metals. We
have recently discovered SAMO-like orbitals even in planar
aromatic molecules such as CgFg,!” which also form NFE
bands.??! The universal character of such atomlike states
forming NFE bands in quantum structures of hollow spherical
and planar molecules invites discovery of optimized materials
with possible applications in molecular electronics.
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Despite the attractive prospect of utilizing the NFE bands
of fullerenes for charge transport in molecular electronics,
the high energy of the SAMOs [>3eV above the lowest-
unoccupied molecular orbital (LUMO) in the case of Cgg]
preclude such applications.” Only the frontier orbitals partic-
ipate in charge-transport applications; therefore, the energy
of SAMOs should be reduced so that it is either the highest-
occupied molecular orbital (HOMO) or the LUMO. In order
to stabilize the SAMOs relative to the LUMOs, we have
explored by theory different strategies, such as endohedral and
exohedral doping, or tuning the molecular electronic structure
through application of an external electric field.® We found the
endohedral doping of metal atoms into the fullerene cage to be
the most effective approach to SAMO stabilization, because of
the effective hybridization between s-SAMO and s-symmetry
valence state of the metal atom.>® Such interaction creates
hybrid states that share the atomlike properties of the parent
orbitals, with the bonding component having lower energy than
either of the parent orbitals. The bonding orbital is more diffuse
than the parent atomic orbital of the endohedral atom (EA),
and thus can enhance intermolecular orbital interactions. In
this paper, we provide experimental evidence for such hybrid
molecular orbitals within the endohedral metallofullerene,
La@Cyg,. The La@Cg, molecule is chosen because among
endohedral metallofullerenes, it is readily available and ex-
tensively studied. We show that the inclusion of the La atom
within the fullerene cage lowers the s-SAMO energy by about
2 eV with respect to that of Cgp. In addition, we find that
upon adsorption on metal surfaces, in our case, Cu(111), the
s-SAMO level of La@Cg, molecules moves further toward
Fermi level (E ), making the s-SAMO the first unoccupied
state of La@Cyg, that is detectable by STM (the localized La
4 f state-derived LUMO is screened by the fullerene cage,
which makes it difficult to observe). We present experimental
STM measurements and electronic structure calculations that
enable identification of SAMOs among complex electronic

©2013 American Physical Society


http://dx.doi.org/10.1103/PhysRevB.88.075417

FENG, SHI, LIN, ZHAO, LIU, YANG, AND PETEK

resonances of endohedral metallofullerenes and discuss more
broadly how the endohedral doping perturbs the SAMOs in
different materials beyond La@Csg,.

The rest of the paper is organized as follows. We describe
in Sec. II. A and Sec. II. B the experimental techniques
and some details of the density functional theory (DFT)
calculations. In Sec. III we provide a general picture of the
electronic structure of endohedral metallofullerenes, which
will be used to interpret the experimental results in the
following sections. Section IV gives the electronic structure
of La@Cg, molecules determined by STM experiments and
DFT calculations. In particular, we show how to assign and
differentiate the observed resonances in the measured spectra,
including the fullerene cage localized s *-character states,
SAMOs, and states with primarily La character in La@Cg;
molecules. Section V focuses on the energy stabilization of
s-SAMO of La@Cg, molecules, by comparing resonance
positions of fullerenes with those of an empty cage. A general
discussion for understanding of the endohedral doping effect
on the SAMOs of other endohedral metallofullerenes is then
presented. The effects of a metal substrate on the SAMOs are
also briefly discussed. Finally, the summary and conclusions
are given.

