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The adsorption of silver and gold atoms, and M2, M6, and M13 (M ) Ag or Au) clusters on the (0001)
graphite surface has been investigated computationally using the density functional theory (DFT) with periodic
boundary conditions and plane wave basis functions. The surface has been modeled as a single carbon sheet.
The role of dispersion forces has been studied with an empirical classical model. The results show that the
clusters avoid hollow sites on the graphite surface, and that the metal atoms favor atop and bond sites. Large
structural changes are observed in octahedral M6 and icosahedral M13 clusters on the graphite surface when
compared with gas-phase geometries. The results also indicate that if accurate results are required, the dispersion
forces between metal and carbon atoms should be included in the studied systems.

1. Introduction

An understanding of the energetics of isolated metal clusters
adsorbed on different sites of semiconductor surfaces is required
to model both the interaction between the clusters and the
formation of large structures such as nanowires on these sur-
faces. Modern electronic structure calculation theories such as
Møller-Plesset perturbation theory (MP) and density functional
theory (DFT) allow the quantitative study of small clusters on
surfaces. The starting point for this work is a calculation of the
properties of isolated clusters and a comparison with experi-
mental data, such as adsorption energies and structures when
available. The structural changes of the clusters close to surfaces,
when compared with gas-phase values, are also interesting,
because there is currently little quantitative experimental
information on this. These structural changes are often so large
that the usual definition of adsorption energy does not give the
best physical measure of the quantity. In the extreme case, the
clusters break into free atoms, i.e., the atoms wet the surface.

The nature of the interaction between the surface and the clus-
ter is interesting. The interaction between the cluster and the
mirror induced dipole inside the surface is a possibility, but
one should not ignore the role of van der Waals (dispersion)
forces, which can be significant even in describing plain surfaces
such as graphite. The modeling of dispersion forces, which arise
from electron correlated effects, is demanding in the density
functional theory because their effects are excluded from
standard functionals. These forces are included in some other
electronic structure calculation theories such as the MP, but
unfortunately these present some other problems such as often
being limited to atomic basis sets and being computationally
expensive.

In this work, we study the structure and binding energies of
small nanoclusters of Ag and Au adsorbed on the nondefective
(0001) surface of graphite. We use the DFT method with
periodic boundary conditions and plane wave basis sets. Owing
to the limited computational resources at our disposal, we dis-
cuss only atoms and the small clusters M2, M6, and M13, where
M ) Au or Ag. We have chosen this set because atoms and
dimers are natural test cases for computational methods, and
isolated M6 and M13 clusters form symmetrical three-dimen-
sional structures (octahedral and icosahedral, respectively),
whose deformation on surfaces is worth studying. We first treat
each of these as an isolated system, and then as adsorbed species
on graphite, which has been modeled as a single carbon sheet.
All of the gas-phase clusters have been investigated computa-
tionally in detail previously,1-5 so we describe only briefly our
results for these systems. The adsorption of atoms and dimers
of Ag and Au on graphite has also been studied previously with
the DFT method, although mainly with a local density ap-
proximation (LDA).6-10 In our contribution, we model these
systems by employing the generalized gradient approximation
(GGA), which often produces different results from the LDA
approach. Finally, there is also a previous DFT study of a planar
Au6 cluster adsorbed on graphite.11 To our knowledge, the ad-
sorption on graphite of Ag6, three-dimensional Au6 clusters, and
the M13 structures has not been studied by DFT methods
previously.

We also present an estimation of the long-range dispersion
binding energies in the systems studied. As far as we know,
dispersion effects on metallic clusters adsorbed on the graphite
surface have not previously been studied computationally.
Because the current standard functionals in the DFT theory
exclude long-range electron correlations,12-16 we have adopted
semiempirical approaches that can be employed on top of the
DFT energies to account for dispersion.17,18 This strategy has
been successful in some systems of biological interest17 because,
once properly refined, these models capture the behavior of
dispersion forces well, and they are conceptually simple, and
computationally cheap.
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2. Method

2a. Electronic Structure Calculations.All electronic struc-
ture calculations were performed using the Viennaab Initio
Simulation Package (VASP), a plane wave based density
functional theory code capable of describing periodic systems.
The projector augmented wave (PAW) method19,20and general-
ized gradient approximation (GGA) Perdew-Wang 91 exchange
correlation functional21 as implemented in VASP were chosen
for their good performance in describing the energetics of small
metal clusters. Test calculations with norm-conserving ultrasoft
pseudopotentials and the local density approximation (LDA)
were also conducted on a silver atom on graphite, but these
computations overestimated binding energies when compared
with the GGA results. For comparison, PAW/PBE (Perdew-
Burke-Ernzerhof) potentials were also used in the case of an
Ag or Au atom adsorbed on graphite but these gave similar
results to the PAW/PW91 potentials.

The graphite surface was modeled with a single layer of 96
carbon atoms, but test calculations with two, three, and four
layers of graphite were performed and deemed unnecessary due
to the small effect of the additional layers on cluster adsorption
energetics and structure. The large dimensions of the fully
relaxed surface slab (14.8 Å× 17 Å) were necessary to avoid
interactions between adjacent metal clusters (1 Å) 10-10 m).
This was especially challenging for the largest (M13) clusters
included in this work. Taking into account the size of the largest
clusters and computational limitations, a vacuum region of 25
Å was used to separate the slabs from each other.

The irreducible number ofk-points was used as a parameter
to check thek-point mesh convergence. In our case, thek-point
setsn × n × 1, wheren ) 2-5, correspond to the irreducible
number ofk-points 4, 5, 10, and 13, respectively. Generally, a
Γ-centered mesh of 2× 2 × 1 k-points and a cutoff energy of
400 eV were found to be adequate, but in the case of atoms
adsorbed on graphite ak-point mesh 3× 3 × 1 and a cutoff
energy of 500 eV were needed (1 eV) 0.160 218 aJ).
Convergence tests were also made with thek-point sets 4× 4
× 1 and 5 × 5 × 1 in the case of the dimer adsorbed
perpendicularly above the atop site of the graphite surface. The
effect of inclusion of spin polarization was tested and deemed
negligible except for single metal atom, isolated non-planar M6,
and isolated M13 energies, where spin polarized calculations
were performed.22 All forces were optimized until the values
were less than 30 meV/Å.

