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The adsorption of silver and gold atoms, and, Mg, and Mz (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 octahedrahiMl icosahedral M 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 In this work, we study the structure and binding energies of

An understanding of the energetics of isolated metal clusters Small nanoclusters of Ag and Au adsorbed on the nondefective
adsorbed on different sites of semiconductor surfaces is required(0001) surface of graphite. We use the DFT method with
to model both the interaction between the clusters and the periodic boundary conditions and plane wave basis sets. Owing
formation of large structures such as nanowires on these sur-t0 the limited computational resources at our disposal, we dis-
faces. Modern electronic structure calculation theories such ascuss only atoms and the small clusters Mg, and M, where
Mgller—Plesset perturbation theory (MP) and density functional M = Au or Ag. We have chosen this set because atoms and
theory (DFT) allow the quantitative study of small clusters on dimers are natural test cases for computational methods, and
surfaces. The starting point for this work is a calculation of the isolated My and M clusters form symmetrical three-dimen-
properties of isolated clusters and a comparison with experi- sional structures (octahedral and icosahedral, respectively),
mental data, such as adsorption energies and structures whemwhose deformation on surfaces is worth studying. We first treat
available. The structural changes of the clusters close to surfaceseach of these as an isolated system, and then as adsorbed species
when compared with gas-phase values, are also interestingon graphite, which has been modeled as a single carbon sheet.
because there is currently little quantitative experimental All of the gas-phase clusters have been investigated computa-
information on this. These structural changes are often so Iargetionauy in detail previously;® so we describe only briefly our
that the usual definition of adsorption energy does not give the results for these systems. The adsorption of atoms and dimers

best physical measure of the quantity. In the extreme case, theof Ag and Au on graphite has also been studied previously with
clusters break into free atoms, i.e., the atoms wet the surfacethe DFT method, although mainly with a local density ap-

The nature of the interaction between the surface and the clus-proximation (LDA)S-1° In our contribution, we model these

ter is interesting. The interaction between the cluster and the gy stems by employing the generalized gradient approximation
mirror induced dipole inside the surface is a possibility, but (GGA), which often produces different results from the LDA

one should not ignore the role of van der Waals (dispersion) gonr0ach. Finally, there is also a previous DFT study of a planar
forces, which can be significant even in describing plain surfaces Augs cluster adsorbed on graph#eTo our knowledge, the ad-

such as graphite. The modeling of dispersion forces, which arisesorption on graphite of Ag three-dimensional Aclusters, and

from.electron correlated effects', is demanding in the density the Mhs structures has not been studied by DFT methods
functional theory because their effects are excluded from rpreviously

standard functionals. These forces are included in some othe ) ) ) )
electronic structure calculation theories such as the MP, but e also present an estimation of the long-range dispersion
unfortunately these present some other problems such as ofte?inding energies in the systems studied. As far as we know,
being limited to atomic basis sets and being computationally dispersion effects on metallic clusters adsorbed on the graphite

expensive. surface have not previously been .studieql computationally.
Because the current standard functionals in the DFT theory
T Part of the “Giacinto Scoles Festschrift". exclude long-range electron correlatiddst® we have adopted
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2. Method

2a. Electronic Structure Calculations.All electronic struc-
ture calculations were performed using the VieraiaInitio
Simulation Package (VASP), a plane wave based density
functional theory code capable of describing periodic systems.
The projector augmented wave (PAW) metHtdand general-
ized gradient approximation (GGA) PerdeWang 91 exchange
correlation function&l 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 comparedp

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/PW9L1 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 A 17 A) were necessary to avoid
interactions between adjacent metal clusters & A010 m).
This was especially challenging for the largest;§Mclusters
included in this work. Taking into account the size of the largest
clusters and computational limitations, a vacuum region of 25
A was used to separate the slabs from each other.

The irreducible number d-points was used as a parameter
to check the&k-point mesh convergence. In our case, khgoint
setsn x n x 1, wheren = 2—5, correspond to the irreducible
number ofk-points 4, 5, 10, and 13, respectively. Generally, a
I'-centered mesh of 2 2 x 1 k-points and a cutoff energy of
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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 EnergiesWe
mainly follow the methodology proposed by Elstheto
estimate dispersion energies. We also apply Grimme’s ap-
roach?® to the silver-graphite system to compare the results
from the two different approaches.

The dispersion energy is modeled by means oRahterm
in Elstner’s proposal as follows

(o))
6

(R’

Evaw = — Z f(Ri(jaﬂ))

1)

i

(4)

where Fq-(j‘“ﬁ) stands for the distance between atomand j,
whose atomic species ameandp, C& is a coefficient related

to the strength of the van der Waals interaction between atomic
speciesx andp, andf(R”) 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 423 These can be found, for instance, by adjusting the DFT
results to some high-levab initio computations that accurately
account for dispersion.