II. EXPERIMENTAL AND THEORETICAL METHODS

A. Experimental methods

We investigate the electronic structure of La@Cg,
molecules directly adsorbed on Cu(111) surface and on a
buffer consisting of a Cgy monolayer on Cu(111) surface
[Ceo/Cu(111)]. The two types of surfaces are used to charac-
terize the interaction of La@Cg, with the metal substrate. The
predeposited Cgy monolayer on the Cu(111) surface isolates
La@Cg, molecules from direct contact with, and therefore,
charge transfer from the metal substrate.”> We explore the
electronic properties of La@Cg, molecules by recording the
constant-distance differential conductance spectra (d1/dV)
with a lock-in amplifier and the constant-current distance-
voltage [z(V)] scans. The latter are numerically converted into
d(Inz)/d(InV) spectra.>*} The d1/dV method is the standard
approach for recording the local electronic structures at the
atomic scale by STM. For d1/dV measurements performed at
a constant-height, as the voltage is ramped, the tunneling cur-
rent rises exponentially. Large current, however, can saturate
the measurement electronics or destroy the sample, limiting
the ability to detect high-energy (e.g., >3 V) resonances.?*~2°
Such limits are overcome in z(V) measurements because the
tunneling current is fixed. This allows measurements to be
performed at a higher bias voltage than in the constant-height
mode.””? As the tip moves farther from the surface during
ramping of the voltage, extracting density-of-states (DOS)
information from z(V) spectra is not as well established as
for d1/dV spectra.”® In the region of overlap, d(Inz)/d(InV)
spectra, however, have shown to reproduce the peak positions
obtained by d1/dV within 0.1 eV, where the differences can
be attributed to different strengths of the applied fields.?*°
We perform complementary measurements of the electronic
structure of La@Cg, molecules using both methods.
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Within La@Cg, molecules, La atoms are displaced from
the center of the Cg, cage due to charge transfer and the
consequent Coulomb attraction of up to three valence electrons
from La to the fullerene cage. Therefore, upon adsorption La
atoms could be located at different positions with respect to
the substrate. We note that we do not find significant vari-
ation in spectroscopic measurements performed on different
molecules, indicating that either all molecules have the EA in
the same location or the molecular conductivity is insensitive to
it. Moreover, the tunneling current exhibits no evidence of the
internal La atom motion that has been predicted based on x-ray
diffraction data and theory.?'~>* In the case of Sc3N@Cyg, we
discovered the tunneling electron-induced rotational motion
of Sc3N cluster through characteristic telegraph noise that
is imprinted on the tunneling current,>** but in the case of
La@Csg,, similar current fluctuations that could arise through
La motion among several stable sites are not observed. Unlike
Li@Cgp, for which the internal Li atom motion has been
predicted,’ single electron scattering through unoccupied
resonances of the multiply charged La within the Cg, cage
is less likely to provoke the EA motion.

The structural and spectroscopic measurements are per-
formed at 77 K in an Omicron LT-STM with a base pressure be-
low 107!9 mbar. A Cu(111) crystal is cleaned by cycles of Ar+
sputtering followed by annealing to ~700 K. Cg molecules are
commercially obtained (99% purity; Aldrich), while La@Cg,
molecules are synthesized and purified as described in Ref. 37.
Both molecules are thermally evaporated onto the substrate
with a self-made resistively heated evaporator. In order to
form compact Cg islands with uniform adsorption structures,
the Cu(111) surface is kept at 450 K, while Cg molecules
are evaporated,®® followed by postdeposition annealing at
500 K. During the molecular deposition, the Cu(111) and
Ce0/Cu(111) substrates are kept at room temperature.

B. Theoretical methods

DFT calculations of the electronic structure of La@Cg,
molecule are performed using the Vienna Ab initio Simu-
lation Package code with a well-converged 400-eV plane-
wave cutoff,’® the Perdew-Wang 1991 functional,*® and the
projector-augmented wave method. For the calculation of the
electronic structure of a free La@Cg, molecule, we use a cubic
unit cell with dimension a = 30 A. The La@Cg, molecule is
assembled by placing a La atom into the cage of the Cg, isomer
with C,, symmetry. In the optimized geometry, the La atom
lies along a C; axis above a six-membered ring of the Cg, cage.
The distance between the La atom and the nearest C atoms is
2.52 A (the average radius of the empty cage is ~3.8 A), in
good agreement with the experimental value of 2.55 A.3!