As opposed to semirigid molecular systems, the structure of
large metal clusters may change greatly near a surface, and there
can be substantial energy changes due to the rearrangements of
atoms. Therefore, there is no unique way to define the adsorption
energy. We have used the following three definitions

In the first definition, we subtract from the system energy
the energies of the individual components obtained after a
vacuum optimization. However, when significant structural
distortion occurs, the energies obtained in this way contain

deformation energy as well as the interaction energy between
the surface and the adsorbed cluster. The second definition
removes this factor, but it contains the interaction energy
between the surface and the cluster plus the cohesive energy
that is gained when atoms are organized into a cluster. The third
definition subtracts the energy of adsorption structures from the
total system energy and represents only the interaction energy
between the surface and the cluster once they have been
reorganized to form the adsorption system.

2b. Estimation of van der Waals Dispersion Energies.We
mainly follow the methodology proposed by Elstner17 to
estimate dispersion energies. We also apply Grimme’s ap-
proach18 to the silver-graphite system to compare the results
from the two different approaches.

The dispersion energy is modeled by means of anR-6 term
in Elstner’s proposal as follows

where Rij
(Râ) stands for the distance between atomsi and j,

whose atomic species areR andâ, C6
(Râ) is a coefficient related

to the strength of the van der Waals interaction between atomic
speciesR andâ, andf(Rij

(Râ)) is a damping function that is used
to provide a vanishing van der Waals interaction at short
distances. Thus, with eq 4, a new term is added to the total
DFT energy so that only the long distance behavior of the
functional is modified. Different multiplicative scaling factors,
which depend on the DFT functionals used, are often added to
eq 4.23 These can be found, for instance, by adjusting the DFT
results to some high-levelab initio computations that accurately
account for dispersion.

Elstner has adopted a method from Halgren24 to estimate the
C6 coefficients. These can be calculated for the interaction of
the same atomic type,RR, as

whereNR is the Slater-Kirkwood25 number of electrons for
the speciesR andpR is the atomic polarizability. Equation 5 is
written in atomic units and therefore the polarizability is
expressed in bohr3 to obtain the coefficient in hartree bohr6.
TheC6 coefficient for different atomic species,R andâ, can be
obtained from theC6 coefficients of the identical atoms,RR,
andââ, and the atomic polarizabilities, employing an empirical
mixture rule as

Equation 6 appears in Elstner’s paper with the indices in the
denominator interchanged, which is probably a typographical
mistake.

Halgren has observed empirically that the Slater-Kirkwood
number of electrons grows linearly with the number of valence
electrons of the atom. The range of atoms studied contains only
the 14th to 18th column atoms and goes down to the Xe atom
in the periodic table. Therefore, there is an empirical expression
for the C atom, but not for Ag and Au, for which we use the
equation proposed for atoms ranging from Sn to Xe. We have
also searched for articles that propose values for theC6

(R)

coefficient of silver and have performed the calculations

E1 ) E(system)- E(surface, vacuum)-
E(cluster, vacuum) (1)

E2 ) E(system)- E(surface, vacuum)-
n × E(metal atom, vacuum) (2)

E3 ) E(system)- E(surface, adsorption)-
E(cluster, adsorption) (3)

EVdW ) - ∑
i,j
j>i

f(Rij
(Râ))

C6
(Râ)

(Rij
(Râ))6

(4)

C6
(R) ) 3

4 xNRpR
3 (5)

C6
(Râ) )

2C6
(R)C6

(â)pRpâ

pR
2C6

(â) + pâ
2C6

(R)
(6)
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employing the corresponding values.26,27We use the following
extrapolation

whereNV is the number of valence electrons of the atom in
question. The damping functionf(Rij

(Râ)) in eq 4 takes the form

whered ) 3.0 in Halgren’s method, andR0
(Râ) can be calcu-

lated from the van der Waals atomic radii as follows:23

We have also applied Grimme’s method to silver clusters on
graphite. This approach also employs eq 4. TheC6

(Râ) coef-
ficients are obtained in this approach as

and the damping function as

whereR0
(Râ) is the sum of the atomic van der Waals radii andd

) 20.

3. Results and Discussion: Graphite and Small Metal
Clusters in a Vacuum

3a. Graphite. The description of graphite within the DFT is
a difficult problem. The main component of the forces between
the basal planes of graphite arises from weak van der Waals
forces, which are not modeled well by the usual DFT codes.
As a result, LDA functionals underestimate the interlayer
binding energy of graphite but still predict a reasonable value
for the interlayer distance.28 Besides, GGA functionals fail to
reproduce both the interlayer binding energy and the interlayer
distance.28

We have also found that the DFT performs poorly with
graphite; in particular, GGA functionals are unable to model
the structure of graphite accurately and do not show significant
binding between the layers. For this reason, the graphite surface
is modeled as a single layer of carbon atoms. This approach
decreases the number of different adsorption sites to three (atop,
hollow, bridge) instead of separating the atop site intoR andâ
sites as they would appear in a multilayer model of graphite.
The surface was fully relaxed in all calculations allowing the
deformation of the carbon atoms during cluster adsorption.

3b. Isolated Dimers.The structures of all metal clusters have
been fully optimized and the calculated energies are collected
in Table 1. The calculated equilibrium bond lengths of the
dimers are in good agreement with the experimental values
r(Ag2) ) 2.53 Å and r(Au2) ) 2.47 Å, being only a few
hundredths of an Ångstro¨m larger. The tendency to slightly
overestimate bond lengths is typical of GGA functionals. The
cohesion energies from Table 1 also compare well with the
experimental values,E(Ag2) ) 1.651-1.6729 eV, andE(Au2)
) 2.291-2.3129 eV. Binding energies are overestimated by about
0.5 eV with the LDA although both the LDA and GGA methods

produce similar equilibrium bond lengths for silver and gold
dimers.