400 eV were found to be adequate, but in the case of atoms Elstner has adopted a method from Haldfeta estimate the

adsorbed on graphite lkapoint mesh 3x 3 x 1 and a cutoff
energy of 500 eV were needed (1 e¥ 0.160 218 aJ).
Convergence tests were also made withkkmint sets 4x 4
x 1 and 5x 5 x 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-plangr M
and isolated Mk energies, where spin polarized calculations
were performed? All forces were optimized until the values
were less than 30 meV/A.

As opposed to semirigid molecular systems, the structure of

Cs coefficients. These can be calculated for the interaction of
the same atomic typexa, as

3/
C(Ga) = Z Napa3

where N, is the SlaterKirkwood?® number of electrons for
the species. andp, is the atomic polarizability. Equation 5 is
written in atomic units and therefore the polarizability is
expressed in bohrto obtain the coefficient in hartree bé&hr
The Cg coefficient for different atomic specieg,andf, can be

(%)

large metal clusters may change greatly near a surface, and ther@tained from theCe coefficients of the identical atomsia.,
can be substantial energy changes due to the rearrangements &1d/3f, and the atomic polarizabilities, employing an empirical

atoms. Therefore, there is no unique way to define the adsorptionMixture rule as

energy. We have used the following three definitions

E, = E(system)— E(surface, vacuumy-
E(cluster, vacuum) (1)

E, = E(system)— E(surface, vacuumy-
n x E(metal atom, vacuum) (2)

E; = E(system)— E(surface, adsorptiony
E(cluster, adsorption) (3)

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

2C¢Cppy

cled) =
paZCB(ﬁ) + pﬁzcgl)

(6)

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 Slat€irkwood
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@fg’é
coefficient of silver and have performed the calculations
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employing the corresponding valu#s’ We use the following TABLE 1: Calculated Energies and Nearest-Neighbor

extrapolation Distances of Small Metal Clusters
system E (eV) d(A)P
C-Ne: N,=1.17+0.33,
Au, —-2.32 251
Sn—Xe: N, =4.85+ 0.30N, @ Aus octe? ~9.57 2.79
Aug planar —11.58 2.79,2.64
whereNy is the number of valence electrons of the atom in ﬁgf 10 __211:2(7) §j§$
question. The damping functidtR”) in eq 4 takes the form Ags OCte ~7.55 2.80
Ags planar —8.76 2.7%,2.69
. — (R PR 4 icoe —20. :
f(Ri(jaﬂ)) — [1 —e (R “")IRy )] (8) Agaizico 20.70 2.93

a Cohesion energieg = E(cluster)— nE(atom), anch is the number

whered = 3.0 in Halgren’s method, anﬂg‘w) can be calcu- of atoms. Ground state energies of Au and Ag atoms with spin

lated from the van der Waals atomic radii as follG?#s: polarization included are-0.152 and-0.172 eV, respectively’. Near-
est-neighbor distance$Nearest-neighbor distance in the interior

triangle; see Figure 4.Nearest-neighbor distance in the exterior

) 13 ) 3
(@f) — (ZR%W) + (2R%w) 9) triangle; see Figure £.Spin polarization included.
2RG)% + (2RO
(2Rvow)” + ( R\%W) produce similar equilibrium bond lengths for silver and gold
We have also applied Grimme’s method to silver clusters on dimers.

graphite. This approach also employs eq 4. T coef- Because single Ag and Au atoms possess an electronic

ficients are obtained in this approach as configuration d%!, spin polarized calculations were performed
for the atoms to obtain their ground state energies, which were

@) — [ ~@~B) used in calculating the bonding energy of clusters. Spin

Ce Ce 'Co (10) polarization has a negligible effect on dimers, and it was not

applied. For example, an Aulimer calculation yielded a total
cluster energy of—2.624 eV neglecting the effect of spin
HREAY — 1 polarization. A corresponding spin polarized calculation pro-
(R = (R, RS —1) (11) duced energies that are only 6 meV more negative.
l+e 3c. Mg Structures. Octahedral and planar dvtlusters have
been investigated. Previous DFT studies ons*Aand Au?®

and the damping function as

whereR™ is the sum of the atomic van der Waals radii ahd

— 20. clusters suggest that the planar triangular clusters we consider
(see Figure 4) are the lowest energy structures. The octahedral

3. Results and Discussion: Graphite and Small Metal structure is energetically less favored, but it is an interesting

Clusters in a Vacuum model of three-dimensional clusters. The results presented in