III. THE ELECTRONIC STRUCTURE OF ENDOHEDRAL
METALLOFULLERENES

Before presenting our results, we discuss general features
of the electronic structure of endohedral metallofullerenes.
According to the charge density distributions, the unoccupied
states of an empty fullerene can be classified as the 7* states
localized on the carbon cage (e.g., LUMO +n series, also
referred to as the “cage states”) and the diffuse SAMOs. The
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local DOS (LDOS) images of m* states typically display
intramolecular contrast on the scale of several angstroms
corresponding to the dimensions of pentagons and hexagons of
the fullerene cage*' and reflecting the nodal structure of the 7 *
orbitals. By contrast, SAMOs have smoother LDOS extending
over the entire fullerene cage with the atomlike nodal structure
of spherical harmonics characterized by the orbital quantum
number . Inclusion of an EA introduces a third type of state,
which we refer to as the EA states.*> The EA states are derived
mainly from the atomic orbitals of the EA; they can mix with
both cage states and the SAMOs. Although our nomenclature
is based on the unperturbed electronic structure of the fullerene
cage and the La atom, it should be understood that some degree
of mixing exists among these states.*?

General features of the endohedral metallofullerene elec-
tronic structure can be appreciated from how the EA potential
contributes to that of the fullerene cage. We first discuss how
the EA perturbs the 7* states. An EA causes some charge
transfer depending on its ionization potential and the electron
affinity of fullerene.**~>" For low ionization potential EA, the
charge is transferred from EA to the LUMO of the cage such
that the E; of the combined system is within the LUMO.
Consequently, by comparing the STM spectra of a fullerene
with and without the EA, a rigid shift of the LUMO states
with respect to E is expected. The charge transfer and the
consequent Coulomb interaction cause EA to adsorb on the
inner wall of the cage, when the ionic radius of EA is much
smaller than the effective inner radius of the cage. For an EA
with high ionization potential, such as rare gas atoms,’! there
is essentially no charge transfer, and the LUMO states remain
empty; the neutral EA then resides at the cage center. In both
cases, the EA provides an attractive potential, which lowers
all energy levels of the fullerene. For w* states, which are
mostly localized on carbon atoms, the energy shifts due to this
potential are similar whether the EA is at or displaced from
the cage center.

In contrast to the 7w * states, the SAMOs are strongly affected
by the presence and location of the EA. The diffuse SAMOs ex-
perience simultaneously the potentials of the hollow fullerene
core as well as the metal atom. The response of SAMOs
depends strongly on their symmetry and spatial distribution.
The s-SAMO of the interacting system is strongly stabilized
with respect to that of the empty cage because its density
is mostly confined within the cage, where it strongly overlaps
with the unoccupied 6s La orbital, which lies at a lower energy.
DFT calculations of the Cgp molecule endohedrally doped with
alkali, alkaline earth, noble, and rare- earth metal atoms exhibit
a nearly linear relation between energy of the s-SAMO state
of the combined system with respect to E s and the ionization
potential of the free metal atoms (representing the binding
energy of the frontier s-symmetry state).® Specifically, the
energy stabilization of the s-SAMO state depends mainly on
strength of the endohedral atomic potential. Figure 1 shows
the anticorrelation of the s-SAMO energy with the atomic
first ionization potential for EA placed in the center of Cgg
molecule. Further analysis shows that the resulting s-SAMO
is mainly derived from the s orbital of the EA: i.e., it is more
localized than s-SAMO of the empty cage because of the
EA atomic potential, but the SAMO admixture imparts some
diffuse character.
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FIG. 1. The anticorrelation between the s-SAMO energies cal-
culated by DFT of M @Cg, molecules with different metal atoms,
M, placed at the center of fullerene vs the first ionization potential
of M. The data points for La, Dy, and Lu represent the energies
from spectroscopic STM measurements (filled triangles), which we
attribute to the s-SAMO.**% For these measurements, the metal
atoms are presumed to be at their equilibrium positions within
M @Cg, molecules. For an estimate of the destabilization of s-SAMO
due to the displacement of EA from the cage center, the calculated
equilibrium value of s-SAMO for Li@Cq, is also given (filled
triangle).