Because single Ag and Au atoms possess an electronic
configuration d10s1, spin polarized calculations were performed
for the atoms to obtain their ground state energies, which were
used in calculating the bonding energy of clusters. Spin
polarization has a negligible effect on dimers, and it was not
applied. For example, an Au2 dimer calculation yielded a total
cluster energy of-2.624 eV neglecting the effect of spin
polarization. A corresponding spin polarized calculation pro-
duced energies that are only 6 meV more negative.

3c. M6 Structures. Octahedral and planar M6 clusters have
been investigated. Previous DFT studies on Ag6

4 and Au6
3

clusters suggest that the planar triangular clusters we consider
(see Figure 4) are the lowest energy structures. The octahedral
structure is energetically less favored, but it is an interesting
model of three-dimensional clusters. The results presented in
this article agree well with those of previous studies. Table 1
shows cohesive energies of planar triangular clusters to be about
0.34 (Au) and 0.22 eV/atom (Ag) more stable than the
corresponding octahedral structures. The relaxed planar clusters
possess an inner bond longer than the exterior bond. Structurally
perfect octahedrons are obtained after relaxation.

3d. M13 Structures. Icosahedral clusters of Ag13 and Au13

have been fully optimized with spin polarization included and
the results are presented in Table 1. The binding energy of a
single gold atom differs little between icosahedral Au13 and
planar triangular Au6. However, the Ag13 icosahedron possesses
about 0.1 eV/atom stronger binding energy than the planar Ag6

cluster. Other M13 structures, including planar forms of Ag13

and Au13, were not considered in this research, because
adsorption studies would have required a considerable increase
in surface slab dimensions, which would have been impossible
due to computing limitations. Although it has been found that
icosahedral structures are not the lowest in energy,5 they provide
a representative case from which to investigate structural
changes in the neighborhood of semiconductor surfaces.

4. Results and Discussion: Adsorption Studies

4a. Single Atoms on Graphite.Both gold and silver clusters
have been subject to intensive experimental and theoretical
research.6-11,30 The adsorption of single atoms has previously
been studied with DFT methods, but most of those calculations
were performed using the local density approximation (LDA),
which often overestimates the binding as compared to the
generalized gradient approximation (GGA). The published
results are somewhat contradictory. On one hand, it has been

TABLE 1: Calculated Energies and Nearest-Neighbor
Distances of Small Metal Clusters

system E (eV)a d (Å)b

Au2 -2.32 2.51
Au6 octae -9.57 2.79
Au6 planar -11.58 2.79,c 2.64d

Au13 icoe -24.97 2.93
Ag2 -1.80 2.57
Ag6 octae -7.55 2.80
Ag6 planar -8.76 2.79,c 2.69d

Ag13 icoe -20.70 2.93

a Cohesion energies,E ) E(cluster)- nE(atom), andn is the number
of atoms. Ground state energies of Au and Ag atoms with spin
polarization included are-0.152 and-0.172 eV, respectively.b Near-
est-neighbor distances.c Nearest-neighbor distance in the interior
triangle; see Figure 4.d Nearest-neighbor distance in the exterior
triangle; see Figure 4.e Spin polarization included.

C-Ne: NR ) 1.17+ 0.33NV

Sn-Xe: NR ) 4.85+ 0.30NV (7)

f(Rij
(Râ)) ) [1 - e-d(Rij

(Râ)/R0
(Râ))7

]4 (8)

R0
(Râ) )

(2RVdW
(R) )3 + (2RVdW

(â) )3

(2RVdW
(R) )2 + (2RVdW

(â) )2
(9)

C6
(Râ) ) xC6

(R)C6
(â) (10)

f(Rij
(Râ)) ) 1

1 + e-d(Rij
(Râ)/R0

(Râ)-1)
(11)
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claimed that both metals favor atop and over bond sites on
graphite surfaces.6-8,10 Thus, the binding energies obtained for
silver are-0.44,-0.43, and-0.39 eV for the atop, bond, and
hollow sites, respectively. The corresponding values for gold
are -0.67, -0.65, and -0.51 eV. A somewhat different
conclusion was obtained in an earlier study according to which
the bond site is the least stable for the silver atom, having a
binding energy of-0.23 eV, whereas for the hollow and atop
sites binding energies of-0.33 and-0.54 eV, respectively,
are given.9 All these results have been obtained with the LDA
approximation. There is also a study on gold which gives a
nonpolarized GGA adsorption energy of-0.15 eV for the atop
site.10 Adsorption energies of gold atoms on graphite are larger
than those of silver, probably due to the larger electron affinity
of gold.

Table 2 summarizes our results obtained using the potential
PW91 for single atom cases. The values vary greatly depending
on the level of calculation regarding thek-point mesh and cutoff
energy selected. We have systematically checked the conver-
gence of the calculation with respect to thek-point mesh and
the plane wave cutoff. The 2× 2 × 1 mesh and 400 eV cutoff,
which converge well for the other systems studied in this work,
are insufficient in the case of silver and gold atoms on the
graphite surface. We found that a 3× 3 × 1 mesh and a 500
eV cutoff were enough to produce well-converged results.

As stated earlier, previous DFT/LDA studies suggest that the
silver atom adsorbs on the graphite atop site with an energy of
about 0.44-0.54 eV in magnitude. Our GGA results are
different. The adsorption of single silver atoms on graphite is
not favored, because the adsorption energies obtained are close
to zero. For gold, our computed energies and the value from
ref 10 are somewhat larger in magnitude showing at least some
degree of adsorption. This agrees with STM (scanning tunneling
microscopy) results which indicate that gold atoms are less
mobile than silver atoms.30 Figure 1 shows the starting structures
of the silver atom on a graphite surface (atop, bond, and hollow
sites), and the corresponding results are given for the relaxed

structures in Figure 2, where the silver atom has moved from
the original positions.

