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ABSTRACT: Understanding the character of superatom molec- @ i — | @ @ 7
3@

o o

ular orbitals (SAMOs) of fullerenes, especially those of the
endohedral fullerenes, can potentially facilitate the utility of these |.ce
molecules in organic electronics beyond conventional limits.
However, the detailed nature of SAMOs in molecular films on
substrates has yet to be unraveled. Using density functional theory,
we investigate the wavefunction distributions and electronic
structures of SAMO states of a Li@Cg, monolayer in dependence
on the position of Li within the cage and the type of substrate
species. We find that the characteristics of the SAMOs in terms of
shape and energy are quite sensitive to the Li position due to
different charge redistributions. The substrate affects the
intermolecular distances in the Li@Cy, films and modifies the
widths and dispersion of the SAMO bands while retaining energetics similar to that of the isolated Li@Cgx, monolayer. The substrate
also affects the SAMO effective masses, making it possible to tune them via substrate-induced interaction. A properly chosen
substrate can so be beneficial for Li confinement and SAMO stability, reflecting the molecule—substrate interaction and the charge
transfer at the interface. These findings provide insights into the design and engineering of SAMOs of molecular films.
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Bl INTRODUCTION

Fullerene,' one of the most vital molecules in the field of

extremely weak electron—phonon (e—ph) interaction, so being
a “phonon bottleneck” for hot electron cooling,'”

organic electronics, has been proposed to be a good candidate
for capturing individual atoms’™* and small clusters,””’
resulting in new exciting electronic properties and potential
applications. Among the endohedral fullerenes, molecular
materials based on Li@Cgy" ' remain extremely interesting
and promising for applications in nanotechnology. The
discovery of nearly free electron (NFE) bands in empty states
of Cg, constitutes one of the most significant achievements in
this area in recent years, suggesting enhancement of transport
properties of fullerenes. Though the concept of diffuse empty
states was defined already in 1991 by Martins et al. and Jost et
al,'"' the idea of superatom molecular orbitals (SAMOs) was
introduced first in the context of Cg,'” based on results from
scanning tunneling microscopy (STM) and density functional
theory (DFT), and in particular, with the observation of
delocalized SAMO states. Later, utilizing two-photon photo-
emission and STM techniques, SAMO states were confirmed
at ~3.3'* and ~3.63 eV'* for s-SAMOs depending on the used
substrate. It has been found that the spherical harmonic
distribution induced by the Cg, cage potential is responsible
for the binding in SAMO states. Subsequently, their stability
and long-lived nature were explained by many-body
perturbation theory calculations of the quasiparticle decay
times.'® SAMO states have been proposed as ideal media for
charge separation due to their diffuse character resulting in
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One of the main challenges in Cgy SAMO applications is the
relatively high energy of SAMOs with respect to the Fermi
level. Endohedral doping of Cy, with Li has been proposed as a
promising way for lowering the SAMO energy in Li@Cg,
compared to Cqy—a 1.6 eV energy downshift of the s-SAMO
was predicted in ref 18. It has also been found that due to the
presence of Li inside the cage, symmetry is broken with
asymmetrical spatial distributions of the superatom orbitals."”

SAMOs of isolated endohedral Cq, molecules have been
rather widely studied, while SAMOs of adsorbed molecules,
especially in monolayer form, were not characterized until our
recent report20 in spite of their importance in practical
applications.'””"  Implementation of fullerenes into a real
nanodevice always assumes interactions with a substrate, which
can significantly change their electronic properties. For
adsorbed molecules, a sizable interaction of SAMOs between
adjacent molecules is important to realize a delocalized band
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and so to make the system suitable for electron transport.
Previously, it was challenging to produce ensembles of Li@Cg,
molecules with uniform adsorption geometry due to their
considerable reactivity. However, recently, we used the weakly
bonded [Li*@Cg]NTf,” salt to produce a Li@Cg, monolayer
on Cu(111), which contained an unprecedently large amount
of Li@Cg, molecules in a monolayer form.”® Utilizing a state-
of-art STM technique and first-principles calculations, we
directly visualized the delocalized states produced by the p,-
SAMOs of the Li@Cg, monolayer adsorbed on the Cu(111)
surface. It has also been shown that there is a gap in the
alteration of SAMOs depending on the Li position, which can
be tuned by STM.”> However, the surface effect has still
remained unclear.