Compared with the s-SAMOs, the hybrid p-SAMOs are
more diffuse, because for the empty cage they reside predom-
inantly outside the cage where they are less affected by EA
potential. Moreover, the s and p states of EA are separated by
the atomic s-p gap, which is generally larger than the SAMO
s-p gap of 0.56 eV.>” The atomic p state can actually be
above the p-SAMO so that the bonding hybrid state formed
by their interaction has predominantly a p-SAMO character.
Therefore, the stabilization of the p-SAMO is relatively small
and its wave function is more diffuse than the s-SAMO. These
general features are illustrated by Li@Cg,” where Li donates
one electron to Cgp causing a rigid shift of the 7* states.
Placing Li at the center of Cgy metallofullerene stabilizes the
hybrid s-SAMO from 3.5 eV for the empty Cgy above LUMO
to 1.2 eV, as shown in Fig. 1. At equilibrium, however, the Li
atom is displaced from the center of Cgp, and consequently the
s-SAMO energy is raised by 0.85 eV from its minimum value
at the center. The p-SAMO for the off-center Li position is
1.8 eV above the s-SAMO.

IV. EXPERIMENTAL AND THEORETICAL ELECTRONIC
STRUCTURE OF La@Cs,

A. STM images and spectra

In this subsection, we present STM results on the adsorption
behavior and electronic structure of La@Cg, on Cgp/Cu(111)
and Cu(111) surfaces. Cgy molecules form well-ordered, 3 x
3 close-packed overlayers on Cu(111) terraces.*® Defects in
the overlayer form at the boundaries between Cgy domains
with different orientations or belonging to different terraces.
Such defects are the preferred sites for La@Cg, molecule
adsorption on Cgy monolayers. In Fig. 2(a), we observe three
La@Cg, molecules, which appear as bright contrast at the
domain boundary defects. We conclude that at 300 K, La@Cg;
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FIG. 2. (Color online) (a) STM topographic images of La@Cg,
molecules on the Cgy/Cu(111) substrate. Isolated La@Cg, molecules
are located at interfaces between differently oriented Cgy domains
or interfaces of domains on different terraces. The image size is
50 x 50 nm. The inset (3.8 x 3.8 nm) shows an enlarged image of
a single La@Cg, molecule. (b) Combined d1/dV and d(Inz)/d(InV)
spectra obtained for a single isolated La@Cg, molecule. Below 3 eV,
the peaks in d1/dV spectra coincide with those of d(Inz)/d(InV). (c)
and (d) STM topographic image (50 x 50 nm) as well as combined
dl/dV and d(Inz)/d(InV) spectra of La@Cg, molecules adsorbed on
the Cu(111) step edge. Single La@Cg, molecules and assemblies of
several molecules are located at step edges on the lower terrace. The
inset (12 x 12 nm) shows a single La@Cyg, molecule, a trimer, and
a quadrimer. The d1/dV and d(Inz)/d(InV) spectra in (b) and (d) are
combined using an arbitrary vertical scale.

molecules are mobile on the Cgy monolayer and easily diffuse
to the more stable defect adsorption sites.

Figure 2(b) shows typical dI /dV and d(Inz)/d(InV) spectra
of La@Cg, obtained for the same molecules and STM tip. The
dl/dV spectra reveal molecular electronic resonances near
E ¢, whereas the d(Inz)/d(InV) spectra extend to higher ener-
gies. In the region of overlap, both spectra show resonances
corresponding to the same electronic states but at slightly
different energies and with different relative intensities. For
example, two weak resonances, one centered at 0.15 eV
and straddling the Ef, and the other at 1.01 eV, and one
strong resonance at 1.94 eV appear in dI/dV spectra. The
d(Inz)/d(InV) spectra locate two of the three resonances at
0.97 and 1.85 eV. Resonances crossing E ; cannot be detected
in z(V) measurements because the constant current condition
cannot be obtained at zero bias. For the occupied states, the
measured dI/dV spectra on single molecules are consistent
with the previous measurements on the La@Cg, multilayer
islands by Taninaka et al.’> There are, however, some minor
differences for the unoccupied states.’” A state straddling E ¢
is resolved in our measurement, which is consistent with the
existence of a half-filled singly occupied molecular orbital
(SOMO) of La@Cg, molecules.*”*8 In La@Cg, multilayers,
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such states split because crystal field interactions in the solid
state introduce a band gap.*7-?