As can be seen from Table 2, the adsorption energies obtained
for gold and silver are almost constant regardless of whether
the atom is adsorbed on an atop, a bond or a hollow site.
Adsorption geometries are also given in Table 2. The parameter
r⊥ represents the perpendicular distance from the metal atom
to the averageZ-coordinate of the carbon atoms of the graphite
surface (theZ-axis being perpendicular to the surface). The
parameter∆ZC measures the deformation of the carbon sheet,
and it is defined as the distance of the most distorted carbon
atom from the average position of the carbon sheet. A positive
value is obtained when the most distorted C atom gets closer
to the adsorbed cluster, and a negative number occurs in the
reverse situation. Ther⊥ distances using the PW91 exchange
correlation functional are larger than those obtained with the
LDA functionals in agreement with the behavior of the binding
energies.

We have also repeated the calculations for the Ag and Au
atoms adsorbed on the atop site employing the PBE and LDA
(Ceperly-Alder parametrization) functionals. We have found
that PBE gives results similar to those obtained with PW91 (see
the footnotes c and e in Table 2 for our values of Ag and Au),
and LDA gives results similar to those already found in previous
studies (see Table 2 for our values of Ag).

4b. Dimers on Graphite.Six cases were considered for each
metal dimer. The same adsorption sites were used as for single
atoms (atop, bond, and hollow), and both the perpendicular and
parallel orientations of the molecular axis were studied. The
parallel orientations considered are shown in Figure 3.

For the silver dimer on graphite, all the calculations of which
we are aware have been performed using the LDA approach.7-9

The following binding energies have been reported in the
literature: -0.51 eV (atop site),-0.52 eV (bond site), and
-0.55 eV (hollow site).8 They have been computed with eq 1
and only for the dimers oriented parallel to the graphite surface.
Besides, the definitions of atop, bond, and hollow sites in ref 8
differ from ours (see Figure 3) such that our bond and hollow
sites are their hollow (B) and bond (perpendicular) sites,
respectively. Our atop site does not directly correspond to the
sites in ref 8. In ref 7, all computed values are close to-3 eV,
with the hollow position being slightly more favored than the
other sites, and the average distance of the mass point center of
the silver dimer from the graphite surface varying between 2.86
and 2.98 Å.7 In this case, the values of the binding energy are
obtained with eq 2, and the notation for the adsorption sites is
the same as in ref 8. An earlier study, also using eq 2, gives
values that are close to-2.3 eV, but with the hollow position
being the least stable site.9 The average distances varied in the
range 2.90-2.97 Å. However, we are unable to provide a precise
correspondence between the character of their and our sites due
to notational problems in this reference.

Our calculations for the silver and gold dimers on a graphite
surface were performed using the GGA approach. The results
are in Table 3. The hollow site is the least stable position both
for the parallel and perpendicular orientations of the silver dimer,
but the differences are small (around 0.002 eV) in the case of
the parallel dimer. The perpendicular orientation is preferred
over the parallel one. The binding energies obtained with eq 1
are close to zero. The silver dimers are probably highly mobile
along the graphite surface due to similar energies at different
sites. Silver dimers on surfaces are seldom observed experi-
mentally, which is consistent with high mobility. The average
distance from the surface to the mass point center of the dimer

TABLE 2: Adsorption of Single Gold and Silver Atoms on
Graphitea

atom/site
Eads

(eV)
r⊥

(Å)
∆ZC

(Å)b
Eads

(eV)/LDA
r⊥

(Å)/LDA

Au, atop, 2× 2 × 1,
400 eVc

-0.15 2.67 0.13

Au, atop -0.22 3.15 0.04 -0.67d 2.47d

Au, bond, 2× 2 × 1,
400 eV

-0.16 3.17 0.02

Au, bond -0.22 3.21 0.03 -0.65d 2.48d

Au, hollow, 2× 2 × 1,
400 eV

-0.16 3.43 -0.05

Au, hollow -0.22 3.41 0.04 -0.51d 2.62d

Ag, atop, 2× 2 × 1,
400 eVe

0.09 2.69 0.07 -0.48 2.37

Ag, atop -0.05 3.29 0.05 -0.44f 2.54f

Ag, bond, 2× 2 × 1,
400 eV

0.09 2.70 0.04

Ag, bond -0.05 3.29 0.04 -0.43f 2.54f

Ag, hollow, 2× 2 × 1,
400 eV

0.10 3.13 -0.02

Ag, hollow -0.05 3.44 0.06 -0.39f 2.61f

a The values have been calculated with spin polarization included.
Thek-point mesh used in our calculations is 3× 3 × 1 and the cutoff
energy is 500 eV unless otherwise stated.b A positive value is obtained
when the perpendicularly most distorted C atom gets closer to the
adsorbed cluster. See the text for details.c The corresponding PBE
results areEads ) -0.14 eV,r⊥ ) 2.73 Å, and∆ZC ) 0.11 Å. d Data
from ref 6. e The corresponding PBE results areEads ) -0.02 eV,r⊥
) 3.37 Å, and∆ZC ) 0.01 Å. f Data from ref 7.
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is also somewhat high, varying from 3.5-3.6 Å in the parallel
orientation to 3.9-4.0 Å in the perpendicular one. The bond
lengths in Ag2 are almost identical to the gas-phase values. A
slight deformation of the graphite occurs when Ag2 is in the
parallel orientation.

The k-point meshes 3× 3 × 1, 4 × 4 × 1, and 5× 5 × 1
were also tested for the atop site of the perpendicular Ag2 dimer.
All these calculations gave the adsorption energiesE2 ) -1.97
eV andE1 ) -0.17 eV, that is, practically the same values as
those obtained with thek-point mesh 2× 2 × 1, so the 2× 2
× 1 mesh is large enough to obtain reliable results for dimers.

The increase of the cutoff energy to 500 eV made only a small
difference in the adsorption energies but a larger difference in
the position of the dimer, particularly in they-coordinates. This
tendency is more pronounced in silver than in gold. The overall
distances of the dimer center of massZ-coordinate and average
surfaceZ-coordinate remain almost constant.