Here, using first-principles calculations, we calculate the
SAMO wavefunctions of endohedral doped Li@Cg, on pristine
Cu(111) and Au(111) crystal surfaces and for different Li
positions to reveal how the shape and the energy of SAMOs
are determined. It is demonstrated that the substrate affects
mainly the dispersion of SAMOs through the molecule—
substrate interaction and that it changes the molecular
ordering and Li confinement, while the effect on the energy
of the SAMOs is minor. On the other hand, the Li position
significantly changes the energy of the SAMO levels and affects
the shape of their wavefunctions.

B THEORETICAL METHODS

To realize the model as closely as possible to the real material,
one has to utilize periodic boundary conditions, which were
previously applied also in calculations of two-dimensional
(2D) Cg, arrays.”” Here, we employed density functional
theory (DFT) calculations with plane-wave basis sets using the
D3-corrected®® Perdew—Burke—Ernzerhof (PBE) exchange
functional™ in the form implemented in the Vienna Ab initio
Simulation Package (VASP).”**” We used the projector
augmented wave (PAW)*® method and a 450 eV cutoff ener
of the plane-wave basis set. The Monkhorst—Pack scheme”
was used to sample the first Brillouin zone (BZ) by 6 X 6 X 1
k-points. The convergence tolerances of forces and electronic
minimizations were 107 eV/A and 107° eV, respectively. The
vacuum region was set to at least ~12 A to avoid any spurious
interaction in the z-direction. Visualization for Electronic and
Structural Analysis (VESTA) software’’ was utilized to plot
atomic structures and isosurfaces. The “vaspkit” code was
employed for postprocessing the results.”'

B RESULTS AND DISCUSSION

A well-ordered lattice of close-packed Cg4, and Li@Cg,
monolayers can be formed on the 4 X 4 Cu(111)
superstructure. The calculated unit cell of bulk Cu (3.629
A), which perfectly coincides with experimental data (3.613
A)** was used to construct a 4 X 4 Cu(111) slab composed of
96 Cu atoms in six layers. Two bottom layers were fixed to
represent a transition to copper bulk parameters. Abundant
experimental and theoretical data propose that Li@Cgy, as well
as Cg, adsorb on the Cu(111) surface on hollow sites with a
threefold symmetry hexagonal face.”> Therefore, we placed
Li@Cg, on the 4 X 4 Cu(111) surface (Figure 1a) above the
hep sites. Electronic structure calculations were carried out for
six positions of Li inside the Cq4, cage (Figure 1b). We found
that Li in the top position (1), just below the top hexagon, is
0.13 eV energetically favorable compared to the bottom Li
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Figure 1. (a) Top and side views of equilibrium geometry of Li@Cg
on Cu(111). (b) Six positions of Li inside the Cy, cage. (c) Density of
states of Li@Cg/Cu(111) projected on Li@Cg, (gray filling) and
SAMO states (blue fillings). The SAMO states are multiplied by a
factor of 3 to guide the eye. The Fermi level is set to 0 eV.

location (6), something that can be referred to as the
Coulombic repulsion between the positive Li ion and the Cu
slab and that it is displaced from the cage center by as much as
1.54 A. Because of this, the Li ion inside Cg, on the copper
surface resides mostly within the upper hemisphere even at
room temperature, as confirmed by ab initio molecular
dynamics simulations,”” making it easily accessible by the
STM technique.””**