Figure 2(c) shows a typical STM topographic image of
the La@Cg,/Cu(111) surface. At low coverages, La@Csg,
molecules adsorb at steps on the lower terrace as isolated
as monomers, dimers, trimers, and longer aggregates aligned
along the step edges. This is consistent with previous reports
of STM imaging of endohedral fullerenes.’*>> Figure 2(d)
presents the combined dI/dV and d(Inz)/d(InV) spectra
acquired above La@Cg, monomers adsorbed on the Cu(111)
surface.

Comparing the spectra of the two samples, we notice that
the three resonances in Fig. 2(d) can be associated with
the similar progression in Fig. 2(b), by assuming a nearly
rigid energy downshift toward E; for molecules in direct
contact with the metal substrate. Specifically, we associate
the resonances of La@Cg, at 1.1, 2.38, and 4.31 eV on the
Cu(111) substrate with the resonances found at 1.85, 2.87, and
4.61 eV on the Cq buffer layer. The energy downshift due to
interaction with the substrate for the lower-energy resonances
is ~0.6-0.7 eV. The rigid shift implies that these states are
affected by the same mechanism. The energy shift of the
4.5 eV resonance is less than the lower-energy resonances;
however, the origin of the difference is not clear. In addition,
the adsorption directly on the Cu(l11) surface causes the
two resonances (0.15 and 1.01 eV) near E; for La@Cg, on
the Cgo buffer layer to disappear. This behavior is consistent
with the 7* origin of these two states. The 7* states of the
cage can couple strongly with the metal substrate, causing
them to broaden into resonances, which are difficult to detect.
The SAMOs or La-derived states, by contrast, interact more
weakly with the metal substrate, and therefore experience
less broadening, because their defining potentials are shielded
within the hollow fullerene core. In the following, we present
more evidence to support these conclusions.

B. Identification of the SAMO and EA states

In this subsection, we identify the observed resonances of
La@Cg, molecules by combining the experimental results with
the DFT calculations. We find good agreement between exper-
imental and theoretical results, in particular, the assignment
of s-SAMO. The calculated DOS of La@Cg, displays many
peaks (Fig. 3), among which we focus on the SAMOs and
La-derived states. Our DFT calculations reveal four empty
noncage states. They are in the increasing energy order La
4 f, with the electronic configuration of La as [Xe] 5d lgs2,
s-SAMO (mainly composed of La 6s component), La 5d, and
p-SAMO (see Fig. 3). The fact that La 6s and 5d orbitals are
empty is consistent with donation of three electrons from La
to Cg, cage.** The SAMOs are identified by analyzing the
distribution and symmetry (nodes) of their wave functions.>¢

In Fig. 3, we place the experimental STS spectra, marked
with the two already identified 7* cage states, below the
calculated DOS. The p-SAMOs can be robustly identified ex-
perimentally from their STM LDOS images (see Supplemental
Material,”® Fig. S1), which reflect the symmetry and diffuse
nature of their wave functions. We notice that p—SAMO
can also be robustly assigned in Sc;N@Cg, molecules by
using STM LDOS imaging method.!” The characteristic
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FIG. 3. (Color online) Comparisons between the calculated total
DOS of La@Cg, molecule (black), the projected DOS on La 4 f
and 5d (red dotted) and the projected DOS of SAMOs (green dash-
dotted) with the experimental d1/dV and d(Inz)/d(InV) spectra (light
and dark blue) obtained on isolated La@Cg, molecules adsorbed on
Ceo/Cu(111). The calculated s-SAMO is ~2.09 eV above the E.
There is good agreement in peak positions between the experimental
and theoretical data.