The LDA has also been the method of choice for gold dimers
on graphite in the literature. The values for the binding energy
of the perpendicular dimer vary from-4 eV (atop and bond
sites) to-3.8 eV (hollow site) using eq 2 (using eq 1, the values
vary from -1.14 to-1.15 eV for the atop and bond sites to
-0.92 eV for the hollow site), the average distance from the
surface being 3.52-3.57 Å.6,8 The values for the binding energy
of the parallel dimer vary from-3.5 eV (bond site) to-3.6
eV (atop and hollow sites) using eq 2 (using eq 1, the values
range from about-0.65 eV for bond site to-0.77 eV atop
and hollow sites), the average distance being 2.63-2.85 Å.6

Generally, it is concluded that the binding energies for the
perpendicular case are larger than for the parallel orientation.

Our calculations (Table 3) indicate that the atop and bond
sites of the perpendicular gold dimer are preferred over the
hollow site. Additionally, the binding energies for all the parallel
sites are smaller than for the perpendicular orientation. It has
been suggested that the preference of gold dimers to locate
perpendicularly is due to relativistic effects.6 In the case of Au2
parallel to the graphite surface, eq 1 gives values for the binding
energies that are close to zero and even smaller in magnitude
than those obtained for the gold monomer on graphite. This
suggests that parallel Au2 is unstable and most likely becomes
perpendicular Au2. The only case without deformation of the
graphite is that in which Au2 is in the perpendicular orientation

Figure 1. Starting structures for the silver atom on a graphite surface: (a) atop site (the metal atom is on the top of the central carbon atom); (b)
bond site; (c) hollow site. There are 6 carbon atoms along the horizontal direction (x-axis) and 16 atoms along the vertical direction (y-axis) in a
unit cell, and thus, there are altogether 96 carbon atoms per a unit cell.

Figure 2. Relaxed structures for the silver atom on a graphite surface: (a) atop site; (b) bond site; (c) hollow site, calculated with ak-point mesh
3 × 3 × 1 and a cutoff energy of 500 eV. For the unit cell size, see the caption of Figure 1.

Figure 3. Parallel orientations of metal dimers studied in this work: left, parallel atop; middle, parallel bond; right, parallel hollow. They-axis is
located in the horizontal and thex-axis in the vertical direction.

TABLE 3: Adsorption Energies and Structures of the
Studied Dimersa

dimer, site, orientation
E1

(eV)
E2

(eV)
rM-M

(Å)
rCOM-surf

(Å)b
∆ZC

(Å)

Au2, atop,⊥ -0.55 -2.87 2.52 3.69 0.11
Au2, atop,⊥, 500 eV -0.57 -2.89 2.52 3.68 0.10
Au2, bond,⊥ -0.55 -2.87 2.52 3.66 0.11
Au2, hollow, ⊥ -0.25 -2.57 2.52 3.84 -0.01
Au2, atop,| -0.08 -2.40 2.53 3.43 -0.07
Au2, bond,| -0.08 -2.40 2.53 3.45 -0.07
Au2, hollow, | -0.08 -2.40 2.53 3.58 -0.07
Ag2, atop,⊥ -0.17 -1.97 2.57 3.88 0.03
Ag2, atop,⊥, 500 eV -0.19 -1.99 2.57 3.86 0.03
Ag2, bond,⊥ -0.16 -1.96 2.57 3.86 0.01
Ag2, hollow, ⊥ -0.10 -1.90 2.57 4.00 -0.03
Ag2, atop,| -0.06 -1.86 2.58 3.60 -0.08
Ag2, bond,| -0.06 -1.86 2.57 3.55 -0.07
Ag2, hollow, | -0.06 -1.85 2.57 3.54 -0.08

a All values in the table have been calculated with the potential PW91
using thek-point mesh 2× 2 × 1 and a cutoff 400 eV unless otherwise
stated.b Difference between the dimer center of massZ-coordinate and
average surfaceZ-coordinate.
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above the hollow site. The Au2 bond lengths show an elongation
of 0.011-0.026 Å compared to the gas-phase value. Experi-
mentally, using the STM, gold dimers on graphite have been
observed to span longer gold-gold distances than in the
vacuum.30 Overall, the gold dimer is somewhat closer to the
surface than Ag2. The average distance from the surface to the
mass point center of the dimer varies from 3.4 to 3.8 Å.

4c. M6 Adsorbed on Graphite. We have relaxed the
octahedral M6 clusters over the atop, bond, and hollow sites,
and the planar M6 structures for different orientations relative
to the surface, as indicated in Figure 4. The results are
summarized in Table 4. We make some general observations
here before going into details. Both the planar and octahedral
clusters avoid the hollow sites. The planar structures remain
two-dimensional, and the octahedral clusters favor the atop site,
where the lower side of the cluster is jagged. The distance
between a planar cluster and the surface remains larger than in
any of the three-dimensional cases if the planar cluster is placed
parallel to the surface. Planar clusters are observed to be closest
to the surface when the planar triangular cluster is placed per-
pendicular to the surface. According to theE2 values, the
octahedral structures are energetically less favored than the
planar ones, which correlates well with the energy ordering of
the clusters in the gas phase. On the other hand, the octahedral
structures are more favorable than the planar ones as far as

surface binding energy is concerned, i.e., according to theE1

values.
The adsorption of planar clusters follows some general

patterns. First, as mentioned above, the cluster geometries
remain planar and they differ only slightly from the gas-phase
structures. The largest changes in the nearest-neighbor bond
lengths are 0.02 Å for Ag and 0.05 Å for Au. Second, the vertex-
on orientation (see Figure 4) in Au6 is energetically favored,
whereas for Ag6 there is no preferred orientation. All the planar
adsorption geometries except the Au6 vertex-on possess small
binding energies, around 0.1-0.2 eV. The adsorption of planar
Au6 clusters on graphite has been studied with DFT/GGA
methods recently.11 Generally, our results for both the geom-
etries and binding energies agree well with the published values,
although the published parallel structure is bound slightly less
strongly than in our work. Specifically, earlier works predict
adsorption energies employing eq 1 and obtain-0.33 eV for
the vertex-on,-0.15 eV for the edge-on, and-0.04 eV for the
parallel orientation.

