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Electronic structures and vibrational properties of
coronene on Ru(0001): first-principles study*
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We calculate the configurations, electronic structures, vibrational properties at the coronene/Ru(0001) interface,

and adsorption of a single Pt atom on coronene/Ru(0001) based on density functional theory calculations. The geometric

structures and electronic structures of the coronene on Ru(0001) are compared with those of the graphene/Ru(0001).

The results show that the coronene/Ru(0001) can be a simplified model system used to describe the interaction between

graphene and ruthenium. Further calculations of the vibrational properties of coronene molecule adsorbed on Ru(0001)

suggest that the phonon properties of differently corrugated regions of graphene on Ru(0001) are different. This model

system is also used to investigate the selective adsorption of Pt atoms on graphene/Ru(0001). The configurations of

Pt on coronene/Ru(0001) with the lowest binding energy give clues to explain the experimental observation that a Pt

cluster selectively adsorbs on the second highest regions of graphene/Ru(0001). This work provides a simple model for

understanding the adsorption properties and vibrational properties of graphene on Ru(0001) substrate.

Keywords: coronene/Ru(0001) interface, surface adsorption, phonon calculation, first-principles cal-

culation
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1. Introduction

Since the discovery of exfoliated graphene in
2004, the research on this two-dimensional mate-
rial with many excellent physical properties2=5 and
great potential for future applications/®” has be-
come a hot topic. Among all the fabrication meth-

ods of graphene layers,313]

epitaxy on transition
metal surfaces has been widely used because of its
high efficiency and high sample quality."*=14 To un-
derstand the structural and physical properties of
graphene on transition metals, various experimental
techniques, such as low energy electron diffraction
(LEED), scanning tunneling microscopy (STM), and
angle-resolved photoemission spectroscopy (ARPES),
have been employed.[!5=171 At the same time, many
calculations and simulations at different levels (from
the empirical tight binding approach to the ab initio
method) have been carried out.['8~22

Because of the lattice mismatch between an epi-
taxial graphene layer and a transition metal substrate
(except Ni(001)), a supercell with a moiré pattern
Take

graphene/Ru(0001) for an example, two types of su-

of the combined system can be very large.
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percell have been reported based on different LEED
patterns and STM experiments.[%11:1423] Ope con-
tains 25x25 graphene cells and 23x23 Ru(0001) cells,
which is beyond the state-of-the-art first principles
calculation.'¥ The other contains 12x12 graphene
cells and 11x11 Ru(0001) cells,'') much smaller than
the first one, but still very large. Based on the sec-
ond supercell, Jiang et al. and Wang et al. cal-
culated the geometric structure and charge transfer,
and obtained reasonable results as compared with
experimental findings.[?>2!] However, because of the
large size of this supercell and many local minima
in the energy space, it is difficult to investigate the
adsorption behaviour of molecules and metal clusters
on graphene/Ru(0001) by first-principles calculations
using this supercell. In addition, calculation of the
vibrational properties using this supercell is almost
impossible. Therefore, various methods and models
have been used to reduce the size of the large super-
cell, and density functional theory (DFT) calculations
have been applied to it. The simplest way is to use
a unit cell without considering the lattice mismatch.
Khomyakov et al. and Vanin et al. used this model

to discuss interaction between graphene and several
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noble metals.'®19 Another way is to use an artifi-
cial supercell with a different lattice mismatch from
the real system but with a moderate size. Sun et
al. used an (m x m) graphene-((m — 1)x(m — 1))
metal model to discuss the strain effect in graphene—
ruthenium system.?2) For all these approaches, the
graphene layer used to simulate the properties of that
in graphene/Ru(0001) system is quite distorted.

In this

coronene/Ru(0001) as a model system to investi-

letter, we propose to use the
gate the physical and chemical properties of the
graphene/Ru(0001) system.
geometric structure and binding energy similar to
those of the graphene/Ru(0001) system with the
C(12x12)/Ru(11x11) 20.21]  The
lated vibrational properties of this model system

This model gives a

supercell. calcu-
imply different phonon frequencies of different re-
gions in the graphene/Ru(0001) system, which should
be observable by related experiments. We fur-
ther investigate the adsorption of Pt atoms on
coronene/Ru(0001). It was found that a Pt atom
adsorbed on coronene/Ru(0001)
coronene-Ru(0001) separation is the most stable con-

with moderate

figurarion, which means at initial stage, Pt atom
prefers to adsorb on the second highest region of
graphene/Ru(0001) surface.
clues to explain the experimently observed selective

This result may give

adsorption of Pt cluster on graphene/Ru(0001) sys-
tem, and also provide a simple way to investigate and
understand the selective adsorption of other metal
atoms on a graphene/ruthenium system.