The projected density of states (PDOS) of the SAMOs are
determined by employing the electronic structure calculations
and are shown in Figure Ic. The lowest energy of the 1s-
SAMO has the same energy as that of the lowest unoccupied
molecular orbital (LUMO) + 2 state. In contrast to C,, where
the 1s-SAMO is located above LUMO + 3,'® the presence of
Li inside the shell lowers the 1s-SAMO to the LUMO + 2
region. Previously, we have reported that the LUMO + 2 state
is altered by the presence of Li, resulting in an enhanced LDOS
around 2.15 eV,” while Stefanou et al. interpreted this peak as
caused by the s-SAMO."” Now, we can clearly see that both
interpretations are correct because both LUMO + 2 and 1s-
SAMO are located in the same energy region. The presence of
Li induces the overlap of the wavefunctions of Li and Cgy,
resulting in their hybridization and induced asymmetry of the
1s-SAMO. Therefore, the increased LDOS in the LUMO + 2
region as compared to Cq,/Cu(111) is caused by the presence
of Li and the respective 1s-SAMO.

Recently, it has been demonstrated that the Li position
inside the Cg, cage can be switched by STM through an
inelastic scattering mechanism.”> Therefore, it is of key
importance to investigate how the Li position affects the
SAMO states. Figure 2 exhibits the evolution of different
SAMOs depending on the Li position inside the fullerene cage.
At the equilibrium geometry, where Li resides just below the
upper hexagon, the 1s-SAMO state is delocalized within the
upper hemisphere with its wavefunction aligned toward the
slab. However, one can expect the opposite feature when Li is
located at the bottom position. Therefore, the 1s-SAMO has
an asymmetrical form, the distribution of which depends on
the Li position inside the Cg, cage. Irrespective of the Li
position, there is no significant wavefunction distribution of 1s-
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Figure 2. Wavefunction distributions of 1s-, p-, 2s-, and p,,-SAMO
states of Li@Cq/Cu(111). The numbers in the upper panel
correspond to Li positions marked in Figure 1b.

SAMO above the molecule, and the most prominent
distribution can be observed inside the Cgq, cage. The other
(p. 2s-, and p,-) SAMOs demonstrate clear interaction with
the Cu(111) surface at some Li positions, and the wave-
functions of the nearest neighbor Li@Cg, overlap depending
on the Li position.

When Li is located in the upper part of the Cq, cage with
respect to the surface, the p,-SAMO can be observed outside
the cage (Figure 2, columns 1—3) with prominent electron
density distribution overlapping with the nearest neighbor
molecules, resulting in nearly free electron states."®** Once the
Li position changes to 4, S, or 6 (i.e., bottom part of the cage),
the p,-SAMO starts to interact with the copper slab, resulting
in a clear overlap between them. The intermediate positions
exhibit distorted SAMO behavior inside the cage. In contrast,

the 2s-SAMO can only be seen for those Li positions where Li
resides in the bottom hemisphere of Cg, (i.e., 4, 5, and 6) due
to its nature of distribution at the opposite side of the cage. We
find that in these positions, the 2s-SAMO strongly interacts
with the nearest neighbors, showing that the wavefunctions
overlap in intermolecular space. Therefore, the wavefunction is
distributed not over the molecules like in the case of the p,-
SAMO, but between them, also resulting in delocalized states.
At the same time, the upper Li locations (1, 2, and 3) lead to
interaction between the 2s-SAMO and the copper slab, making
it invisible for STM measurements. The p,,-SAMO is located
at 4.4—5.0 eV, according to our calculations, which is
comparable to the region reported experimentally for Li@
Cgo/Au (111) (4.5—5.5 V) by Stefanou et al.'’ Therefore,
using the state-of-art STM technique, one could expectedly
switch the position of Li inside the cage”” and observe different
SAMOs experimentally.