The largest deformations occur when octahedral clusters are
above the atop or bond sites, where the octahedral symmetry is
lost and the clusters become shorter in the direction perpen-
dicular to the surface. Clusters above hollow sites are also
flattened but retain the octahedral structure. The structural
distortion is most pronounced in the Ag cluster, which is also
adsorbed closest to the surface. The heights and widths of the
M6 octahedral structures adsorbed on graphite are given in Table
4. As a reference, the corresponding values in the vacuum are
3.96 and 3.95 Å for Ag6 and Au6 octahedrons, respectively.
The distortions projected along the surface depend strongly on
the adsorption site, as can be seen in Figure 5. There is a general
tendency of the atoms to be adsorbed close to atop sites and
away from hollow sites. The binding is also weaker when the
clusters are adsorbed over the hollow site, and stronger over
the atop site.

Graphite deformations are largest when octahedral clusters
are placed on the atop and bond sites. The carbon atoms closest
to the clusters are raised slightly from the plane of carbon atoms
toward the cluster. For details, see Table 4.

The differences between adsorption sites are best described
by theE3 values, where the deformation of the surface and the
cluster is included. The adsorption energy of the Au6 octahedron
is about 0.5 eV larger on the atop site than it is on the hollow
site. The corresponding difference in silver is 0.2 eV.

We have also investigated charge changes in M6 clusters.
These were found to be small. A comparison of charge
distributions of both adsorbed and free icosahedral clusters
reveals that the metal atom directly above the surface carbon
atom loses electron density to the surface. In Ag6, the silver
atom closest to a surface carbon atom shows a decrease of about
0.1 e in electron density compared to the same distorted
adsorption structure in the vacuum without the surface. These
changes are smaller in octahedral Au6.

Figure 4. Orientation of planar M6 clusters: left, parallel atop; middle, perpendicular edge-on; right, perpendicular vertex-on.

TABLE 4: Adsorption Energies and Structures of M6
Clusters

cluster
E1

(eV)
E2

(eV)
E3

(eV)
rCOM-surf

(Å)
rmin

(Å)
∆ZC

(Å)

Au6 octa, atop -0.56 -10.13 -0.72 4.34 2.34 0.23
Au6 octa, bond -0.55 -10.12 -0.72 4.33 2.42 0.21
Au6 octa, hollow -0.37 -9.94 -0.20 4.59 3.47 -0.04
Au6 planar, atop,| -0.16 -11.74 -0.11 3.88 3.88 -0.02
Au6 planar, vertex

atop,⊥
-0.27 -11.86 -0.32 5.65 2.48 -0.10

Au6 planar, edge
atop,⊥

-0.13 -11.71 -0.13 4.66 3.16 0.07

Ag6 octa, atop -0.86 -8.41 -0.35 4.02 2.52 0.14
Ag6 octa, bond -0.50 -8.05 -0.37 4.10 2.63 0.16
Ag6 octa, hollow -0.32 -7.87 -0.12 4.57 3.50 -0.03
Ag6 planar, atop,| -0.16 -8.92 -0.12 3.96 3.94 -0.03
Ag6 planar, vertex

atop,⊥
-0.13 -8.89 -0.14 5.79 2.69 0.03

Ag6 planar, edge
atop,⊥

-0.10 -8.87 -0.09 4.90 3.37 -0.10

cluster
width
(Å)

height
(Å)

Au6 octa, atop 4.22 3.48
Au6 octa, bond 4.19 3.54
Au6 octa, hollow 4.57 2.90
Ag6 octa, atop 4.81 2.67
Ag6 octa, bond 4.76 2.75
Ag6 octa, hollow 4.69 2.76
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4d. M13 Clusters Adsorbed on Graphite.We have consid-
ered only the icosahedrons of the M13 structures due to
computational limitations. Large surface slabs would have been
required to prevent clusters in adjacent cells from interacting
in planar structures. The closest distance between metal atoms
on adjacent clusters is 9.56 Å (Au) and 9.25 Å (Ag). The
contribution from a neighboring cell is small, the bond energy
of Au2 at 9 Å is less than 4 meV. The results for the
icosahedrons are given in Table 5.

There are large distortions when compared with the gas-phase
structures (see Figure 6). The largest changes occur in silver.
Unrealistic adsorption energies are obtained if vacuum structures
are used. The best way to deal with adsorption is to use the
distorted structures, i.e.,E3, where the structural distortion
caused by adsorption and the interaction between the surface
and the cluster can be separated. For example,E1 of gold is
almost -3 eV. This indicates that there is strong chemical
bonding to the surface, which is unrealistic. The large absolute
value ofE1 is due to the large structural changes of the cluster
upon adsorption. The same occurs in the octahedral clusters,

whereE1 is as small as-0.86 eV in Ag6. The computedE1 is
smaller thanE3 because the total energy of the adsorbed structure
in the gas phase is smaller than the icosahedral energy in the
gas phase. It should be noted that the details of the optimized
cluster structure on graphite might depend on the initial starting
structure and orientation, but further investigations are left for
future work.

4e. Van der Waals Energy Contributions.
C6 Coefficients.We have used the atomic polarizabilities from

refs 31-33 and the van der Waals radii from ref 34 to evaluate
theC6 andR0 coefficients. For the C atom, we have employed
the Cbr polarizability by Miller,31 which has been obtained
empirically from molecules with the C atoms in their sp2

hybridization state. This result should suit our problem better
than a value obtained from a series of molecules in which C
can be in any of its hybridization states. Some other authors23

have adopted the same view, and good results have been
obtained when compared with Møller-Plesset second-order
perturbation theory calculations.

TheC6 coefficients and van der Waals radii used in Grimme’s
approach were taken from ref 18. The coefficients are presented
in Table 6. Altogether four different sets of coefficients for the
Ag clusters and one set for the Au clusters on graphite are
presented in the same table.

