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The structural and electronic properties of naphthalene adsorbed on graphene are studied from first principles
using the van der Waals density functional method. It is shown that naphthalene molecules are stabilized by
forming a superstructure with the periodicity of (2+/3 x 2+/3) and a tilted molecular adsorption geometry on
graphene, in good agreement with the scanning tunneling microscopy (STM) experiments on highly oriented
pyrolytic graphite. Our results predict that image potential states (IPSs) are induced by intermolecular interaction
on the naphthalene overlayer, hybridizing with the IPSs derived from graphene. The resultant hybrid IPSs are
characterized by anisotropic effective mass reflecting the molecular structure of naphthalene. By means of STM
simulations, we reveal that one of the hybrid IPSs manifests itself as an oval protrusion distinguishable from
naphthalene molecular orbitals, which identifies the origin of an experimental STM image previously attributed
to the lowest unoccupied molecular orbital of naphthalene.

DOLI: 10.1103/PhysRevMaterials.1.061001

Introduction. The emergence of image potential states
(IPSs) is a universal nature of metal surfaces, characterized
by a set of unoccupied states quantized to a Rydberg series
analogous to the hydrogen atom [1,2]. IPSs exist even on
graphene, an atomically thin two-dimensional material, where
the IPSs on the two surfaces hybridize to form a double
Rydberg series corresponding to symmetric and antisymmetric
states with respect to the graphene sheet [3,4]. More exotic
IPSs appear on curved graphene, typical examples of which
are tubular IPSs extended around carbon nanotubes [5]
and superatom molecular orbitals of Cgy fullerene [6]. The
hybridization of these IPSs results in the interlayer states
with a nearly-free-electron feature in a variety of graphitic
materials such as graphite [3], multiwalled [7,8] or bundles
[9,10] of carbon nanotubes, fullerite solids [11,12], and carbon
nanopeapods [13]. In particular, the interlayer states in graphite
are believed to be crucial for the superconductivity of graphite-
intercalation compounds [14].

In this Rapid Communication, we extend the concept
of the IPS-derived interlayer states to molecular adsorption
on solid surfaces. From an applicational point of view, it
is of particular importance to understand unoccupied states
including IPSs for improving the performance of molecular-
based electronic devices, such as organic light-emitting diodes.
Naphthalene on highly oriented pyrolytic graphite (HOPG)is a
prototype system of aromatic molecules physisorbed on a solid
surface and has been investigated intensively thus far [15-19].
Recent scanning tunneling microscopy (STM) experiments
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have revealed that naphthalene molecules form a well-ordered
superstructure with a tilted molecular adsorption geometry
at nearly monolayer coverage [17]. More importantly, the
results of angle-resolved two-photon photoemission (2PPE)
spectroscopy suggest that the lowest IPS (LIPS) behaves
almost as a free electron, despite the presence of the naph-
thalene overlayer [18]. This is explained by assuming that
the molecular overlayer is a dielectric medium with uniform
permittivity and only shifts the Rydberg series with the
effective mass m™ unchanged from the electronic mass m, [1].
However, the well-known Kronig-Penny theory [20] suggests
an increase in m* if naphthalene acts as a periodic potential
for the IPSs.

To develop a coherent picture of the IPSs at organic-solid
interfaces, we here perform first-principles calculations of
a simplified model composed of naphthalene on graphene
with the van der Waals density functional (vdW-DF) method
[21,22]. Our results predict that the interaction between
naphthalene molecules not only stabilizes the naphthalene
superstructure on graphene, but also induces extended states
analogous to IPSs on the naphthalene overlayer. The IPS-
like states hybridize with the graphene IPSs and play an
essential role in the formation of peculiar interface states with
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FIG. 1. Schematic views of naphthalene adsorption on graphene.
In the top view (a), graphene is represented with its skeleton. In the
front view (b), 6 and d denote the tilt angle and distance, respectively,
between naphthalene and graphene.
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FIG. 2. Interaction energies between naphthalene and graphene.
In panels (a), (b) and (c), energy profiles at several tilt angles are
plotted as functions of naphthalene-graphene distance for the (44/3 x
4\/3), (3«/5 X 3\f3), and (2\[3 X 2\/3) unit cells, respectively.
Circles (o), triangles (A), squares (L), and diamonds (¢) correspond
to tilt angles 6 = 0°,5°,10°, and 15°, respectively. In panel (d), the
energy minima extracted from panels (a)—(c) are plotted as a function
of the tilt angle.

anisotropic m™* in naphthalene on graphene. Here we stress
that low-lying IPSs are well described by vdW-DF owing to
the inclusion of nonlocal correlation [23].