It can be anticipated that the position of Li affects not only
the wavefunction distribution but also the energy of a SAMO.
For each Li position, we have plotted the projected density of
states (Figure 3). The gray fillings correspond to the
equilibrium state of Li, while the black lines correspond to
the bottom metastable position of Li. One can see that the
SAMO PDOS is significantly altered by the Li position and
general behavior is the same for respective SAMO in every
case. The most stable Li position results in lower SAMO
energy, therefore, for such a state, the SAMO is stabilized. On
comparing the PDOS plot for different positions of Li (2 and
3), a major shift in the peak is observed only for the 1s-SAMO
states and, somewhat surprisingly, the PDOS plot of position 3
of Li nearly overlaps with that of position 1. A blue shift of
~0.1—0.15 eV occurs for the bottom Li position (6) compared
to that of top (1). The most prominent shift is seen for the 1s-
SAMO. The intermediate Li positions lead to intermediate
electronic states (between (1) and (6)). All data are well
reproduced for each SAMO, and the order of the peaks
correlates perfectly.
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Figure 3. Projected density of states of different Li positions inside C¢y on Cu(111) for various SAMO states. The SAMOs are listed in bold, and

the numbers correspond to Li positions depicted in Figure 1b.
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To get a deeper insight into this effect and explain the nature
of SAMO shifts upon Li switching, the charge transfer to the
cage from the surface and Li was analyzed using Bader charge
analysis (BCA),** as implemented by Henkelman et al.*>*® We
could conclude that the Bader charge is well converged with
reference to the current mesh—the precision of the BCA in
the conservation of charge is here evaluated based on the total
number of valence electrons obtained by integrating over the
Bader regions. We find that at the Li(1) position, 0.06 e is less
transferred to the cage as compared to the Li(6) position,
something that is likely responsible for the small energy shift of
SAMOs. We believe that the effect primarily results from Li
interaction with the Cg, cage, where a stronger overlap causes a
blue shift. Although this conclusion is not very intuitive, it has
indeed been demonstrated that the location of Li exactly in the
center of the Cg, cage, where the interaction with the cage is at
a minimum, reveals a 0.85 eV smaller E—SAMO gap
compared to the optimized position.'® This confirms our
assumption. It follows that effective manipulation of the
endohedral position can help to achieve the desired E—
SAMO gap.

Next, to determine the shape of single-molecule SAMO
states and to reveal the interaction distance between the
SAMOs, we simulate an enlarged supercell containing one Li@
Cgo molecule per 8 X 8 Cu(111) slab (Figure 4), with an
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Figure 4. SAMO states of Li@Cg4y and Cg molecules separated by
2043 A on an 8 X 8 Cu(l1l) superstructure. (a) Selected
representative SAMO states, (b) dz_2,-SAMO states, and (c) d

~y gy
(left panel) and d,, . (right panel)-SAMO states.

intermolecular distance of 20.43 A. This distance corresponds
to one omitted Cg4 site. Figure 4a shows the most
representative SAMO states. One can see that the p,-SAMO
has a clear mushroom-hat-like form for both Li;,,@Cg and Cgy

molecules, while the 2s-SAMO of Lipuom@Cgy poOssesses
strongly delocalized features, revealing an orbital overlap of
neighboring molecules at a distance of more than 2 nm with
the formation of delocalized states in the intermolecular
region. The practical realization of these states could
significantly enhance the conductivity of the well-ordered
monolayer via the realization of the band transport. However,
we should note that this state is not an equilibrium state (due
to substrate-induced repulsion), and additional external stimuli
are required to stabilize Li in the bottom hemisphere.

Although most s- and p-SAMO states reveal similar shapes,
we are able to identify the five d-SAMO orbitals. All of these d-
SAMOs are located ~0.3 (Cq) and 0.4 eV (Li@Cy,) higher
than the respective p,,-SAMO and lie close to each other
within an energy window of 0.1 eV. In Figure 4b, the d_,,-
SAMO reveals strongly delocalized features, demonstrating a
spread of these states in the intermolecular region. At the same
time, the d- and d,,,.-SAMOs reveal electron distributions
just above the Cg, cage (Figure 4c). The shape of the outside
distribution of the d_:-SAMO is not so strongly affected by the
Li position and is always visible over the fullerene molecule
with minor differences in wavefunction distribution. The
plotted shape of the d,, .-SAMO is in excellent agreement with
previous low-temperature STM images reported by Petek and
colleagues."”’