There is a large scatter, of almost 1 order of magnitude, in
theC6 coefficients of Ag in Table 6. Set 2, in particular, differs

Figure 5. Optimized structures of Ag6 octahedral clusters on graphite: left, adsorbed atop; middle, bond; right, hollow. The sixth atom is lying
below the atom in the center of the cluster.

TABLE 5: Adsorption of the Icosahedral M 13 Clusters

cluster
E1

(eV)
E2

(eV)
E3

(eV)
rCOM-surf

(Å)
rclosest

(Å)
∆ZC

(Å)

Au13ico -2.76 -27.72 -0.21 5.56 3.33 0.07
Ag13ico -1.10 -21.80 -0.31 5.64 2.51 0.07

Figure 6. Optimized structures of M13 icosahedral clusters: top, Ag13 cluster; bottom, Au13 cluster.
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from the others. In this case, theC6 coefficient of Ag is taken
from ref 26, where the result is obtained for a system with one
silver atom interacting with an Ag(100) surface. The method
employed is based on expressions derived by Persson and
Zaremba.35 These authors noticed that the calculated coefficients
are smaller than those employed in the previous molecular
dynamics simulations of the same system. However, they
observed that a good representation of the growing process of
metal at large angles of incidence is obtained with their
coefficients. Although the other three sets of coefficients for
the Ag clusters on graphite have more in common with each
other, there are still differences. In set 3, theC6 coefficient of
Ag is from ref 27, where Ag2Te was studied with high-level
ab initio calculations, and theC6 coefficient for Ag is evaluated
by representing the Ag-Ag potential as a polynomial expansion.
The result is 20% smaller in magnitude than our estimation using
eq 5. Finally, set 4, whose coefficients have been taken from
Grimme’s work, differ somewhat from set 1, but it is not easy
to predict what effect it will have on the van der Waals energies
due to the different damping functions employed.

Binding Energies.We have taken the coefficients from the
previous section and the geometries computed with the DFT
when evaluating van der Waals energies. The summation in eq
4 has been carried out considering only the atoms in the unit
cell. The binding energies originating from van der Waals
dispersion have been calculated following the definitions given
in eqs 1 and 3, which emphasize different energetical aspects,
particularly when comparing the same cluster absorbed at
different sites. The definition given in eq 1, which includes the
cluster’s relaxation energy, gives the most energetically favor-
able site and eq 3 gives the most physically meaningful van
der Waals contribution to the adsorption energy. The definition
given in eq 2 is not suitable for the present purposes, because
the semiclassical models only include two-body terms. We have
included silver-silver, carbon-carbon, and silver-carbon
interactions. The results obtained with eqs 1 and 3 are similar,
the differences being generally some hundredths of an elec-
tronvolt, which indicates that van der Waals energies vary slowly
with the displacement of the atoms in our system. In Table 7,
we give mainly the binding energies obtained with eq 1, because
we wish to emphasize the relative stability of a cluster adsorbed
on different sites. However, for the adsorption of the three-
dimensional M6 and M13 clusters, the results obtained with eq
1 and eq 3 differ somewhat; see the footnote in Table 7 for
numerical details. This is related to the large structural changes
of three-dimensional clusters upon adsorption.

From the results in Table 7, it can be seen that the total
binding energy depends greatly on the set of parameters used

and is especially sensitive to the values of theC6 coefficients,
which are responsible for the strength of van der Waals

TABLE 6: Sets of CoefficientsC6 and R0 Used To Estimate Van Der Waals Energiesa
Agn on Graphite

set 1 set 2 set 3 set 4

Râ CC AgAg CAg CC AgAg CAg CC AgAg CAg CC AgAg CAg

C6
(Râ) (eVÅ6) 32.37 486.14 125.24 32.37 60.60 26.60 32.37 389.22 110.68 20.24 285.25 75.97

R0
(Râ) (Å) 3.40 3.44 3.42 3.40 3.44 3.42 3.40 3.44 3.42 2.90 3.28 3.09

Aun on Graphite

set 1

Râ CC AuAu CAu

C6
(Râ) (eVÅ6) 32.37 277.05 94.63

R0
(Râ) (Å) 3.40 3.32 3.36

a Set 1: Elstner’s procedure withC6(Ag) and C6(Au) estimated via eq 5. Set 2: Elstner’s procedure withC6(Ag) taken from ref 26. Set 3:
Elstner’s procedure withC6(Ag) taken from ref 27. Set 4: Grimme’s method.

TABLE 7: Van der Waals Binding Energies for Ag and Au
Clusters on Graphitea

Agn on Graphite

cluster, site, orientation

set 1
E1

(eV)

set 3
E1

(eV)

set 4
E1

(eV)

set 2
E1

(eV)

DFT/PW91
E1

(eV)

Ag, atop -0.77 -0.68 -0.56 -0.18 -0.05
Ag, bond -0.78 -0.69 -0.55 -0.18 -0.05
Ag, hollow -0.69 -0.61 -0.42 -0.16 -0.05
Ag2, atop,⊥ -0.88 -0.78 -0.64 -0.20 -0.17
Ag2, bond,⊥ -0.90 -0.79 -0.65 -0.20 -0.16
Ag2, hollow, ⊥ -0.83 -0.74 -0.60 -0.19 -0.10
Ag2, atop,| -0.83 -0.73 -0.51 -0.19 -0.06
Ag2, bond,| -0.87 -0.77 -0.53 -0.20 -0.06
Ag2, hollow, | -0.88 -0.78 -0.54 -0.20 -0.06
Ag6 octahedral, atop -1.86b -1.66 -1.20 -0.42 -0.86
Ag6 octahedral, bond -1.85b -1.64 -1.15 -0.41 -0.50
Ag6 octahedral, hollow -1.63b -1.42 -0.76 -0.33 -0.32
Ag6 planar, atop,| -1.75 -1.55 -1.07 -0.39 -0.16
Ag6 planar, atop, vertex-1.05 -0.93 -0.73 -0.24 -0.13
Ag6 planar, atop, edge -1.76 -1.55 -1.05 -0.39 -0.10
Ag13 icosahedral, atop -1.43b -1.29 -0.71 -0.35 -1.10