Methods. The calculations are carried out using the STATE
code [24] with the norm-conserving pseudopotentials [25].
The plane-wave basis set is used to expand wave functions
(charge density) with cutoff energy of 64 Ry (400 Ry).
To investigate the coverage dependence of naphthalene on
graphene, we adopt three unit cells of graphene with the pe-
riodicity of (2+/3 x 24/3), (3v/3 x 3+/3), and (4v/3 x 44/3).
Correspondingly,6 x 6 x 1,4 x 4 x 1,and3 x 3 x 1 k points
are sampled in the Brillouin zone, respectively. The dispersion
forces are included through the self-consistent [26-29] vdW-
DF method [21,22] with the rev-vdW-DF2 functional [30-35].
The lattice constant of graphene obtained with the functional
is 2.46 A, in good agreement with experiments [36]. As a
reference system, the geometry of an isolated naphthalene
molecule is relaxed until the atomic forces fall below 0.08 nN
(5.14 x 1072 eV/A). A naphthalene molecule thus obtained
is AB stacked on each unit cell of graphene, as shown
in Fig. 1. To suppress unphysical interactions between the
neighboring cells, a vacuum layer of ~26A is considered.
The constant-current STM image of the system is simulated

with a density threshold of 6.76 x 1073 A~ based on the
Tersoff-Hamann method [37,38].

Tilted naphthalene on graphene. To see the role of
intermolecular interaction, we first examine the adsorption
structure of naphthalene on graphene in three coverage regimes
corresponding to the unit cells mentioned above. Stable
adsorption structures are explored by varying the distance d
and tilt angle 6 between naphthalene and graphene (see Fig. 1)
with each structure unchanged. We here ignore the tilting
along the short axis of naphthalene, since its effect turns out
much smaller than along the long axis. The interaction energy
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between naphthalene and graphene is calculated as
Ein = Enap/gra - Enap - Egra’ (D

where Enap/era, Enap, and Eg, are the total energies of
naphthalene on graphene, the isolated naphthalene molecule,
and pristine graphene, respectively. In Figs. 2(a)-2(c), the
interaction energy (1) is plotted as a function of naphthalene-
graphene distance for several tilt angles. The minimal energy
E{I‘}f“ is extracted from each energy profile by cubic-spline
fitting and plotted as a function of 6 as shown in Fig. 2(d).
For the (3\/5 X 3\/5) and (4J§ X 4«/5) unit cells, Elnn‘tln has
a unique minimum at 6 = 0°, i.e., naphthalene tends to be
parallel to graphene at low coverage, which is consistent with
the assumption adopted in the previous calculations with large
unit cells [33,39]. On the other hand, the dispersion force
between the molecules works attractively for the (243 x 2/3)
unit cell, while the parallel geometry is destabilized by Pauli
repulsion. As a result EM" displays lower minima at 6 ~ 6°,
which is roughly 5 meV more stable than at & = 0°, indicating
that the molecules are stabilized by forming a (2+/3 x 2+/3)
superstructure with the tilted adsorption geometry. The forma-
tion of the naphthalene superstructure is in good agreement
with the STM results on HOPG surfaces [17]. It is confirmed
that the tilted adsorption structure is insensitive to addition
of another graphene layer, or to a perpendicular electric field
applied with the effective screening medium method [40,41].

Hybrid image potential states. We next investigate the
electronic structure of naphthalene on graphene with a special
emphasis on the unoccupied states. To this end, we fully relax
the stable structure obtained for the (2ﬁ X 2«/3) unit cell,
although its influence on the adsorption geometry and energy
turns out to be negligibly small. We then calculate the energy
bands as shown in Fig. 3(a), where the solid (red) and dashed
(blue) curves correspond to the band structures along paths
I'M;K;T" and MK, T, respectively, in the folded Brillouin
zone (see the inset). The difference between the two band
structures reflects the fact that the sixfold symmetry of pristine
graphene is broken by the adsorption of naphthalene. For
clues about the IPSs of the adsorbed system, we here take
the LIPS of pristine graphene, the band bottom of which is
2.84 eV from the Fermi level at the I" point [42] (see Fig.
S1 of Supplemental Material [43]). Interestingly, a similar
quasiparabolic band can also be found in Fig. 3(a), where the
band bottom slightly shifts downwards to 2.79 eV. Apparently,
the latter is consistent with the 2PPE results of naphthalene
on HOPG [18], in which the band dispersion of the LIPS
seems unaffected by the molecular adsorption. However, the
large amplitudes of the graphene LIPS near the naphthalene
adsorption height d >~ 3.44 A suggest possible hybridization
with the molecular orbitals (MOs) of naphthalene.