To investigate the effect of a substrate on the SAMO states,
we calculated a well-ordered Li@Cg monolayer on the
Au(111) surface for two different positions of Li inside the
cage (top and bottom, which are similar to those of the Li@
Cgo monolayer on Cu(111) surface). Several studies reported
the deposition and diffusion of Cg on the Au(111)
surface,”** including the experimental findings by Gardener
et al,” which demonstrated highly mobile vacancies at the
Céo/(Z\/3 X 2\/3) R30° Au(111) interface. Recently,
Villagomez et al. reported that the most stable adsorption
site of Cgo/Au(111) is hexagonal,”” which is similar to that of
copper. However, we note that typically mixed orientations of
the Cgq, cage with respect to the Au(111) surface are observed
in experiments. Based on the previous information and the
ability of direct comparison of the results to the Li@Cgy/
Cu(111) case, we have adopted a structure with Li
encapsulated Cq, on the (2\/ 3 X 2\/ 3) R30° surface of
Au(111) with a hexagonal orientation of Cg toward the
surface to study the super atomic molecular orbitals. The
lattice parameter of the (2\/3 X 2\/3) R30° Au(111) surface
equals 9.96 A, which is ~3% smaller as compared to that of 4 X
4 Cu(111). Therefore, fullerenes are placed a bit closer to each

Li@C,,/Cu(111)

Li@C,,/Au(111)

isolated Li@C,, (Cu)

E‘/R?;E;\\”
4 %;2
0 EE———l] I e
—— —]
MK M K

Figure S. Band structures of (a) Li@Cg/Cu(111) and Li@Cgy/Au(111) and (b) isolated single-layer (SL) Li@Cg, with the same lattice parameter
like on the copper (left panel) and gold (right panel) surfaces. The 1s-, p,-, 2s-, and p,,-SAMOs are indicated by pink, blue, red, and green lines,

respectively. The Fermi levels are set to 0 eV.
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other, resulting in a stronger overlap between them. We found
that the spatial electron density distributions of the delocalized
SAMO states in the case of Li@Cqy/Au(111) are similar to
those of our previous findings for the Cu(111) surface. The s-
SAMO is delocalized within the cage, whereas the p, and p,,
SAMOs are both inside and outside the cage, similar to the
case of copper.

To demonstrate how the SAMO states are affected by the
substrate, we calculated the band structures of the Li@Cgy/
Cu(111), Li@Cg/Au(111) heterostructures, and isolated
single-layer (SL) Li@Cg, as shown in Figure S. The band
structures of the isolated monolayers (Figure Sb) are similar to
the one previously reported in ref 18. The minor difference in
PxySAMO can be assigned to the use of the same cell
parameter as for Li@Cgy on Cu(111) and on Au(111) in the
current research but could be different from that in the relaxed
monolayer. The monolayer—substrate-induced interaction
results in changes in the band dispersion of all SAMOs
(Figure Sa). As compared to the isolated Li@Cgy, monolayer,
the SAMO band dispersion becomes stronger in part of the
momentum space in the case of Li@Cgq/Cu(111). It could be
noted that in the Li@Cg/Cu(111) heterostructure, 1s-SAMO
has a positive dispersion, whereas p, and 2s show very flat and
sometimes a negative dispersion. This can be explained by
strong interaction with the copper substrate and, as a result,
significant charge transfer, which affects the band dispersion.
Especially, this can be seen in the difference between the
SAMO dispersion in Li@Cgy/Cu(111) and Li@Cgy/Au(111),
which can be assigned to the different charge transfers from the
substrate and to different Li@Cy, intermolecular distances.
The charge transferred from the substrate in Li@Cq,/Cu(111)
induces wider SAMO band dispersions, while for the minor
charge transfer in Li@Cqy/Au(111), the SAMO band widths
are more or less preserved, similar to isolated monolayers. At
the same time, one can observe a negligible amount of change
in the energies of the SAMOs with respect to the Fermi level
between Li@Cg,/Cu(111) and Li@Cg/Au(111). However,
the energies are comparable, indicating an insignificant effect of
the substrate on the shift of the SAMO band energy.