] o ) o ~ this article agree well with those of previous studies. Table 1

3a. Graphite. The description of graphite within the DFTis  shows cohesive energies of planar triangular clusters to be about
a difficult problem. The main component of the forces between o 34 (Au) and 0.22 eV/atom (Ag) more stable than the
the basal planes of graphite arises from weak van der Waalscorresponding octahedral structures. The relaxed planar clusters
forces, which are not modeled well by the usual DFT codes. possess an inner bond longer than the exterior bond. Structurally
binding.energy of graphite but.still predict a re{;\sonable_ value = 34 M3 Structures. Icosahedral clusters of Agand Aus
for the interlayer d|§tanc%§. Besides, GGA functionals fail to  paye peen fully optimized with spin polarization included and
re_produc;e both the interlayer binding energy and the interlayer \q results are presented in Table 1. The binding energy of a
distance _ single gold atom differs little between icosahedral;Aand

We have also found that the DFT performs poorly with = 5janar triangular Agt However, the Agsicosahedron possesses

graphite; in particular, GGA functionals are unable to model 5,5,t 0.1 eV/atom stronger binding energy than the planar Ag
the structure of graphite accurately and do not show significant . ,ster. Other Ms structures, including planar forms of Ag

binding between the layers. For this reason, the graphite surface; 4 Aus, were not considered in this research, because
is modeled as a single layer of carbon atoms. This approach,qsorption studies would have required a considerable increase
decreases the number of different adsorption sites to three (atop;, grface slab dimensions, which would have been impossible
hollow, bridge) instead of separating the atop site m@nd e to computing limitations. Although it has been found that
sites as they would appear in a multilayer model of graphite. jcosahedral structures are not the lowest in enethgy provide

The surface was fully relaxed in all calculations allowing the 5 representative case from which to investigate structural

deformation of the carbon atoms during cluster adsorption. changes in the neighborhood of semiconductor surfaces.
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 4a. Single Atoms on Graphite Both gold and silver clusters
r(Agz) = 2.53 A andr(Auy) = 2.47 A, being only a few have been subject to intensive experimental and theoretical
hundredths of an Angsino larger. The tendency to slightly  researclf~1%30The adsorption of single atoms has previously
overestimate bond lengths is typical of GGA functionals. The been studied with DFT methods, but most of those calculations
cohesion energies from Table 1 also compare well with the were performed using the local density approximation (LDA),
experimental values(Ag,) = 1.65—1.67° eV, andE(Auy) which often overestimates the binding as compared to the
= 2.29—2.312%¢V. Binding energies are overestimated by about generalized gradient approximation (GGA). The published
0.5 eV with the LDA although both the LDA and GGA methods results are somewhat contradictory. On one hand, it has been

4. Results and Discussion: Adsorption Studies
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TABLE 2: Adsorption of Single Gold and Silver Atoms on
Graphite?

Jalkanen et al.

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

Bags o AZc Eads ro As can be seen from Table 2, the adsorption energies obtained
atom/site @) A (A" (ev)/LDA (A)LDA for gold and silver are almost constant regardless of whether
Au, atop, 2x 2x 1, —0.15 2.67 0.13 the atom is adsorbed on an atop, a bond or a hollow site.
400 eV Adsorption geometries are also given in Table 2. The parameter
Au, atop —0.22 315 0.04 —0.67 2.47 ro represents the perpendicular distance from the metal atom
Aué,lggréc\ll, 2x2x1, -0.16 317 0.02 to the averag@-coordinate of the carbon atoms of the graphite
Au, bond —022 321 003 -065 248 surface (theZ-axis being perpendicular to the surface). The
Au, hollow, 2x 2 x 1, —0.16 3.43 —0.05 parameteAZc measures the deformation of the carbon sheet,
400 eV and it is defined as the distance of the most distorted carbon
Au, hollow —0.22 341 0.04 -051  2.62 atom from the average position of the carbon sheet. A positive
Agl,lgéop\,;x 2x1, 009 269 007 -048 2.37 value is obtained when the most distorted C atom gets closer
Ag, ato% —005 329 005 —044 254 to the adsorbgd cluster, .and a nega}tive number occurs in the
Ag, bond, 2x 2 x 1, 009 270 0.04 reverse situation. The; distances using the PW91 exchange
400 eV correlation functional are larger than those obtained with the
Ag, bond —0.05 3.29 0.04 —-0.43 2.54 LDA functionals in agreement with the behavior of the binding
Ag, hollow, 2x 2x 1, 0.10 3.13 —0.02 energies.
Agl,l(r)\glleo\\//v —0.05 344 006 —039 261 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 ¢ 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.

