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Benzene, coronene, and circumcoronene adsorbed on gold, and a gold cluster adsorbed on
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Density functional theory (DFT) calculations were performed in order to investigate the stability and the
electronic structure of graphene-gold interfaces. Two configurations were studied: a gold cluster interacting
with graphene and different polycyclic aromatic hydrocarbon (PAH) molecules, namely, C¢Hg (benzene), C4H
(coronene), and Cs4H;3 (circumcoronene) adsorbed on an Au(111) surface. Nonlocal interactions were accounted
for by using the semiempirical DFT-D2 method of Grimme. A limited set of calculations were also performed by
using the first-principles van der Waals density functional method (vdW-DF). Adsorption distances around 3 A
and electronic charge transfer values of about (3—13) x 1073e~ per carbon atom were predicted for all systems.
No major changes resulting from the adsorption of the gold cluster were detected in the graphene’s density of
states. The DFT-D2 results involving the adsorption of the PAH molecules on gold show an estimated binding
energy of 73 meV per carbon atom, as well as an electronic charge loss of 0.10 x 1072 e~, also per carbon atom,
for an extended graphene sheet adsorbed on a gold surface. The modeling of the adsorption of C¢Hes molecule
on a gold surface suggests that the vdW-DF method provides more accurate results for the binding energies of
such systems, in comparison to pure DFT calculations, which do not take the nonlocal interactions into account,
as well as to simulations employing the DFT-D2 method.

DOI: 10.1103/PhysRevB.85.205423

I. INTRODUCTION

The novel electronic and mechanical properties of graphene
have been extensively studied after a method for obtaining free-
standing graphene was presented in 2004." Graphene is con-
sidered, among several other applications, as a prominent can-
didate for future electronic and optoelectronic applications.’
This has motivated studies of transport properties and possible
ways to modify graphene in order to acquire semiconducting
properties. Changes in graphene properties induced by the
interaction with different molecules, clusters, or even single
atoms>~® have been investigated in detail. Within this context
and since the development of graphene-based devices also
requires graphene-metal contacts,” the knowledge of the
underlying physics for graphene-metal systems has recently
attracted much research interest.

Properties such as charge transfer,®? contact resistance, and
electron transport'®!! are considerably affected by the interac-
tions at the graphene/metal interface. Giovannetti et al.” found,
by employing DFT local-spin-density-approximation (LSDA)
calculations, that the interactions in metal-graphene systems
can occur either by chemisorption, as they have reported for
Co, Ni, and Pd (the graphene’s electronic bands being consid-
erably disturbed), or through weak physisorption bonding, as
in the case of Al, Cu, Ag, Au, and Pt. For the metals belonging
to the latter group, the contacts result in doping (charge trans-
fer) of graphene but with only minor changes on its electronic
structure. In fact, it has been experimentally demonstrated
that a p-type doping, with almost no changes in the graphene
bands, occurs when a sheet of graphene is adsorbed on a
gold substrate.® Such a configuration represents significant
technological interest, due to the low reactivity and high
stability at relatively high temperatures of gold: a frequently
desired material for electronic contacts and components.

A different approach to the metal-graphene interactions was
recently adopted by Vanin et al.'”> Through an analysis em-
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ploying the van der Waals density functional (vdW-DF),!3!4
the authors have found that all the considered metal surfaces
bind weakly to graphene (instead of being categorized into
two different groups according to the kind of the interaction
with graphene: strong and weak). Their results, however,
are not in agreement with previously reported experimental
results, which indicate that the interaction between graphene
and the metals Ni (Refs. 15 and 16) and Co (Ref. 17)
cannot be regarded as being weak. On the other hand, Vanin
et al.'” have also shown that the graphene-metal bonding
predicted by local-density approximation (LDA) calculations,
in the case of the metals belonging to the physisorption
group, results, at least in part, from the exchange term of
the LDA exchange-correlation (xc) functional. Although the
LDA calculations in Ref. 9 reproduce well the results of
experimental measurements on related systems, the above-
mentioned exchange-induced physisorption is contradictory
with the nonlocal character of the van der Waals interactions,
which are expected to play a considerable role in such systems.