To make the study more systemic, we additionally calculated
the band structure of Li@Cg on the Ag(111) surface (Figure
S1), which has a similar lattice to Au(111). One can see that
the trend on energies of SAMO bands is similar to that of Li@
Cgo on Cu(111) and Au(111) surfaces. The charge transferred
from the Ag(111) surface to the cage (0.42 ¢) is larger
compared to that transferred from Au(111) (0.034 ¢), inducing
wider SAMO band dispersions as compared to Au(111).

It should be noted that a real Cq,/Cu(111) interface can
demonstrate the reconstruction of the copper surface revealed
in nanopits.4l_43 Such a kind of reconstruction represents
removing part of the top copper layer, forming cavities on the
surface where fullerenes can reside. Because more carbon
atoms directly interact with copper atoms in this configuration,
it is expected that more pronounced charge transfer should
take place. Indeed, it was previously demonstrated that up to
three electrons can be transferred to Cy, due to a reconstructed
interface with ordered seven-atom vacancy holes in the
surface.”” Thus, we carried out electronic structure calculations
of Li@Cgy on the Cu(111) substrate with nanopits (Li@Cgo/
Cu(lll)Pits), as shown in Figures S1 and S2. The results
demonstrate that charge transfer from metal to the cage
reaches 1.27 e. This value is twice larger compared to charge
transfer in unreconstructed Li@Cg,/Cu(111). In this case, the

dispersion width of the higher-lying p,,-SAMO is found to be
altered. Here, we would like to note that our theoretical data
on unreconstructed Li@Cy,/Cu(111) is also in fair agreement
with recent experimental observation in terms of SAMO
energies as well as STM images for Is- and p,-SAMOs.” Tt is
also clear that SAMO band dispersion strictly depends on the
support.

The dispersion of SAMO states suggests that there is a
correlation between the nature of a substrate and the SAMO
band width. In the case of Cu(111) and Cu(111),;,, p-SAMOs
are mostly affected, while for Ag(111), s-SAMOs are mostly
altered. Therefore, we believe that substrate states in certain
energy regions hybridize with Li@Cyy, affecting the dispersion
of certain bands. At the same time, heterostructures of Li@Cg,
and a substrate with weak binding preserve a very similar band
dispersion to that of the isolated monolayer.

As SAMO states are beneficial for transport applications and
reveal delocalized electron density, it is required to calculate
effective masses of low-lying s- and p,-SAMO bands to have
some estimation of the transport properties. Therefore,
effective masses are calculated for Li@Cg, on Cu(111) and
also for the isolated monolayer to highlight changes that take
place due to the substrate. Effective masses are evaluated
numerically by the second-order polynomial fitting of the
calculated band dispersion curves around the high-symmetry
points with low-lying states (Table 1). The calculated effective

Table 1. Effective Masses (in m, = 9.11 X 107! kg) of
SAMO Bands for 2D Li@Cg,

Li@Cq Li@Cg/Cu(111) Li@Cg"
s-SAMO 1.4(I) 0.7(T") L5
p,-SAMO 1.1(I), 0.8(M) 0.9(T"), 0.4(M) 12

“Results were taken from ref 18.

masses for the s-SAMO are compared to the p,-SAMO
similarly to Cg.'® By comparing the effective masses of the
free-standing Li@Cg, layer and Li@Cgy/Cu(111), obviously,
the interaction of Li@Cg, with the Cu(111) substrate is
beneficial for the SAMOs, making the respective band
dispersion steeper, therefore affecting transport properties.
The present results are qualitatively similar to those reported
previously for isolated 2D Li@Cg,.'® However the effective
masses found in the present work are a bit lower compared to
the previously reported ones. In addition, we demonstrate that
the carrier mobility of the p,-SAMO of Li@Cg, should be
calculated in a highly symmetrical M-point instead of the I'-
point because the respective band dispersion possesses the
lowest energy in the M-point (Figure S) and it has not been
considered previously. The complete band structure was also
yet to be reported until the present work.