@ The values have been calculated with spin polarization included.
Thek-point mesh used in our calculations is<33 x 1 and the cutoff
energy is 500 eV unless otherwise stated.positive value is obtained
when the perpendicularly most distorted C atom gets closer to the
adsorbed cluster. See the text for detdilShe corresponding PBE
results areE.qs= —0.14 eV,rp = 2.73 A, andAZc = 0.11 A.9Data
from ref 6.© The corresponding PBE results d&gis= —0.02 eV,rg
= 3.37 A, andAZ; = 0.01 A.f Data from ref 7.

claimed that both metals favor atop and over bond sites on
graphite surface%.819Thus, 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 ~ For the silver dimer on graphite, all the calculations of which
are —0.67, —0.65, and—0.51 eV. A somewhat different We are aware have been performed using the LDA approdch.
conclusion was obtained in an earlier study according to which The following binding energies have been reported in the
the bond site is the least stable for the silver atom, having a literature: —0.51 eV (atop site);~0.52 eV (bond site), and
binding energy of-0.23 eV, whereas for the hollow and atop —0.55 eV (hollow sitef. They have been computed with eq 1
sites binding energies 0f0.33 and—0.54 eV, respectively, and only for the dimers oriented parallel to the graphite surface.
are giver? All these results have been obtained with the LDA Besides, the definitions of atop, bond, and hollow sites in ref 8
approximation. There is also a study on gold which gives a differ from ours (see Figure 3) such that our bond and hollow
nonpolarized GGA adsorption energy-60.15 eV for the atop ~ sites are their hollow (B) and bond (perpendicular) sites,
site10 Adsorption energies of gold atoms on graphite are larger respectively. Our atop site does not directly correspond to the
than those of silver, probably due to the larger electron affinity Sites in ref 8. In ref 7, all computed values are close-®eV,

of gold. with the hollow position being slightly more favored than the

Table 2 summarizes our results obtained using the potential other sites, and the average distance of the mass point center of
PWO91 for Sing|e atom cases. The values vary great|y dependingthe silver dimer from the graphite surface Varying between 2.86
on the level of calculation regarding thepoint mesh and cutoff ~ and 2.98 A7 In this case, the values of the binding energy are
energy selected. We have systematically checked the conver-Obtained with eq 2, and the notation for the adsorption sites is
gence of the calculation with respect to tkgpoint mesh and ~ the same as in ref 8. An earlier study, also using eq 2, gives
the p|ane wave cutoff. The 2 2 x 1 mesh and 400 eV CU'[Off, values that are close t62.3 ev, but with the hollow pOSitiOﬂ
which converge well for the other systems studied in this work, being the least stable sitelhe average distances varied in the
are insufficient in the case of silver and gold atoms on the range 2.96-2.97 A. However, we are unable to provide a precise
graphite surface. We found that 33 x 1 mesh and a 500  correspondence between the character of their and our sites due
eV cutoff were enough to produce well-converged results.  to notational problems in this reference.

As stated earlier, previous DFT/LDA studies suggest that the  Our calculations for the silver and gold dimers on a graphite
silver atom adsorbs on the graphite atop site with an energy of surface were performed using the GGA approach. The results
about 0.44-0.54 eV in magnitude. Our GGA results are are in Table 3. The hollow site is the least stable position both
different. The adsorption of single silver atoms on graphite is for the parallel and perpendicular orientations of the silver dimer,
not favored, because the adsorption energies obtained are closbut the differences are small (around 0.002 eV) in the case of
to zero. For gold, our computed energies and the value from the parallel dimer. The perpendicular orientation is preferred
ref 10 are somewhat larger in magnitude showing at least someover the parallel one. The binding energies obtained with eq 1
degree of adsorption. This agrees with STM (scanning tunneling are close to zero. The silver dimers are probably highly mobile
microscopy) results which indicate that gold atoms are less along the graphite surface due to similar energies at different
mobile than silver atom®.Figure 1 shows the starting structures  sites. Silver dimers on surfaces are seldom observed experi-
of the silver atom on a graphite surface (atop, bond, and hollow mentally, which is consistent with high mobility. The average
sites), and the corresponding results are given for the relaxeddistance from the surface to the mass point center of the dimer
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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 dirext#ots) and 16 atoms along the vertical directigrakis) 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, calculatédpwitit enesh
3 x 3 x 1 and a cutoff energy of 500 eV. For the unit cell size, see the caption of Figure 1.