In this work, first-principles density functional theory
(DFT) calculations are performed in order to address the
stability and the electronic structure of a gold cluster with
49 atoms adsorbed on a graphene sheet, as well as of three
polycyclic aromatic hydrocarbon (PAH) molecules: CgHg
(benzene), Co4H > (coronene), and Cs4H;g (circumcoronene),
adsorbed on an Au(111) surface. Besides employing the
local exchange and correlation functionals,'® also nonlocal
dispersive interactions are accounted for by employing the
semiempirical DFT-D2 method of Grimme!® or the first-
principles vdW-DF functional of Dion et al.'

II. COMPUTATIONAL METHODS

The DFT simulations carried out in this work use the
numerical implementation of the VASP program,”® making
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use of projector augmented-wave (PAW) potentials.?'?> The
generalized gradient approximation (GGA) was adopted,
with exchange and correlation functionals according to the
approach proposed by Perdew, Burke, and Ernzerhof (PBE).!3
All plane waves corresponding to kinetic energies up to 700 eV
were included in the basis set. The Brillouin zones were
sampled by using the Monkhorst-Pack methodology with
gamma point-centered 3 x 3 x 1 grids for relaxations and
5 x 5 x 1 grids for the total energy and density-of-states
(DOS) calculations. Partial occupancies of electronic states
were set according to different methods, depending on a
given task: for relaxations involving gold atoms only, the
Methfessel-Paxton method of order 2 with a smearing width
of 0.2 eV was used, while a Gaussian smearing with a width
of 0.05 eV was adopted throughout the relaxations of all
the composed systems. Finally, the tetrahedron method with
Blochl corrections was employed when calculating all total
energies and DOS.

Two different methods, which included dispersion cor-
rections, were employed throughout the simulations: (i) the
first-principles vdW-DF, developed by Dion et al.,'’ and
implemented in VASP by Gulans, Puska, and Nieminen;>*
and (ii) the semiempirical DFT-D2 method of Grimme.!° For
the DFT-D2 calculations, we used the parameters suggested
in Ref. 24, namely, 40.62 J nm®/mol for the dispersion
coefficient (Cg), and 1.772 A for the vdW radius (Ro)
for gold. The dispersion coefficient and vdW radius values
adopted for carbon and hydrogen were the ones suggested
by Grimme in the original discussion of his method.'” We
set the global scaling factor s¢ to the value of 0.75, which
was determined in Grimme’s work for calculations employing
the PBE functional. The cutoff radius for pair interactions
employed in the empirical dispersion correction is 12 A,
except for the simulations involving the CssH;s-Au(111)
model system, in which, in order to avoid spurious interactions
between neighboring images of the Cs,H;3 molecule, a cutoff
radius of 8 A was applied. We checked the consistency of
these parameters by calculating the Au(111) surface energy
and the cohesive energy for the bulk phase of a gold slab. The
energy values we have obtained read 1.46 J/m? (0.091 eV/A?)
and 3.69 eV /atom, exhibiting an excellent agreement with the
values of 1.50 J/m? (Ref. 25) and 3.81 eV/atom (Ref. 26)
obtained in experimental measurements for the same energy
features.

The binding energies were calculated as

_ Auyg /graphene Auyg graphene

Ep = _(Ecoh - EcohM - Ecoh )’ (1
_ PAH/Au(111) PAH Au(111)

Ep = _(Ecoh - Ecoh - Ecoh )’ @)

i.e., for each case the bonding energy corresponds to the

difference between the composed system’s cohesive energy
Auyg /graphene PAH/Au(111) . .

(E E ) and the cohesive energies of

coh ’ coh
its isolated building components (EAW, EEUPRene  pPAH
ECAOTI(“U). According to such a definition, a positive binding
energy value means that bonding is energetically favorable.
In order to reduce the possible numerical errors, care was
taken to employ supercells with the same shape, i.e., with
equal lattice vectors, when obtaining the total energies of

each model system and its corresponding isolated components.
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Spin polarization was not considered. This decision was taken
after performing preliminary test calculations in which, for the
systems under consideration, no magnetic behavior has been
detected. The charge transfers were calculated according to the
Bader method?’ as implemented by following the algorithms
described in Refs. 28-30.