appearance of p-SAMOs can be attributed to the fact that
most of their density resides outside of the cage, where
it is not strongly affected by the endohedral inclusion. By
comparing the experimental and theoretical results, with the
above information, we can immediately assign the 1.8-eV
resonance as s-SAMO and 2.9-eV resonance as the La 5d
state; the agreement with the theoretically predicted energies
is within 0.3 eV for the observed resonances. The observed
energy is also consistent with the relationship between the
atomic ionization potential and the s-SAMO energy in Fig. 1,
if one accounts for the destabilization of s-SAMO by the
displacement of the La atom from the center of the cage.
The only discrepancy between the experimental spectra and
the electronic structure calculations is the La 4 f resonance,
which is calculated at 1.25 eV, but does not appear in the
STS measurements. We argue that the La 4 f resonance is
difficult to detect by tunneling spectroscopy because its wave
function is compact and mostly confined inside the cage, as
predicted by theory. Otherwise, there is good agreement in
Fig. 3 between the experimentally observed and theoretically
predicted resonance energies.

The assignments of the s-SAMO (having a large La 6s
component) and La 5d state are also consistent with other
experimental findings. First, LDOS images at 1.8- and 2.9-eV
resonances lack sharp intramolecular contrast (Supplemental
Material,®® Fig. S2), from which we rule out that they are
the localized cage states. Furthermore, by comparing the
position-dependent d 1 /dV spectra (Supplemental Material,>
Fig. S3), we find that the intensity of the low-energy resonance
(1.8 eV) is insensitive to the measurement location, whereas
that of the higher-energy resonance (2.9 eV) is more strongly
position dependent. These results indicate the lower-energy
resonance has a more uniform azimuthal dependence than the
higher energy one and confirms its s-SAMO character. The
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higher-energy resonance, assigned as the La 5d state, has
a stronger azimuthal dependence. Although this state also
has some d-SAMO character, apparently the admixture is
insufficient to give it a strongly diffuse appearance.

V. ENERGY STABILIZATION OF SAMO
A. The effect of endohedral La

In this subsection, we combine the existing experimental
data for isolated Cgy and La@Cg, with the DFT calculations
to show that the endohedral La indeed lowers the energy of
s-SAMO resonance by as much as 2 eV with respect to the
empty fullerene cage. Because there is no experimental data on
the electronic structure of the empty Cg, cage, we are not able
to make a direct assessment of the effect of the EA. Instead, we
offer two indirect comparisons that reach the same conclusion.
First, we compare the DFT results for La@Cg, and empty
Csp, assuming that the good agreement with experiment for
La@Cg, will also hold for the empty Cg,. Second, by assuming
SAMOs of the empty Cg and Cg, are similar, we compare the
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FIG. 4. (Color online) The calculated total, local, and nonlocal
DOS of isolated La@Cg, (a) and Cg, (b). The s- and p-SAMOs
belong to the nonlocal DOS. The strong influence of La’* on the
s-SAMO results in an s-p SAMO splitting of ~2.3 eV in the case of
La@Cs,, whereas it is only ~0.6 eV for the empty Cg,. Compared
with s-SAMO, the p-SAMOs are less affected by the presence of
La** inside the cage.
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FIG. 5. (Color online) The energy difference between the s- and
Pp-SAMOs of isolated La@Cg, and Cgy molecules on a Cgy buffer
layer. For the La@Cg, molecule, the energy difference is 2.86 eV,
whereas for the isolated Cgp, it is 0.56 eV.

electronic structure revealed by the STM spectra of the empty
C60 and La@ng.