Aun on Graphite

cluster, site, orientation

set 1
E1

(eV)

DFT/PW91
E1

(eV)

Au, atop -0.61 -0.22
Au, bond -0.51 -0.22
Au, hollow -0.40 -0.22
Au2, atop,⊥ -0.74 -0.55
Au2, bond,⊥ -0.74 -0.55
Au2, hollow, ⊥ -0.66 -0.25
Au2, atop,| -0.76 -0.08
Au2, bond,| -0.74 -0.08
Au2, hollow, | -0.66 -0.08
Au6 octahedral, atop -1.42b -0.56
Au6 octahedral, bond -1.42b -0.55
Au6 octahedral, hollow -1.21b -0.37
Au6 planar, atop,| -1.44 -0.16
Au6 planar, atop, vertex -0.88 -0.27
Au6 planar, atop, edge -1.63 -0.13
Au13 icosahedral, atop -0.39b -2.76

a Set 1: Elstner’s procedure withC6(Ag) andC6(Au) estimated via
eq 5. Set 2: Elstner’s procedure withC6(Ag) taken from ref 26. Set 3:
Elstner’s procedure withC6(Ag) taken from ref 27. Set 4: Grimme’s
method. All values are in eV.b Values obtained with eq 3 are Ag6

octahedral atop (-1.98), bond (-1.89), and hollow (-1.32). For Au6
octahedral atop (-1.26), bond (-1.29), and hollow (-1.02). For Ag13

icosahedral atop (-1.75). For Au13 icosahedral atop (-1.33). Set 1 was
used for Ag.
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interactions. There is a large uncertainty in the value of theC6

coefficient for Ag, and more research is needed to compute a
reliable value. For Au the situation is not better, because the
only coefficients available seem to be those estimated in this
work. Therefore, in giving a physical interpretation for the
results, we deal with relative energies.

It is also clear from the results in Table 7 that the van der
Waals contribution to the binding energy dominates over the
DFT contribution in many cases. However, this should be taken
with caution because, first, the model we use to estimate the
van der Waals energies is crude, and second, there is a large
uncertainty in the values of theC6 coefficient of the metallic
atoms. Despite these reservations, we believe that van der Waals
contributions must be included when studying metal clusters
on the graphite surface.

The inclusion of van der Waals dispersion energies on top
of DFT energies increases the stability for the atomic adsorp-
tions. The three adsorption sites, atop, bond, and hollow possess
similar DFT binding energies. This is also the case in the van
der Waals contributions, although the hollow site might be
slightly less favored than atop and bond sites.

For the dimer adsorptions, the DFT results indicate a
preference for the perpendicular orientation of the dimer on the
surface. The van der Waals energies hardly change from the
parallel to perpendicular orientation, so the conclusion obtained
with DFT remains valid.

For the octahedral clusters with 6 atoms, dispersion contribu-
tions to the binding energies are the smallest for the hollow
site. The same trend is observed in the case of DFT binding
energies. For the planar structures, the DFT favor the Au6 vertex
adsorption, predicting it to be approximately 0.1 eV more stable
than the others. In this case, dispersion predicts the contrary
behavior: the Au6 vertex is more than 0.5 eV higher in energy
than the other two planar adsorption geometries. Even consider-
ing the uncertainty in the dispersion results from our estimated
C6 coefficient of gold, it is likely that the dispersion contribution
to the binding energy determines the relative energetics. For
the Ag6 planar adsorptions, the DFT predicts a similar binding
energy for the three sites studied, and the estimate of the
dispersion forces suggests again that vertex adsorption is
unfavored, its binding energy being 0.7-0.15 eV larger than
in the other adsorption geometries. This might be the dominant
effect on the total binding energy. Finally, for the adsorption
of the clusters with 13 atoms, the dispersion again contributes
to the stability of the system.

5. Conclusions

We have used the density functional theory to evaluate the
energetics of the adsorption of silver and gold clusters on a
single carbon sheet of graphite. These calculations exclude the
effects of dispersion forces, which have been investigated with
an empirical model. We can summarize some of the conclusions
from the electronic structure calculations as follows. There are
significant structural changes in the larger metal clusters,
especially with silver, on the graphite sheet when compared with
isolated clusters. Therefore, unlike in many molecular systems,
the usual definition of the adsorption energy is not necessarily
the best, and the most physically appealing definition is often
the total energy of the system (cluster and surface together at
the minimum energy configuration) minus both the isolated
cluster energy at the adsorbed configuration and the graphite
sheet energy at the adsorbed configuration.

A detailed inspection of the electronic structure calculation
results reveal that (1) the hollow sites are less favorable than

the atop or bond sites, (2) adsorption energies of planar
structures are smaller than in octahedral cases and thus the
adsorption of three-dimensional structures is preferred to that
of planar structures, (3) planar structures favor the vertex-on
approach to the surface, (4) small deformations of the graphite
sheet toward the cluster often occur when the cluster is adsorbed
on the atop/bond sites and the deformations are often in the
opposite direction when the adsorption occurs on the hollow
site, and (5) due to the relatively weak interactions with the
surface, the clusters have a tendency to aggregate, which has
also been observed experimentally.

There are two conclusions concerning the current state-of-
the-art semiempirical approaches to include dispersion on top
of the DFT. First, accurateC6 coefficients are not available for
silver or gold, so more research is needed in this area. Second,
the semiempirical dispersion energies obtained with different
C6 coefficients behave similarly, but there are differences in
the total strength of the interaction. It is also interesting to
compare the energies from the density functional theory and
the empirical treatment of dispersion forces. Probably, the most
striking difference occurs in the case of perpendicular adsorption
of the planar triangular Ag6 and Au6. The DFT results indicate
that on the atop site the triangle is adsorbed with the vertex
toward the surface. On the contrary, the dispersion forces favor
the structure where the edge is pointing toward the surface. We
conclude that for systems such as those studied here, it might
be a bad approximation to neglect dispersion energies. Our
results indicate that dispersion forces could have an important
effect on the stabilization of metal clusters adsorbed on the
graphite surface.
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