Periodic boundary conditions were used and dipole cor-
rections were taken into account for both the local potentials
and the total energies. In addition, a vacuum length of 20 A
was introduced between neighboring images of the unit cell
along the direction perpendicular to the initial surfaces—
referred to here as the z direction. The self-consistency cycles
were considered as converged when the differences between
the values of both the total energies and the Kohn-Sham
eigenvalues calculated in two consecutive “electronic steps”
were smaller than 1075 eV.

The relaxations of the combined graphene/PAH-gold sys-
tems were performed in two steps: first the geometries were
optimized using the PBE exchange and correlation functional.
These geometries were then taken as starting points for obtain-
ing the new equilibrium distances with the vdW interactions
accounted for. During the calculations, which included the
vdW interactions, all gold atoms were kept fixed, i.e., their
positions were not reoptimized. This approach of keeping the
atoms in the metal slab fixed is similar to the one adopted in
Refs. 12 and 31 (except that in Ref. 12 the atoms of the different
metal slabs are kept fixed to the corresponding experimental
lattice parameters). The residual minimization method of
direct inversion in the iterative subspace (RMM-DIIS) variable
metric algorithm?? was employed to move selected atoms until
the maximal Hellmann-Feynman force®® acting on them met
the criterion of becoming weaker than 5 x 1072 eV /A. The unit
cell vectors were not allowed to change during the calculations.
The equilibrium separations between the system’s components
are calculated as

dem = |ZAuy — Zgraphene|s 3)

deq, = 1ZPAH — Zau1D)ls 4)

where Z4,,, is the z coordinate of the center of mass of the first
layer of the Auyg cluster (respectively, Zpag corresponds to the
z coordinate of the center of the mass of the PAH molecule in
the case of the class of systems containing PAH) and Zgraphene
(respectively, Zau(111)) is the z coordinate of the center of mass
of those atoms in the graphene layer [Au(111) surface] which
are located right underneath the Auyg cluster (PAH molecule).

III. RESULTS AND DISCUSSION

In Fig. 1, a side view of the relaxed Augy-graphene system
is displayed. There are 24, 16, and 9 atoms, respectively, in the

O Aau
ocC M
¢ D

©-00-00-00-00-00-00-00-00-00-00=00-0D-80-00-00-00-00-00-00-00-00-00-0

FIG. 1. (Color online) Atomic configuration at equilibrium for
the A49-graphene model system.
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FIG. 2. (Color online) Atomic configurations at equilibrium for
the model systems CgHg-Au(111) (a), CoyHjo-Au(111) top (b) and
side (c) views, and CsyH g-Au(111) (d). The side view was omitted
for the first and last systems, as it is very similar to the one shown in
the item (c).

first, second, and third layers of the Auyg cluster, which was
extracted from a three-layer Au(111) slab. The graphene unit
cell was constructed by repeating its two-atom primitive cell
12 times along the direction of each of its lattice vectors. The
atomic configurations at equilibrium for the C¢Hg-Au(111),
CysH2-Au(111), and CssHg-Au(111) systems are shown in
Figs. 2(a)-2(d). For the set of calculations involving the PAH
molecules, the gold surface was represented by a 288-atom
slab divided into six layers each containing 48 atoms. The
two inner slab layers were kept fixed at the bulk interlayer
distance of 2.40 A (calculated by us at the same level of theory).
The slab’s structural properties, which were calculated without
including the effects of vdW interactions, are in very good
agreement with those reported for a similar model system in
Ref. 34.

Results relevant to the structural and electronic properties
of all systems studied are listed in Tables I and II. In order
to simplify the discussion, we have divided this section into
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two subsections, discussing separately the results obtained by
using PBE only and PBE 4 vdW calculations.