In order to gain insight into the interaction between the
graphene LIPS and the naphthalene MOs, we inspect the wave
functions of unoccupied states labeled U;—U, at the I" point,
as shown in the lower panels of Fig. 3. From the comparison
with the naphthalene MOs, U; (Uj3) can be assigned to
a state mainly derived from the LUMO+1 (LUMO+2) of
naphthalene, where LUMO stands for the lowest unoccupied
molecular orbital [44]. Note that the positive (negative)
dispersions near I' result from the overlap between adjacent
wave functions in an in- (out-of-) phase configuration. In sharp
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FIG. 3. Band structures above the Fermi level (Ef) of (a) naph-
thalene on graphene and (b) the naphthalene monolayer calculated
with the (2+/3 x 24/3) unit cell. The energy levels of the isolated
naphthalene molecule is shown in panel (c) for comparison. In panels
(b) and (c), the origin of energy is determined so that the vacuum
level coincides with that in the adsorbed system (a). The solid
(red) and dashed (blue) curves denote the energy dispersions along
paths I'M; K I" and I'M,K, I, respectively, in the folded Brillouin
zone shown in the inset of panel (a). In the lower panels, the top
(front) views of the wave functions for several unoccupied states are
represented by isosurfaces (color plots). We show only the real parts
of the wave functions, where the red and blue colors correspond to,
e.g., positive and negative amplitudes, respectively.

contrast to the localized MO-like states, the wave functions
of U, and U, are extended both around naphthalene and
graphene. Thus these states are no longer simple graphene
IPSs, despite the presence of the quasiparabolic dispersions.
Rather, the extended behavior of U, recalls interlayer states
realized between graphene LIPSs [3], suggesting that the
naphthalene overlayer mimics graphene in the formation
of U2.

To identify the origin of the peculiar nature of U, we
calculate the energy bands of the naphthalene monolayer
without graphene as shown in Fig. 3(b). Here the geometry
of naphthalene is fixed to the adsorption structure in the
(24/3 x 2+/3) unit cell. One readily notices that there appear
quasiparabolic dispersions with band minima of 2.77 and
3.80 eV at I', which are analogous to the two lowest IPSs
of graphene. The similarity becomes even clearer from the
wave functions of the IPS-like state labeled I; (I,) in Fig. 3(b),
which is roughly symmetric (antisymmetric) with respect to
the naphthalene layer, corresponding to the LIPS of graphene
with even (odd) parity [4]. Unlike the isotropic effective mass
of the graphene IPSs m*/m, = 1.02, the IPS-like states of
the naphthalene layer exhibit a strong anisotropy in m* as
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TABLE 1. Effective masses of the IPS-like states in naphthalene
on graphene and the naphthalene monolayer estimated from Fig. 3.
The results are obtained in four directions from the I" point in the
Brillouin zone.

I - M, I' - K; I - M, I' - K,
U, 1.00 1.07 1.27 1.43
Uy 3.13 2.70 2.10 1.89
I 0.98 1.05 1.23 1.36
15 1.90 1.97 2.13 2.23

shown in Table 1. For example, I; behaves like the graphene
LIPS along the long axis of naphthalene, while it gets heavier
along the short axis. I, also shows a similar anisotropy but is
nearly twice heavier than I;. As the intermolecular separation
increases, the IPS-like states lose the energy dispersions and
convert to the Rydberg states [45] of the isolated naphthalene
molecule labeled R; and R; in Fig. 3(c). From this, it is clear
that the odd (even) parity of I; (I) originates from the s- (p-)
like orbital of Ry (R»).