2. Calculation method

Quantum mechanical calculations based on DFT
were performed using the Vienna ab initio simulation
package (VASP).2425] A Perdew-Wang (PW91)[26]
type exchange-correlation functional and the projector
augmented wave (PAW) method were employed. 272!
The Ru(0001) surface was modeled with a slab model.
One coronene molecule was put on one side of a 6x6
supercell of six-layer Ru(0001) with a 15 A vacuum
gap perpendicular to the surface. The energy cut-
off was set to be 400 eV and the Brillouin zone was
sampled with the I' point only. All the atoms except
those at the bottom three layers were fully relaxed un-
til the forces on each atom were less than 0.01 eV/A.
Different initial adsorption sites were tested to calcu-

late the Pt adsorption. The vibrational properties of

the coronene/Ru(0001) system were derived by calcu-
lating the force constant with the finite displacement
method and the displacement for each step is 0.02 A.
In the calculation of vibrational properties, only the
molecule and the ruthenium atoms in the first layer
were allowed to move, which could represent a reason-
able interaction between the molecule and the sub-
strate, and reduce the total vibration modes for anal-
ysis.

Considering the position of the central benzene
ring of the coronene molecule on Ru(0001) and the
corrugation of graphene/Ru(0001), we use three typ-
ical configurations with the central benzene ring
of coronene molecule on the top of a ruthenium
atom (TOP, Fig. 1(a)), on an fec hollow site (FCC,
Fig. 1(b)), and on an hep hollow site (HCP, Fig. 1(c))
of the first layer to simulate the atop (the highest),
hep (the lowest), and fce (the middle) regions of the
graphene/Ru(0001) system, respectively.

3. Results and discussion

The adsorption configurations of coronene on
Ru(0001) surface are optimized first. Figure 1 shows
the top view of the three typical adsorption config-
urations named TOP, FCC, and HCP. The coronene
molecules remain flat on the substrate for all these
configurations. The distances between central ben-
zene rings and the substrate for TOP, HCP and FCC
configurations are similar to those in atop, hcp and
fce corrugated regions of the graphene/Ru(0001) with
C(12x12)/Ru(11x11) supercell, respectively (see Ta-
ble 1).

molecule in TOP configuration with the highest
[20,21]

Compared the middle part of the coronene

part (atop region) in graphene/Ru(0001) system,
both of the central benzene rings are on the top of a
ruthenium atom in the first layer of Ru(0001) and sur-
rounded by six benzene rings whose centers are also
nearly on the top of ruthenium atoms. The distance
between the central benzene ring and the ruthenium
substrate (z) is 3.90 A (a typical distance between aro-
matic molecules and transition metal substrate?!).
In graphene/Ru(0001) system, it is 3.87 A in Ref. [20]
and 3.70 A in Ref. [21]. In the same way, we compare
the HCP and FCC configurations with the hep and fec
regions of graphene/Ru(0001) system. The distance
between the central benzene ring and the substrate
(z) in HCP configuration is the lowest among these
three configurations, which is in agreement with that
of the graphene/Ru(0001) system.2l

036801-2



Chin. Phys. B Vol. 21, No. 3 (2012) 036801

o ruthenium

© carbon

¢ hydrogen

Fig. 1.
coronene/Ru(0001) system (top view) for (a) TOP con-
figuration, (b) FCC configuration, and (¢) HCP configu-
ration.

(colour online) Adsorption configurations of

Based on the optimized geometric structures, we
further calculate the adsorption energies for each con-
In Table 1, z is the ver-
tical distance between the central carbon atoms in

figuration (see Table 1).

coronene molecule and the substrate, Ej, is the bind-
ing energy of coronene on Ru(0001), d is the length
of the Pt—C bond, Ep; is the binding energy of a Pt
atom of the coronene/Ru(0001) system, and f is the
frequency of the vibration mode corresponding to the
G mode in graphene. The adsorption energies of a
coronene molecule on Ru(0001) for TOP, FCC, and
HCP configurations are —0.28, —0.33, and —0.36 eV
respectively. Therefore, we can estimate the adsorp-
tion energy caused by the central benzene ring is about
13 meV per C-atom, which is similar to that of the
graphene/Ru(0001) system, which is about 11 meV
per C-atom.[2%) Adsorption-induced electron redistri-
bution between adsorbates and substrate can give in-
sightful information at the interface.3%) Our calcu-
lation results show that the electron transfers from
Ru substrate and coronene molecules to the region
inbetween is about 0.16, 0.40, and 0.47 electron per
molecule for TOP, FCC, and HCP configurations, re-
spectively. This electron redistribution has the same
trend as that in graphene/Ru(0001) system, and will
induce a surface dipole moment pointing from Ru sub-
strate to coronene molecules. ']

Table 1. Calculation results for TOP, FCC, and HCP
configurations.