TABLE 3: Adsorption Energies and Structures of the
Studied Dimerst

E1 E> rm—m  fcom—suf AZc
dimer, site, orientation (eV)  (eV) (A) (Ayp A
Au,, atop,] —-0.55 —-2.87 252 3.69 0.11
Auy, atop,[], 500 eV —0.57 —-2.89 252 3.68 0.10
Au,, bond,[] —-0.55 —-2.87 252 3.66 0.11
Au,, hollow, O —0.25 —2.57 2.52 3.84 —-0.01
Au,, atop,ll —-0.08 —-2.40 2.53 3.43 —-0.07
Auy, bond,|l| —0.08 —2.40 2.53 345 —-0.07
Auy, hollow, || —-0.08 —2.40 2.3 3.58 -0.07
Ag», atop,] -0.17 —-1.97 257 3.88 0.03
Agy, atop,[], 500 eV —0.19 —-1.99 257 3.86 0.03
Agz, bond,0J —-0.16 —-1.96 257 3.86 0.01
Agz, hollow, [ —-0.10 —-1.90 2.57 4.00 -0.03
Ag», atop,li —0.06 —1.86 2.58 3.60 —0.08
Agz, bond,|l| —-0.06 —1.86 2.57 355 -0.07
Agz, hollow, I —-0.06 —-1.85 257 354 -0.08

a All values in the table have been calculated with the potential PW91
using thek-point mesh 2x 2 x 1 and a cutoff 400 eV unless otherwise
stated.” Difference between the dimer center of mZssoordinate and
average surfacg-coordinate.

is also somewhat high, varying from 3:8.6 A in the parallel
orientation to 3.9-4.0 A in the perpendicular one. The bond
lengths in Ag are almost identical to the gas-phase values. A
slight deformation of the graphite occurs when,Ag in the
parallel orientation.

Thek-point meshes &k 3 x 1,4x 4 x 1,and5x 5x 1
were also tested for the atop site of the perpendicularditger.
All these calculations gave the adsorption enerfies —1.97
eV andE; = —0.17 eV, that is, practically the same values as
those obtained with thk-point mesh 2x 2 x 1, so the 2x 2
x 1 mesh is large enough to obtain reliable results for dimers.

Figure 3. Parallel orientations of metal dimers studied in this work: left, parallel atop; middle, parallel bond; right, parallel holloyafikes
located in the horizontal and theaxis in the vertical direction.

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 tlyecoordinates. This
tendency is more pronounced in silver than in gold. The overall
distances of the dimer center of massoordinate 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 from4 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 3.523.57 A88 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 2585 AS
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 effeén the case of Ayl
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 Aus unstable and most likely becomes
perpendicular Agt The only case without deformation of the
graphite is that in which Agiis in the perpendicular orientation
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Figure 4. Orientation of planar Mclusters: left, parallel atop; middle,

TABLE 4: Adsorption Energies and Structures of Mg
Clusters

=1 E> Es  rcom—sut TImn AZc
cluster ev)y (V) (eVv) (A) A A
Augocta, atop —0.56 —10.13 —0.72 434 234 0.23
Augocta, bond —-0.55 —-10.12 -0.72 433 242 0.21
Augocta, hollow —0.37 —9.94 —0.20 459 3.47-0.04
Augplanar, atopll —0.16 —11.74 —0.11 3.88 3.88 —0.02
Augplanar, vertex —0.27 —11.86 —0.32 5.65 2.48-0.10
atop,d
Augplanar, edge —0.13 —-11.71 —-0.13 466 3.16 0.07
atop,0
Agsocta, atop —-0.86 —841 —-035 4.02 252 0.14
Agsocta, bond —-0.50 —-8.05 —0.37 4.10 263 0.16
Agsocta, hollow —0.32 —-7.87 —0.12 457 3.50-0.03
Agesplanar, atopll —0.16 —8.92 —0.12 3.96 3.94 —-0.03
Ageplanar, vertex —0.13 —-8.89 —0.14 5.79 2.69 0.03
atop,d
Agsplanar, edge —0.10 —-8.87 —0.09 4.90 3.37-0.10
atop,d
width height
cluster A A
Augocta, atop 4.22 3.48
Augocta, bond 4.19 3.54
Augocta, hollow 4.57 2.90
Agesocta, atop 4.81 2.67
Agsocta, bond 4.76 2.75
Agsocta, hollow 4.69 2.76

above the hollow site. The Alond lengths show an elongation
of 0.011-0.026 A compared to the gas-phase value. Experi-
mentally, using the STM, gold dimers on graphite have been
observed to span longer getdold distances than in the
vacuums® Overall, the gold dimer is somewhat closer to the
surface than Ag The average distance from the surface to the
mass point center of the dimer varies from 3.4 to 3.8 A.