We also examine how the wave functions evolve as the
naphthalene layer approaches graphene. As the naphthalene-
graphene distance is decreased, I; starts to hybridize with
the graphene LIPS with even parity, forming bonding and
antibonding states. The bonding state is initially stabilized by
the hybridization, while it is destabilized by Pauli repulsion
near the adsorption distance. As a result of the cancellation,
the energy of the bonding state U, remains close to that of the
graphene LIPS (Fig. S1), as seen in Fig. 3(a). From Table I, one
notices that U, retains the anisotropic m™ of I even after the hy-
bridization. On the other hand, the antibonding state between
I; and the graphene LIPS is destabilized monotonically as the
naphthalene-graphene distance is decreased. As a result, the
antibonding state hybridizes with the naphthalene LUMO+-2
to form Uy, hence the signature of the MO in the corresponding
wave function. More importantly, U displays an inverse
anisotropy in m* as compared with U,, which derives from
the hybridization between adjacent LUMO--2 states along the
short axis of naphthalene. We also note that the parabolic band
above Uy derives from the bonding hybridization between I,
and the graphene LIPS with odd parity. Further details about
the evolution of these unoccupied states are shown in Fig. S2
of the Supplemental Material [43].

STM simulation. Finally, we simulate the STM images
of naphthalene on graphene using the relaxed geometry and
charge density obtained for the (2+/3 x 2+/3) unit cell. For
simplicity, we neglect the shift in the energy bands due to
the electric field from the tip. The simulated STM images are
obtained at several sample bias voltages Vs as shown in Fig. 4,
where the results at negative (positive) Vs probe occupied
(unoccupied) states. The image at Vs = —1 V is characterized
by four bright spots on each naphthalene molecule, which are
asymmetric with respect to the long axis of naphthalene. The
bright spots correspond to the carbon atoms of naphthalene
not stacking with those of graphene in analogy to HOPG
surfaces [46], detecting the hybridization between the highest
occupied molecular orbital (HOMO) of naphthalene and the &
bands of graphene. The contribution from the HOMO becomes
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FIG. 4. Simulated STM images of naphthalene on graphene
with the (2+/3 x 24/3) periodicity. The results are obtained at
sample bias voltages Vs = +1, =2, and £3 V. The bright (dark)
regions correspond to protrusions (depressions), and the rhombus
and hexagons denote the (24/3 x 2+/3) unit cell and the benzene
rings of naphthalene, respectively. Several MOs of naphthalene are
depicted for comparison in the lower panels.

HOMO—-2 HOMO-1

HOMO

more prominent at Vg = —2 'V, where neighboring bright spots
merge into dumbbell-like protrusions with two orientations,
which is similar to the experimental image at Vs = —3.1 V
[17] in that the pattern consists of two types of bright spots.
At Vs = =3V, the contribution from the HOMO — 1 state is
superposed, and as a result the obtained image resembles the
benzene rings of naphthalene molecules.

At positive sample biases, on the other hand, the simulated
STM images reflect the characteristics of unoccupied states
including the IPS-like states. As in the case of Vg = —1V,
the absence of the mirror symmetry is also seen at Vg = +1
V, where the 7 orbitals of graphene now hybridize with the
LUMO of naphthalene. At Vg = +2 V, protrusions analogous
to the naphthalene LUMO merge with those of neighboring
molecules, and the bright spots corresponding to higher carbon
atoms form a triangular lattice. Intriguingly, the STM image
obtained at Vg = +3 V displays oval protrusions at the
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interstitial regions between the molecules, which are quite
unlike any naphthalene MOs. This indicates that the hybrid IPS
(U,) predominantly contributes to the STM image. Our results
explain the origin of the elongated oval protrusions observed
experimentally, which have previously been attributed to the
LUMO of naphthalene [17]. This also suggests that the hybrid
IPSs can be imaged experimentally with STM.

Conclusions. We have theoretically investigated the naph-
thalene adsorption on graphene using the vdW-DF method.
Our results show that the molecular adsorption is stabilized
by the formation of the (2ﬁ X 2«/§) superstructure with
a tilted adsorption geometry, in good agreement with the
STM results on HOPG surfaces. More importantly, the
intermolecular interaction induces IPS-like states on the
naphthalene overlayer, which hybridize with the graphene
IPSs in the bonding and antibonding manners. The impact
of the naphthalene adsorption appears most prominently in the
anisotropic effective mass of the resultant hybrid IPSs, which
strongly reflects the molecular structure of naphthalene. It is
expected that similar hybrid IPSs widely exist at interfaces of
molecular overlayers and solid surfaces.
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