A. Perdew, Burke, and Ernzerhof

For the system in Fig. 1, we obtain an Augg-graphene
equilibrium distance of 3.70 A (Table I), and we predict
a p-type doping of the graphene sheet, with a net charge
transfer of 0.267 e~ estimated by using the Bader method. The
number of those carbon atoms at the graphene sheet which are
overlapped by the gold cluster, is approximately 76. Taking
into account this number, we can estimate the charge transfer
per carbon atom in contact with gold as being around 0.0035
e~ . Despite of a shift of —0.24 eV in the graphene’s Fermi
level with respect to the Dirac point, the partial density of
states (PDOS) of the carbon atoms remains similar to the DOS
calculated for an isolated graphene layer. It is worth noting,
however, that given the use of periodic boundary conditions
and the fact that the gold cluster only covers a part of the
graphene supercell (approximately 26% of the carbon atoms
are overlapped by gold atoms), the shift in the graphene’s
Fermi level calculated for this model system is expected to be
considerably lower than for full coverage.

The equilibrium distances obtained for the systems PAH
molecules—gold slab are 3.41 A (C4Hg), 3.39 A (Cp4Hpp),
and 3.50 A (Cs4H,g), respectively. The electronic charge
transfers in the case of these model systems are obtained in
the same way as described above for the gold cluster model
system and are found to be 0.059, 0.135, and 0.162 e~
for the C¢Hg, Co4Hj», and Cs4Hjg molecules, respectively.
Normalizing these numbers with the number of carbon atoms
involved in the interactions, we obtain 0.0098, 0.0056, and
0.0030 e~ per carbon atom. As will be discussed in the next
section, the decreasing of the charge transfer per carbon atom
is not primarily a size effect but rather an effect due to the ratio
between the number of carbon atoms belonging to the exterior
CH groups of the PAH molecule (CH) and those that are bound
to other carbon atoms only. The former are considerably more
reactive, and they are responsible for a large part of the charge
transfer from the PAH molecules. This effect allows us to
extrapolate the results for the adsorption of the PAH molecules
on gold to an infinite graphene-Au(111) system.

A result perceived as most probably lacking precision is the
small binding energies found in the PBE (only) calculations.

TABLE 1. Distances between the nearest-neighbor atoms in the isolated components of a model system (dy), equilibrium separations
between the components of a model system (d.q), and interlayer spacing in the Auyg cluster and for the Au(111) surface (d;). The numbering of
the layers, in both the gold cluster and the slab, starts by the layer closest to the interface. For each of the vdW calculations (namely, vdW-DF
and DFT-D2), the atoms of the Au(111) slab were kept fixed at their geometry obtained by PBE (only). All local correlations were treated
according to the PBE parameterization within the GGA approximation. All values are expressed in A. See main text for details.

deg Interlayer distances
Systern d() PBE vdW-DF DFT-D2 d12 d23 d34
Graphene 1.43 - - - - - -
Au 2.94 - - - 243 2.39 2.40
Auyg-graphene - 3.70 - 3.05 2.26 2.22 -
CgHg-Au - 3.41 3.22 3.12 2.43 2.38 2.40
CyHip-Au - 3.39 3.27 3.20 243 2.38 2.40
Cs;Hg-Au - 3.50 - 3.15 2.42 2.39 2.40
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TABLE II. Binding energies (E,) and electronic charge transfers (AQ) per carbon atom on the contact region (N¢) between components of
an interface model system. The electronic charge transfer occurs always in the direction from the carbon to the gold.

Eb/NC (meV)

AQ/N¢ (x 1072 ¢7)

System PBE vdW-DF DFT-D2 PBE vdW-DF DFT-D2
Augg-graphene 1.1 - 99.8 0.35 - 0.32
CeHs-Au 5.6 99.9 221.3 0.98 1.28 1.67
CyuHis-Au —0.6 94.0 150.4 0.56 0.71 0.88
Cs4Hjs-Au -0.38 - 120.3 0.30 - 0.62

These energies are either negative or of the order of 1 meV
per carbon atom. Such negative/small values of binding
energies correlates with the well-known fact that, although the
GGA approximation is good enough for reasonable structural
predictions for systems in which long-range interactions are
relevant, it fails to provide a realistic description for the
interaction energies. Therefore, it emerges as a necessary
sophistication of the simulations to include the dispersive
forces between the interface constituents in the modeling.