To validate our results, we also calculated effective masses of
s- and p,-SAMO bands of the C4 monolayer without Li
doping (Table S1). The calculated effective mass of s-SAMO
equals 0.7 m, for a lattice constant of 4 X 4 Cu(111) (a = 10.26
A), while effective masses of p,-SAMO are 0.9 and 0.4 m, for
the band dispersion fitted in I'- and K-points, respectively. We
find that these results are in qualitative agreement with the
previously reported ones,'® although the effective masses may
be underestimated. It is clearly seen that, with Li doping, the
wavefunction of s-SAMO becomes localized, and the band
becomes flat in the I'-point.
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It is important to compare the effective masses of the free-
standing Li@Cq, (Cg) layers and those on the Cu(111)
substrate (Li@Cg, (Cg)/Cu(111)). For both cases of Li@
Cg/Cu(111) and Cg/Cu(111), the monolayer with the
Cu(111) substrate shows a reduced effective mass of both s-
SAMO and p,-SAMO. The detail of the change in the s-SAMO
band near the I'-point is shown in Figure S3. Note that the
lattice parameter for the Li@Cg, (Cgo) monolayer is the same
as on the substrate. Therefore, the difference in the effective
mass should be only due to the presence of the substrate.
Although this effect of the substrate on the dispersion of the
SAMO bands is quite important to control the SAMOs of the
Cgo films, the mechanism behind this effect should be
profound. For example, Figure S1 shows that in the case of
Li@Cqo/Ag(111), a significant effect is seen in 2s-SAMO, and,
in the case of Li@Cgy/Cu(111) with the pit structure in the
top layer of the substrate, p,,-SAMO is affected. Therefore, the
SAMO dispersion is rather sensitive to the electronic states at
the interface, and a detailed understanding of their relationship
will be necessary for the manipulation of the SAMO bands.

There are two important reports on the Li@Cgo/Au(111)
interface revealing that the p,-SAMO lies below the Is-
SAMO'”** This could be the basis for realizing practical
applications. However, such an order is not intuitive because
normally, these orbitals have reverse order and are well
separated (~1.6 eV) for Li@Cy, monolayers with and without
Cu(111) support. We do not expect that a relatively inert
Au(111) surface can induce such a drastic change in SAMO
states. Figure 6 demonstrates that the PDOS peaks for 1s-, p,-,
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Figure 6. Calculated projected density of states (DOS) of s- and p-
SAMO states for Li@Cqy/Au(111). The SAMOs are multiplied by a
factor of 3. The Fermi level is set to 0 eV.

and p,,-SAMOs are very similar to that of the Cu(111) case
and are found to be 2.0—2.4, 3.7—4.1, and 4.8—5.2 eV.
Comparing the DOS plots between Li@Cgy/Cu and Li@Cg,/
Au (Figures lc and 6), one can find that the SAMOs of Li@
Cgo/Cu have wider peaks than those on the Au substrate,
which is related to the difference in intermolecular distances
and charge transfer from the respected substrate. In
comparison with our previous results for Li@Cq on a
Cu(111) surface, a small shift of about 0.3 eV to higher
energies is seen for the p,-SAMO. The difference in the
energy between the Cu and Au substrates can also be related to
the intermolecular distance of the respective fullerene
monolayer, resulting in different crystal field effects. Therefore,
the reported p,-SAMO of Li@Cgo/Au(111) at ~1.5 eV by M
Stefanou et al.'” and ~1 eV by Chandler et al.”* was likely
assigned to the LUMO + 1 state, while LUMO + 2 was
assigned to the LUMO + 3 region. We believe that the
comparison of STM results with the results of PBC
calculations is more reasonable due to the fact that a more

realistic model is employed, including interactions with the
surface and nearest neighbors. We have additionally carried out
Li@Cgq/Cu(111) calculations with the hybrid HSE06 func-
tional** to verify that our results were not affected by the
theory level and found the same SAMO order with some
energy shift compared to PBE. This once again confirms our
results and demonstrates that SAMO order is not sensitive to
functionals.