4c. Mg Adsorbed on Graphite. We have relaxed the
octahedral M clusters over the atop, bond, and hollow sites,
and the planar Mstructures for different orientations relative

perpendicular edge-on; right, perpendicular vertex-on.

surface binding energy is concerned, i.e., according tcethe
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 A for Ag and 0.05 A for Au. Second, the vertex-
on orientation (see Figure 4) in Aus energetically favored,
whereas for Agthere is no preferred orientation. All the planar
adsorption geometries except thegArertex-on possess small
binding energies, around 0-D.2 eV. The adsorption of planar
Aug clusters on graphite has been studied with DFT/GGA
methods recentl{* 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 obtah33 eV for
the vertex-on;-0.15 eV for the edge-on, and0.04 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
Mg 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 A for Agand Au 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

to the surface, as indicated in Figure 4. The results are toward the cluster. For details, see Table 4.

summarized in Table 4. We make some general observations  The differences between adsorption sites are best described
here before going into details. Both the planar and octahedral py the E; values, where the deformation of the surface and the
clusters avoid the hollow sites. The planar structures remain custer is included. The adsorption energy of the Actahedron
two-dimensional, and the octahedral clusters favor the atop site,is about 0.5 eV larger on the atop site than it is on the hollow
where the lower side of the cluster is jagged. The distance sjte. The corresponding difference in silver is 0.2 eV.

between a planar cluster and the surface remains larger than in \ye have also investigated charge changes incMsters.

any of the three-dimensional cases if the planar cluster is placedThese were found to be small. A comparison of charge
parallel to the surface. Planar clusters are observed to be closesgistributions of both adsorbed and free icosahedral clusters
to the surface when the planar triangular cluster is placed per-reveals that the metal atom directly above the surface carbon

pendicular to the surface. According to ti® values, the

atom loses electron density to the surface. Ins,Abe silver

octahedral structures are energetically less favored than theatom closest to a surface carbon atom shows a decrease of about

planar ones, which correlates well with the energy ordering of

0.1 e in electron density compared to the same distorted

the clusters in the gas phase. On the other hand, the octahedraddsorption structure in the vacuum without the surface. These
structures are more favorable than the planar ones as far ashanges are smaller in octahedralsAu
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Figure 5. Optimized structures of Agoctahedral 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 ;3 Clusters whereE; is as small as-0.86 eV in Ag. The computed; is
E, E Es Feomsut  Toosest  AZc smaller tharkE; because the total energy of the adsorbed structure
cluster  (eV) (eV) (eVv) R) ) A) in the gas phase is smaller than the icosahedral energy in the

Aunico  —2.76 —27.72 —021 556 333 007 gas phase. It should be noted that the details of the optimized
Agico —110 -21.80 -031 5.64 251  0.07 cluster structure on graphite might depend on the initial starting

structure and orientation, but further investigations are left for
4d. M13 Clusters Adsorbed on Graphite.We have consid- future work.

ered only the icosahedrons of theiMstructures due to 4e. Van der Waals Energy Contributions.
computational limitations. Large surface slabs would have been  Cg4 Coefficients.We have used the atomic polarizabilities from
required to prevent clusters in adjacent cells from interacting refs 31-33 and the van der Waals radii from ref 34 to evaluate
in planar structures. The closest distance between metal atomshe Cs andR, coefficients. For the C atom, we have employed
on adjacent clusters is 9.56 A (Au) and 9.25 A (Ag). The the Cbr polarizability by Millef! which has been obtained
contribution from a neighboring cell is small, the bond energy empirically from molecules with the C atoms in their2sp
of Au; at 9 A is less than 4 meV. The results for the hybridization state. This result should suit our problem better
icosahedrons are given in Table 5. than a value obtained from a series of molecules in which C
There are large distortions when compared with the gas-phasecan be in any of its hybridization states. Some other authors
structures (see Figure 6). The largest changes occur in silver.have adopted the same view, and good results have been
Unrealistic adsorption energies are obtained if vacuum structuresobtained when compared with MgltePlesset second-order
are used. The best way to deal with adsorption is to use theperturbation theory calculations.

distorted structures, i.eEs, where the structural distortion The Cs coefficients and van der Waals radii used in Grimme’s
caused by adsorption and the interaction between the surfaceapproach were taken from ref 18. The coefficients are presented
and the cluster can be separated. For exantplef gold is in Table 6. Altogether four different sets of coefficients for the

almost —3 eV. This indicates that there is strong chemical Ag clusters and one set for the Au clusters on graphite are
bonding to the surface, which is unrealistic. The large absolute presented in the same table.

value ofE; is due to the large structural changes of the cluster  There is a large scatter, of almost 1 order of magnitude, in
upon adsorption. The same occurs in the octahedral clustersihe Cq coefficients of Ag in Table 6. Set 2, in particular, differs
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TABLE 6: Sets of CoefficientsCs and Ry Used To Estimate Van Der Waals Energies
Agn on Graphite