B. PBE + vdW

The effect, on the equilibrium separations between the
interface constituents, of applying the DFT-D2 dispersion
correction'® is a marked reduction of these distances compared
to the PBE (only) results. Thus, the Augy-graphene distance
decreases from 3.70 to 3.05 A, while the new equilibrium dis-
tances for the three PAH (C¢Hg, Co4H 5, and Cs4H;g)-Au(111)
systems are 3.12, 3.20, and 3.15 A, respectively (see Table I).
In agreement with the reduction in the distances between the
interacting subsystems, there is also the substantial increase in
the binding energies. The binding energy of Auyg on graphene
becomes 100 meV per carbon atom, and for the series of
PAH-Au(111) systems, the binding energies per carbon atom
become 221, 150, and 120 meV, for C¢Hg, Co4H/2, and Cs4H g
molecules, respectively.

To investigate how the individual carbon atoms contribute
to the binding energy between the different PAH molecules
and the gold slab (Fig. 2), we have followed the approach of
Bjork et al.® This approach highlights the difference in the
contributions to the binding energy of a PAH-Au interface
between C atoms belonging to the exterior CH groups of the
PAH molecule and those that are bound to other carbon atoms
only (CC). A linear fit is made to the binding energies per
carbon atom relevant to the systems CgHg-Au(111), CosHj,-
Au(111), and CssH;g-Au(111) systems, plotted as a function
of the ratio Ny/N¢ of the number Ny of hydrogen atoms and
the number N¢ of carbon atoms in each molecule (see Fig. 3).
This fit is remarkably good, and it is therefore relevant to
make an extrapolation to systems with a higher CC content.
We estimate that the CC contribution (Ecc) is approximately
73 meV per carbon atom, while the CH contribution (Ecy)
is 222 meV per CH group. Thus, the radical CH groups at
the circumference of the PAH are much more reactive than
the interior CC atoms. The differences between the values
obtained for Ecc and Ecy by us and in Ref. 35 (Ecc = 70 meV
and Ecy = 140 meV) are not unexpected, since in Ref. 35
the calculation was performed within the vdW-DF scheme,

and, in addition, the DFT-D2 method is known to overestimate
binding energies of systems with similar characteristics. The
fact that the CH radicals interact at least twice as strongly
with the gold surface as the individual carbon atoms explains
why the C»4Hj; and Cs4H ;g molecules became distorted when
interacting with the gold slab, with their concavity facing the
surface of the metal. The only exception is the C¢Hg molecule,
which, being small enough, keeps its original planar geometry.

The PAH molecules considered here may be seen as proto-
typic graphene pieces cut out from an infinite graphene sheet
and with their dangling bonds passivated with hydrogen atoms.
With this picture in mind, the calculations focusing on the
different-sized-PAH-Au(111) systems represent consecutive
approximations to describing an infinite graphene-Au(111)
interface. Such approximations become better as the number
of carbon atoms in the PAHs increases. In the limit, an infinite
PAH becomes equivalent to a graphene layer. In agreement
with this picture, a limit of zero for the Ny/N¢ ratio means that
the extrapolated value of the CC contribution to the binding
energy (Ecc = 73 meV) is actually the value inherent to
graphene: it is the estimated binding energy per carbon atom
for a graphene-Au(111) interface. This value is considerably
larger than the binding energy of 30 meV per carbon atom for
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FIG. 3. (Color online) Binding energies per carbon atom plotted
as a function of the Ny/N¢ ratio for the various model systems.
Ny and N¢ correspond to the number of hydrogen and carbon
atoms, respectively. A linear fit was applied to the energies of
the C5H6—AU(1 1 1), C24H12—Au(1 1 1), and C54H18—Au(1 1 1) model
systems only. The hollow circle represents the extrapolated binding
energy per carbon atom expected for an extended graphene-Au(111)
system (Ecc). See main text for details.
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FIG. 4. (Color online) Electronic charge transfer per carbon atom
(AQ/Ny) from the carbon components to the gold components of
the model systems, plotted as a function of the Ny/N¢ ratio for
the Au4g—graphene, CﬁHﬁ—Au(lll), C24H12—Au(111), and C54H|g-
Au(111) model systems. A linear fit was applied to the charge
transfers in the PAH-Au(111) systems only. The hollow circle
represents the extrapolated electronic charge transfer per carbon atom
expected for an extended graphene-Au(111) system (AQcc). The
electronic charge transfer occurs always in the direction from the
carbon component to the gold component of the model system.