Furthermore, the charge transfer to the cage from the surface
and Li (top) is calculated using Bader charge analysis to
determine the effect of the substrate on the SAMO states. The
net charge of the Cg, cage is observed to be —0.93 ¢, indicating
that the charge is acquired from Li and the Au(111) surface.
The amount of charge transferred from the Li atom to the Cq,
cage (0.899 ¢) is comparable to that of Li@Cg/Cu(111),
whereas a very small amount of charge (0.034 ¢) is transferred
from Au(111) to the cage which confirms the absence of
covalent bonding between the surface and the Cg, cage. This
also explains the nonuniform orientation of the Cg, cage with
respect to the Au(111) surface found in many experimental
observations in contrast to the Cu(111) surface, where all of
the deposited molecules are well-ordered within an island. The
amount of charge transfer from the substrate to the cage is
found to be 0.015 e in the case of the bottom position of Li
inside the cage which confirms that the top position of Li is
more energetically favorable than the other positions. Indeed,
the energy difference between the different positions of Li
inside the cage is negligible compared to that of the Cu(111)
surface, and the top position is found 0.06 eV more favorable
compared to the bottom one. Therefore, the confinement of Li
is not as strong as in the case of Cu(111). ** This also shows
that there is a significant difference in the stability of the p_-,
2s-, and p,,-SAMOs of Li@Cy, on different substrates. We
expect that Li will be rather delocalized in Li@Cgy/Au(111)
and therefore that this could result in difficulties with the
formation and experimental determination of the delocalized
SAMO bands.

The above comparison results in the important conclusion
that the dispersion of SAMO states depends on the amount of
charge transferred from the substrate, while it cannot provide
any sizable effect on the energies of low-lying SAMO states.
The realization of the C4, monolayer on a phosphorene
surface® also did not demonstrate any sizable effect on the
SAMO level doping that confirms our assumption. Therefore,
the nature of the fullerene itself and endohedral doping are
primarily responsible for the SAMO energy.

B CONCLUSIONS

Based on first-principles calculations, we systematically
investigated the evolution of superatom molecular orbitals in
Li@Cyg, on different substrates and with respect to different Li*
positions. We demonstrated that changing Li coordination
inside the Cq, cage leads to a significant alteration of SAMO
wave functions and changes in the SAMO electronic structure.
The equilibrium Li position under the top hexagon of Cq,
reveals the lowest SAMO energies for all superatom molecular
orbitals. The electronic structure calculations demonstrate a
minor substrate effect for the SAMO energies but also that a
substrate causes a noticeable change in the SAMO band
dispersion through the charge transfer and the modification of
the intermolecular distance and confinement of Li. This
reflects the molecule—substrate interaction and the electron
transfer at the interface. Therefore, although the substrate

https://doi.org/10.1021/acs.jpcc.2c02098
J. Phys. Chem. C 2022, 126, 15891—-15898


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c02098/suppl_file/jp2c02098_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c02098/suppl_file/jp2c02098_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c02098?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c02098?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c02098?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c02098?fig=fig6&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c02098?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

effects are still comparatively small, a substrate must be
correctly selected to form a well-ordered Li@Cgy, monolayer
important for the creation of delocalized nearly free electron
states. Further exploration of the nature, or selection, of the
fullerene itself and endohedral doping is required to push the
SAMO energies close to the Fermi level and therefore make
Li@Cg, suitable for practical application. We believe that our
results can provide a useful step in further engineering of
superatom molecular orbitals.
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