z/A Ey/eV d/A  Epy/eV  f/meV
TOP 3.90 -0.28 2.11 -1.87 198.4
FCC 3.33 -0.33 1.99 -0.35 197.2
HCP 3.19 -0.36 1.99 -2.28 196.1

We then calculate the electronic structures for
these three configurations. The density of states
(DOS) projected on p, orbital (corresponding to =
bonds) and s + p, + p, orbitals (corresponding to
o bonds) attributed to the central benzene ring of
a free coronene molecule, in the TOP, FCC, and
For the

TOP configuration, the distance between the coronene

HCP configurations are shown in Fig. 2.

molecule and the substrate is the largest of the ad-
sorbed configurations, which implies a weaker adsorp-
tion. Comparing the projected DOS (PDOS) of the
central benzene ring in TOP configuration with that
in the free molecule, we find that the electronic struc-
ture of the TOP configuration is very similar to that
of a free coronene molecule. This is a direct evi-
dence that the coronene molecule in the TOP con-
figuration adsorbs weakly on Ru(0001), which corre-
sponds to the weak interaction between graphene and
the substrate at atop site in graphene/Ru(0001).21
Comparing the PDOS of the central benzene ring
in the FCC and HCP configurations (see Figs. 2(c)
and 2(d)) with that of the free molecule, we find
that all peaks shift to the lower energy region and
are slightly broaden. This phenomenon is qualita-
tively similar to that of the graphene/Ru(0001) sys-
tem with C(12x12)/Ru(11x11) supercell.l?!] Unlike
the TOP configuration, the large shift of PDOS in
FCC and HCP configurations indicates a strong bind-
ing between the adsorbate and the substrate, and
such a system will have different physical and chem-
ical properties, for example, different adsorption be-
The HCP

configuration has a lower binding energy and shorter

haviour for metal clusters or molecules.

molecule-substrate distance than those of the FCC
configuration, which indicates a stronger binding be-
tween adsorbed molecules and the Ru(0001) in HCP
configuration than that in FCC. However, as shown
in Figs. 2(c) and 2(d), the energy shift of the PDOS
in the FCC configuration is larger than that in the
HCP configuration. This behaviour is also found in
the graphene/Ru(0001) system between hcp and fec

sites.[21]
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Fig. 2. (colour online) Projected density of states (PDOS)
contributed by the center benzene ring of coronene in (a)
free molecule, (b) TOP configuration, (c¢) FCC configu-
ration, and (d) HCP configuration. Dashed lines are the
summation of PDOS from s, p; and py orbitals; solid lines
are the PDOS of p, orbitals; dashed blue lines indicate the
Fermi levels.

By comparing the geometric structure and elec-
tronic structure of coronene/Ru(0001) with those of
the graphene/Ru(0001) system, we find that the prop-
erties of the coronene/Ru(0001) system is very simi-
lar to these of the graphene/Ru(0001) system, which
makes the coronene/Ru(0001) system be an excel-
lent model system to study the properties of the
graphene/Ru(0001) system, but with a much smaller
computational cost. Based on this conclusion, we use
this model to investigate the vibrational properties
and adsorption properties of the graphene/Ru(0001)
system.

The phonon property of graphene layer could
vary for different regions of graphene/Ru(0001) be-
cause the interaction between the graphene layer and
Ru(0001) changes from region to region. However, to
the best of our knowledge, the phonon property of the
graphene/Ru(0001) system has never been reported,
based on either experiment or calculation. Because of
the huge size of the supercell, calculating the phonon
property of a real system is far beyond the present
state of the art. In order to investigate the phonon
properties of graphene/Ru(0001) in different regions,

we use the coronene/Ru(0001) with TOP, FCC, and
HCP configurations instead.

Fig. 3. (colour online) Schematic illustrations of the G
modes in graphene and corresponding vibration in the
coronene/Ru(0001) system. G mode in (a) graphene, (b)
TOP configuration, (c¢) FCC configuration, and (d) HCP

configuration. Black arrows and purple arrows indicate

the vibration directions of different subsets of carbon atom
A and B.

First, the vibrational modes of a free coronene
molecule are calculated. The vibrational modes of its
central benzene ring are used to compare with those
in a graphene layer. The most important vibrational
mode in a graphene system is the G mode with Ey,
symmetry at 198 meV. An example of such a vibra-
tional mode detected at this frequency is presented
in Fig. 3(a).
one unit cell, which are in the same chemical environ-