the graphene-Au(111) interface reported in Ref. 9. However,
the binding energy value obtained here, and the one reported
in Ref. 9 are not directly comparable, since the results in
Ref. 9 were obtained using the LDA approximation with
no corrections in the description of dispersive forces. The
binding energy per carbon atom of 100 meV calculated for
the Augg-graphene system (Fig. 3) is higher than the value
predicted for the same quantity in the graphene-Au(111)
system, 73 meV, which can be explained by the fact that the
gold atoms at the boundary of the cluster are expected to be
more reactive than those belonging to a FCC Au(111).

It is illustrative to analyze also the charge transfer between
the subsections of the model systems C¢Hg-Au(111), CoqHjs-
Au(111), and CssH;g-Au(111) applying the methodology
employed above for the binding energies. In Fig. 4, the amount
of electronic charge, per carbon atom, transferred from the
graphene sheet and from the three PAH molecules to the
respective gold subsections, is plotted as a function of the ratio
Ny/Nc. Again, a linear fit has been performed on the values
relevant to the PAH-Au(111) systems. From this analysis, the
calculated average contribution AQcy of the external CH
groups belonging to each PAH molecule to the electronic
charge transfer is 1.67 x 1072 e~. This value is markedly
larger than the average contribution AQcc of approximately
0.10 x 1072 e~, coming from the carbon atoms at internal sites
for each PAH molecule. These results are not only consistent
with the larger contribution of CH groups to the binding
energy discussed above but also provides an explanation for the
decreasing amount of charge transfer per carbon atom as the
size of the PAH molecule increases. Within the same context
as in the analysis of the binding energies, AQcc emerges as
an estimate for the average electronic loss per carbon atom for
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the “case-limit” of an infinite graphene layer adsorbed on an
Au(111) surface.

In order to assess the reliability of the results obtained by
employing the DFT-D2 method, we performed also a limited
set of calculations making use of the computationally more
demanding vdW-DF method. The PAH’s considered were the
CgHg and the C,4H;, on top of the gold surface. The calculated
vdW-DF values for all three characteristics discussed above—
the equilibrium distance, the charge transfer, and the binding
energy—are between the values for the same characteristics
obtained by PBE (only) and by DFT-D2 (Tables I and II). The
vdW-DF value for the C¢Hg-Au(111) equilibrium distance is
3.22 A. The binding energy of 100 meV per carbon atom
calculated for the C¢Hg-Au(111) model system compares well
to the energy value of 0.55 eV/molecule (91.67 meV per
carbon atom) reported in Ref. 31—a study carried out at a
similar level of theory. On the other hand, our binding energy
is by approximately 38 meV less than the value of 138.4 meV
reported in Ref. 35 for the same adsorption configuration of a
CgHg molecule on gold [see Fig. 2(a)]. This difference is at-
tributed to the fact that both here and in Ref. 31, the gold atoms
were kept fixed in their GGA-PBE equilibrium positions,
whereas the geometric structure of the metal slab in Ref. 35
was optimized by using the vdW-DF scheme. Nonetheless, we
achieve an excellent agreement with the experimental value of
14.7 kcal mol~! per CsHg molecule (106.2 meV per carbon
atom) reported in Ref. 36. However, an important conclusion
is that, regardless of the adopted strategy for performing the
structural optimizations, the binding energy values obtained
in this work for the C¢Hg-Au(111) system, by employing
the vdW-DF functional, as well as the binding energy values
reported in Refs. 31 and 35 for the same model system (and also
calculated by using the vdW-DF functional), compare better
to the experimentally measured value reported in Ref. 36 than
the binding energy value obtained using the DFT-D2 method.
Based on this discussion, we expect that the results reported
above from the calculations using the DFT-D2 method to some
extent overestimates the binding energies for model systems
including PAH molecules interacting with a gold surface.