The calculated local, nonlocal, and total DOS of isolated
La@Cyg, and isolated Cgy molecules are presented in Figs. 4(a)
and 4(b). It is evident that La** inside the carbon cage greatly
stabilizes the s-SAMO but has a much smaller effect on
the p-SAMOs. Not having a Cg, sample, we analyze the
stabilization effect of La on the SAMOs by using Cgp molecule
as a reference. The Cgp and Cg, cages support SAMOs with
quite similar properties, except that the binding energy of the
s-SAMO for Cg, with respect to vacuum energy is predicted
by DFT calculations to be ~0.27 eV larger than for Cg
on account of its larger cage.® Comparing the SAMOs of a
La@Cg, molecule on the Cgp monolayer with a Cgg molecule
on the Cgp monolayer (Fig. 5), we find that (i) the s-SAMO in
La@Cg; is much closer to the £ and (ii) the energy difference
between s- and p-SAMOs in La@Cg; (2.86 V) is much larger
than that for Cgp molecules (0.56 eV). These s-p gaps are
quite comparable to the calculated ones for La@Cg;, and Cgy,
indicating that the experimental comparison between La@Cg,
and Cg is reasonable. This analysis leads us to conclude that
the s-SAMO is stabilized by nearly 2 eV by hybridization
with the 6s state of endohedral La>* ion. At the same time, we
find that the apparently weaker interaction between p-SAMOs
with the higher-energy 6p state of La3* stabilizes p—SAMO
by only around 0.5 eV.

Our results confirm that the stabilization of the s-SAMO
is realized by introducing La into the carbon cage, whereas
the p-SAMO is less affected. Such stabilization has been
predicted by DFT calculations, and a simple picture is given
in Sec. III. Our measurements and spectroscopic assignments
give clear evidence for s-SAMO stabilization by EAs. Similar
conclusions can be drawn by extending our analysis of the
electronic spectra of other endohedral fullerenes, which have
been previously reported in the literature, as will be elaborated
at the end of this section.
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B. The effect of metal substrates

Finally, we discuss the influence of metal substrate on the
SAMO energies. Our results indicate that interaction between
the La@Cg, molecules and the metal substrate provides an-
other mechanism for stabilizing the SAMOs. Interpreting the
La@Cg,-Cu(111) substrate interaction is complicated by the
uncertain structure of the interface.3>>78 It has been reported
that adsorption of endohedral metallofullerene molecules can
cause a reconstruction of the metal atoms underneath the
molecules on Cu(111) surface.’ Depending on the deposition
and annealing conditions, Cgy molecules can displace metal
atoms to dimple the surface.®’ In the particular case of our
measurements, the molecules are adsorbed on step edges
where the local surface structure might have a particular effect
on the molecule-substrate interaction.

Despite the uncertainty of the molecule/metal interface
structure, we observe similar substrate effect on SAMOs of Cg
as for La@Cg, molecules. Figures 6(a) and 6(b) show the STS
of La@Cg; and Cgp molecules on the Cgy monolayer/Cu(111)
and Cu(111) surfaces. Comparing the spectra in Figs. 6(a) and

- (a)

p-SAMO
——c,/Cu(111) 0.24 eV
L ——C,/C,, ICu(111) -

s-SAMO
LUMO+2 '

d(Inz)/d(InV) (arb. unit)

0 1 2 3 4
Voltage (V)

(b) p-SAMO}

La@C,,/Cu(111)
La@C,,/C, /Cu(111)

s-SAMO | .54

d(Inz)/d(InV) (arb. unit)

2 3 4
Voltage (V)