The two carbon atoms (A and B) in

ment, vibrate in opposite directions (black and pur-
ple arrows shown in Fig. 3(a)). For free coronene
molecule, our calculation results show that the vi-
brational mode at 199.8 meV is similar to the G
mode in graphene. Thus, we use this mode (G mode)
as a reference, and investigate its change when the
molecule is put on Ru(0001) surfaces with different
configurations. The G modes of the central benzene
ring in the coronene/Ru(0001) system are shown in
Figs. 3(b)-3(d). These vibrational modes differ from
that in a free coronene molecule. The environments
for the two carbon atoms (A and B) are different be-
cause of the existence of the ruthenium substrate, and
they no longer vibrate in exactly opposite directions.
That is to say, their vibrational frequencies are also
influenced by the ruthenium substrate. For a free
coronene molecule, the vibrational frequency of this
mode is 199.8 meV, which is higher than that of the
TOP, FCC, and HCP configurations, i.e., 199.1, 197.2
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and 196.1 meV, respectively. Since the HCP config-
uration has the strongest molecule—substrate interac-
tion, its vibrational frequency is the lowest. The FCC
configuration has a moderate interaction between the
molecule and substrate, and its vibrational frequency
is likewise in between. These results suggest that
the vibrational properties of the graphene/Ru(0001)
system should vary in differently corrugated regions.
The space resolution of inelastic electron tunneling
spectroscopy (IETS)B1=33] is high enough to resolve
the three regions in a graphene/Ru(0001) sample.
Based on our calculations, it should be possible to
observe vibrational differences in the three regions of
the graphene/Ru(0001) system with TETS.

D T Y Yo Y T

C ruthenium

© carbon

¢ hydrogen

@ platium

Fig. 4. (colour online) Most stable adsorption sites for Pt
atom on coronene/Ru(0001) system for (a) TOP configu-
ration, (b) FCC configuration, and (¢) HCP configuration.
Small black balls represent Pt atoms.

We also investigate the selective adsorption
of Pt atom on graphene/Ru(0001)
coronene/Ru(0001) system, which is helpful to un-

using this

derstand the selective adsorption of Pt clusters on
graphene/Ru(0001) system.(®¥ The most stable ad-
sorption sites for Pt atoms in the TOP, FCC, and
HCP configurations are shown in Fig. 4. For the TOP
configuration, the most stable adsorption site is be-
tween two carbon atoms, as shown in Fig. 3(a). The
adsorption energy for a Pt atom (Ept) is —1.87 eV,
and the Pt-C bond length is 2.11 A (see Table 1). For
FCC and HCP configurations, the Pt atom prefers
to adsorb on the top of a carbon atom, as shown in
Figs. 4(b) and 4(c). The Pt-C bond length is 1.99 A
in both the FCC and HCP configurations, and the ad-
sorption energy decreases significantly to —3.50 eV in

the FCC configuration and —2.82 eV in HCP config-
uration. The FCC configuration has a lower binding
energy than the HCP region. It implies that the Pt
atom prefers to adsorb on the fcc region rather than
on the hep region in graphene/Ru(0001), which is in
agreement with the experimental observations.l?* In
addition, because the interaction between a coronene
molecule and Ru(0001) is mainly through the lowest
unoccupied orbital in the molecule and the s orbital
in Ru(0001), the closer the lowest unoccupied orbital
to the Fermi level is, the more active the reactivity
of the molecule is. The energy shift of the DOS of
the FCC configuration is the largest among the three
configurations. Thus, the lowest unoccupied state in
the FCC configuration is closer to Fermi energy than
that of the HCP configuration, which means a more
active adsorption site in the FCC configuration for a
Pt atom. Our calculation results based on the sim-
plified model not only explain the selective adsorption
observed in experiments according to the difference in
binding energies between the FCC configuration (fcc
region) and the HCP configuration (hcp region), but
also reveal the physical origin of this selective adsorp-
tion underlying the difference of electronic structures
between these two configurations. Thus, this simple
model can be used to explain the selective adsorption
of Pt clusters on graphene/Ru(0001) with small com-
putational cost.

4. Conclusions

We have calculated the geometric and electronic
The re-
sults show that the interaction between the central

structures of coronene/Ru(0001) interface.

benzene ring of coronene molecule and the Ru(0001)
substrate is a good basis for describing the interac-
tion between a graphene layer and the Ru(0001) sub-
strate at regions with different corrugations. Using
this model, we have predicted the vibrational differ-
ence among different regions in graphene/Ru(0001)
system. It is also found that the binding energy of
a Pt atom on coronene/Ru(0001) with the FCC con-
figuration is the lowest, which means that Pt prefers to
adsorb on the graphene/Ru(0001) surface in fcc region
at initial stage and thus could be used to explain the
selective adsorption of Pt cluster on an fcc region of
a graphene/Ru(0001) system. In recent years, several
van der Waals involved calculations have been carried
out for graphene/metal systems to obtain a better
understanding of their configurations and electronic
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structures, though there is still discrepancy among

different methods.[193%] We will also extend our work

to incorporate dispersion interactions into the DFT

framework in the future.
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