IV. COMPARATIVE ANALYSIS OF THE RESULTS

Despite of the numerical differences in the results obtained
by using the two different van der Waals methods, DFT-D2 and
vdW-DF, both methods represent an important improvement
over the PBE (only) description of the class of model systems
representing graphene-gold interfaces. As illustrated by the
results listed in Table II, while the PBE (only) calculations
predict either the absence or the formation of extremely
weak chemical bonds between the components of the studied
systems, both vdW approaches predict binding energy values
which are at least one order of magnitude larger. These energy
values, however, are still of the order of 100 meV, thus,
confirming that the binding in such systems is mostly a result
of nonlocal interactions.

No experimental data regarding equilibrium distances in
PAH-gold systems as those studied here or similar ones is
currently available. Nonetheless, Toyoda et al.,’' by ana-
lyzing the differences between their theoretically predicted
and experimentally measured values for the work-function
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changes in the cases of the model systems C¢Hg-Cu(111),
CsHe-Ag(111), and CgHg-Au(111), have predicted that the
values calculated by using the vdW-DF for the molecule-metal
equilibrium distances in such systems should be larger than
the experimentally measured ones. On the other hand, the
DFT-D2 method was found to underestimate (by ~4-8%)
the experimental metal-sulfur distance for a model system
consisting in a thiophene molecule (C4H4S) adsorbed on
a Cu(111) surface.’” Thus, it is to be expected that the
experimentally measurable adsorption distances for the class
of PAH-Au(111) model systems have values between the
ones estimated here by employing the two vdW methods.
The DFT-D2 method provides the largest calculated binding
energies and, consistently, the smallest equilibrium distances
as well (Table I). The results of our calculations for the
CgHg-Au(111) model system indicate that among the three
methods employed here, the vdW-DF is the most suitable one
for the prediction of the energetic properties of graphene-gold
interfaces.

V. CONCLUSIONS

DFT calculations were performed to address the structural
and electronic properties of the graphene-gold interface. This
was done using two different approaches: (i) a gold cluster in-
teracting with an infinite graphene layer, and (ii) three different
PAH molecules adsorbed on an infinite Au(111) surface. The
description of graphene/PAH-gold interfaces by means of both
the DFT-D2 and vdW-DF methods (which account for the van
der Waals interactions) represents an important improvement
over the description without accounting for the nonlocal inter-
actions, given the fact that the interaction between gold atoms
and a large variety of carbon-based nanostructured materials is
believed to occur by means of physisorption processes. This is
illustrated by the lack of any significant changes in the DOS for
graphene when the gold cluster is placed in its close vicinity,
in spite of a shift of —0.24 eV detected in its Fermi level.
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Binding energy values of the order of 100 meV per carbon atom
were predicted by using both the vdW methods, in contrast
with negligible binding energy values (<6 meV) calculated
by employing only the DFT-PBE level of theory. Our results
emphasize the vdW-DF as the most suitable approach, among
the ones adopted here, for calculating the binding energies of
PAH-Au(111) systems. We confirm the previously reported
positive linear dependence between the binding energy per
carbon atom and the ratio Ng/N¢ for PAH molecules adsorbed
on a gold surface. This indicates that a carbon atom belonging
to the exterior CH-groups of the PAH molecules interacts more
strongly with the gold slab than a carbon atom, which is co-
valently bonded to three other carbon atoms (CC-type carbon
atom). In addition, we also find a positive linear dependence
between the amount of electronic charge transferred from the
PAH to the metal and the ratio Ny/N¢, which is consistent with
the behavior displayed by the binding energies and highlights
even more the differences between a CC-type carbon atom
and a carbon atom belonging to a CH-group. Consequently, we
predict for an extended graphene layer adsorbed on an Au(111)
surface, at the DFT-D2 level of theory, a binding energy of
73 meV and an electronic charge loss of 0.10 x 1072 e,
both per carbon atom. All results presented here for the
graphene/PAH-gold models systems at the three levels of
theory (PBE, DFI-D2, and vdW-DF) suggest long-range
physisorption interactions at the graphene-gold interface.
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