Jalkanen et al.

setl set 2 set3 set 4
of CcC AgAg CAg CcC AgAg CAg CcC AgAg CAg CcC AgAg CAg
Ce @ (eVAS) 32.37 486.14 125.24 32.37 60.60 26.60 32.37 389.22 110.68 20.24 285.25 75.97
Ro@® (A) 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
setl
of CcC AuAu CAu
Ce ) (eVA®) 32.37 277.05 94.63
Ro@® (A) 3.40 3.32 3.36

aSet 1: Elstner’'s procedure witBs(Ag) and Cs(Au) estimated via eq 5. Set 2: Elstner’s procedure v@tAg) taken from ref 26. Set 3:

Elstner’'s procedure witlCs(Ag) taken from ref 27. Set 4. Grimme’s method.

from the others. In this case, tl@& coefficient of Ag is taken

. . . Clusters on Graphite?
from ref 26, where the result is obtained for a system with one P

Agn on Graphite

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

silver atom interacting with an Ag(100) surface. The method

employed is based on expressions derived by Persson and sEtl Sgts SEM SEtz DFT/EPW91
Zaremba®s These authors noticed that the calculated coefficients oyster, site, orientation (V) (eV) (V) (ev)  (eV)
are smaller than those employed in the previous molecular —
dynamics simulations of the same system. However, they Ag’g(t)%% :8'% :8'28 :8'22 :8&2 :8'82
observed that a good representation of the growing process 0fag’ hollow —0.69 —061 —042 —016 —0.05
metal at large angles of incidence is obtained with their Ag,, atop,0 —-0.88 —0.78 —0.64 —0.20 —0.17
coefficients. Although the other three sets of coefficients for Agz, bond,0 —0.90 —0.79 —0.65 —-0.20 —0.16
the Ag clusters on graphite have more in common with each 292' hollow, [J *8-23 *8-% *8-2(1) *8-18 *8-62
other, there are still differences. In set 3, tgcoefficient of g, atop)| Tooo Thfo mhn T S
- . . . Agy, bond,|I 0.87 —0.77 —0.53 —0.20 0.06

Ag is from ref 27, where Agle was studied with high-level — ag’" holiow, I —088 -078 —054 —0.20 —0.06
ab initio calculations, and th€g coefficient for Ag is evaluated Ags octahedral, atop —1.86 —1.66 —1.20 —0.42 —0.86
by representing the AgAg potential as a polynomial expansion. Ags octahedral, bond —1.8% —1.64 —1.15 —0.41 —0.50
The result is 20% smaller in magnitude than our estimation using Ags octahedral, hollow —1.63 —1.42 —0.76 —0.33  —0.32
eq 5. Finally, set 4, whose coefficients have been taken from Ads planar, atopll —1.75 -155 -1.07 —0.39  —0.16
Gri , K diff hat f t1 butiti t Age planar, atop, vertex—1.05 —0.93 —0.73 —0.24 —0.13

rnmme's work, dirier somewnat from set 1, DUl ItIS Not €asy  aq- hianar, atop, edge —1.76 —1.55 —1.05 —0.39 —0.10
to predict what effect it will have on the van der Waals energies ag,;icosahedral, atop —1.43 —1.29 —0.71 —0.35 —1.10
due to the different damping functions employed. )

- . . Aup on Graphite

Binding Energies.We have taken the coefficients from the
previous section and the geometries computed with the DFT Sg‘l DFT’EPW91
when evaluating van der Waals energies. The summation in eq . . . ! v

. S . . cluster, site, orientation (eV) (eV)

4 has been carried out considering only the atoms in the unit
cell. The binding energies originating from van der Waals ﬁﬂv;‘g;% :g-gi :8-%3
dispersion have been calculated following the definitions given Au. hollow ~0.40 022
in egs 1 and 3, which emphasize different energetical aspects, ay, atop,] —0.74 —0.55
particularly when comparing the same cluster absorbed at  Au,, bond,O -0.74 —-0.55
different sites. The definition given in eq 1, which includes the Aug, hollow, 0 —0.66 —0.25
cluster's relaxation energy, gives the most energetically favor- 2”27 2t0pd|:| :8-;2 :8-82
able site and eq 3 gives the most physically meaningful van AEZ’ hglrl]m’/v I _0.66 _0.08
der Waals contribution to the adsorption energy. The definition Au:octahearal, atop —14» 056
given in eq 2 is not suitable for the present purposes, because  Aug octahedral, bond —1.42 —0.55
the semiclassical models only include two-body terms. We have  Aus octahedral, hollow —1.27 —-0.37
included silver-silver, carbor-carbon, and silvercarbon Aug planar, atopl| —1.44 —0.16
interactions. The results obtained with eqs 1 and 3 are similar, ~ AUsPlanar, atop, vertex —0.88 —0.27
he differences being generally some hundredths of an elec- Aus planar, atop, edge ~163 —013
t 99 y Auszicosahedral, atop —0.39 —2.76