FIG. 6. (Color online) The Cu(111) substrate effect on the
SAMOs. (a) d(Inz)/d(InV) spectra of Cg on Cu(l1l) and
Cgo/Cu(111) surfaces. (b) d(Inz)/d(InV) spectra of La@Cg, on
Cu(111) and Cg/Cu(111) surfaces. In both cases, the energy levels
shift down in the presence of the Cu(111) substrate.
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6(b), we see similar energy downshift for the s-SAMO and
other resonances (LUMO + 2 or La 5d) at proximate energies
to the s-SAMO when both fullerenes are adsorbed on Cu(111).
This suggests that similar mechanism is involved in the
stabilization by the metal substrate. The interaction between
Cgo molecules and Cu(111) has been extensively studied and
interpreted.®"-%> Charge transfer from the Cu(111) substrate
to Cgo is the primary manifestation of their interaction. A
charge transfer of 0.8 electrons® %> can be attributed to the
image-charge interaction,®* which causes a rigid downshift of
Ceo electronic states; when the LUMO of free Cgy molecule
is depressed below Ey, the charge flows from the metal
surface to Cgp molecule. In the case of La@Cg,, although the
Cs, cage receives three electrons from La atom even before
chemisorption,**° further charge transfer is possible to the
partially occupied SOMO state.

Through the interaction with the metal substrate, the
s-SAMO becomes the lowest-unoccupied state that can be
detected in the STM spectroscopic measurements. The La 4 f
state is predicted to be below s-SAMO, but its localized nature
within the cage hinders observation in a STM measurement.
This result suggests that an EA with similar ionization potential
to La, but without low energy, unoccupied 4 f states might
stabilize the s-SAMO to make it the LUMO of endohedral
metallofullerene at interface with a metal.

C. Comparison with other endohedral fullerenes

The unoccupied electronic structures of Dy@Cg, and
Lu@Cg, molecules based on d7/dV spectroscopy also have
been reported in the literature.*>% In these studies only
LUMO or EA states were considered as possible candidates
for the spectroscopic assignments, because the SAMOs had
not yet been discovered. The Dy 6s state was reported to
be at ~2.04 eV above E;.*> Based on the anticorrelation in
Fig. 1, however, we can assign it to the s-SAMO of Dy @Csg,
according to the ionization potential of Dy and the expectation
that the 6s state will hybridize with the s-SAMO. We can
make a similar assignment to the 2.3-eV resonance found in
the case of Lu@Cs,.% We note that in Lu@Cs, molecules,
Lu atoms with the electronic configuration [Xe] 6524 f 145!
donate approximately three electrons to the cage.’® In this
case, the Lut ion has a closed shell with the 4 f states
being fully occupied. Therefore, the LUMO is a cage state
and the LUMO + 1 is the stabilized s-SAMO.% If the charge
transfer from the substrate to Lu@Csg; is sufficient to fully
occupy the LUMO of the free molecule, then the s-SAMO
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becomes the LUMO of the chemisorbed Lu@Cg, /substrate
system. This will, in general, be the case for EAs with closed
shell configurations, which donate their valence electrons to
the fullerene cage. In the case that endohedral fullerenes
contain clusters rather than atomic inclusions, we expect
similar interactions to occur between the unoccupied orbitals
of the cluster and SAMOs of the fullerene cage, with
potentially novel outcomes. Indeed, we found such hybrid
SAMOs in the case of monomers and clusters of Sc;N@Cg,
molecules. 76768

VI. CONCLUSIONS

In conclusion, by combining STM spectroscopic measure-
ments with DFT electronic structure calculations, we have
demonstrated that s-SAMO of Cg, fullerene is lowered by
about 2 eV through the interaction with the endohedral La
atom. The influence of the metal substrate further stabilizes
the s-SAMO energy to ~1 eV above the Fermi level. The first
phenomenon can be understood as a consequence of orbital
hybridization between the Cs SAMOs and the internal atoms.
The degree of stabilization is directly related to the ionization
potential of the endohedral metal atom.® The second phe-
nomenon is a substrate screening effect, which further modifies
the properties of the fullerene-metal interface. Therefore, our
result show that the judicious doping of fullerenes with atoms
that have the appropriate electronic structure can stabilize
the s-SAMO so that it is a frontier orbital, and its bands
can contribute to NFE transport of nanostructures and solids
formed of such molecular solids. Our experimental findings
confirm that endohedral metallofullerene molecules doped
with high ionization potential metal atoms, such as Er and
Cu, have the potential of stabilizing the s-SAMO state with
NFE properties to near E .0
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