tronvolt, which indicates that van der Waals energies vary slowly

with the displacement of the atoms in our system. In Table 7, °Set1: Elstner's procedure withy(Ag) andCq(Au) estimated via

we give mainly the binding energies obtained with eq 1, because

eq 5. Set 2: Elstner’s procedure witlg(Ag) taken from ref 26. Set 3:
Elstner’'s procedure witlCs(Ag) taken from ref 27. Set 4: Grimme’s

we wish to emphasize the relative stability of a cluster adsorbed yethod. All values are in eV2Values obtained with eq 3 are Ag
on different sites. However, for the adsorption of the three- octahedral atop(1.98), bond ¢1.89), and hollow £1.32). For Ay
dimensional M and M3 clusters, the results obtained with eq octahedral atop+1.26), bond £1.29), and hollow {1.02). For Ags
1 and eq 3 differ somewhat; see the footnote in Table 7 for icosahedral atop{1.75). For Aysicosahedral atop-{1.33). Set 1 was

numerical details. This is related to the large structural changestsed for Ag.
of three-dimensional clusters upon adsorption.

From the results in Table 7, it can be seen that the total and is especially sensitive to the values of @ecoefficients,
binding energy depends greatly on the set of parameters usedvhich are responsible for the strength of van der Waals
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interactions. There is a large uncertainty in the value ofGhe  the atop or bond sites, (2) adsorption energies of planar
coefficient for Ag, and more research is needed to compute astructures are smaller than in octahedral cases and thus the
reliable value. For Au the situation is not better, because the adsorption of three-dimensional structures is preferred to that
only coefficients available seem to be those estimated in this of planar structures, (3) planar structures favor the vertex-on
work. Therefore, in giving a physical interpretation for the approach to the surface, (4) small deformations of the graphite
results, we deal with relative energies. sheet toward the cluster often occur when the cluster is adsorbed
It is also clear from the results in Table 7 that the van der on the atop/bond sites and the deformations are often in the
Waals contribution to the binding energy dominates over the opposite direction when the adsorption occurs on the hollow
DFT contribution in many cases. However, this should be taken site, and (5) due to the relatively weak interactions with the
with caution because, first, the model we use to estimate the surface, the clusters have a tendency to aggregate, which has
van der Waals energies is crude, and second, there is a largelso been observed experimentally.
uncertainty in the values of th€s coefficient of the metallic There are two conclusions concerning the current state-of-
atoms. Despite these reservations, we believe that van der Waalshe-art semiempirical approaches to include dispersion on top
contributions must be included when studying metal clusters of the DFT. First, accurat€s coefficients are not available for
on the graphite surface. silver or gold, so more research is needed in this area. Second,
The inclusion of van der Waals dispersion energies on top the semiempirical dispersion energies obtained with different
of DFT energies increases the stability for the atomic adsorp- Cs coefficients behave similarly, but there are differences in
tions. The three adsorption sites, atop, bond, and hollow possesshe total strength of the interaction. It is also interesting to
similar DFT binding energies. This is also the case in the van compare the energies from the density functional theory and
der Waals contributions, although the hollow site might be the empirical treatment of dispersion forces. Probably, the most
slightly less favored than atop and bond sites. striking difference occurs in the case of perpendicular adsorption
For the dimer adsorptions, the DFT results indicate a of the planar triangular Agand Au. The DFT results indicate
preference for the perpendicular orientation of the dimer on the that on the atop site the triangle is adsorbed with the vertex
surface. The van der Waals energies hardly change from thetoward the surface. On the contrary, the dispersion forces favor
parallel to perpendicular orientation, so the conclusion obtained the structure where the edge is pointing toward the surface. We
with DFT remains valid. conclude that for systems such as those studied here, it might
For the octahedral clusters with 6 atoms, dispersion contribu- be a bad approximation to neglect dispersion energies. Our
tions to the binding energies are the smallest for the hollow results indicate that dispersion forces could have an important
site. The same trend is observed in the case of DFT binding €ffect on the stabilization of metal clusters adsorbed on the
energies. For the planar structures, the DFT favor thev&ttex graphite surface.
adsorption, predicting it to be approximately 0.1 eV more stable
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