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The interaction of silicon atoms with finite-size gold clusters and the periodic slab of the Au (111) surface
have been investigated using the density-functional theory formalism. The projector augmented wave method
under the spin-polarized version of the generalized gradient approximation scheme was employed to calculate
the total energy. For clusters, it is found that the interaction of Si atom results in an early onset (from n=3
onwards) of three-dimensional structures. This is different from the behavior observed for 3d or 5d metal
atoms, which retains the planar conformation of Au clusters. The reason for such shift in the structural motif
is attributed to the significant contribution of the p electrons of Si, resulting in strong directional covalent
bonding. Based on the energetics, the SiAuy cluster has been found to show extraordinary stability in this
series. From the ground-state geometries of larger size SiAu,, (n>4) clusters, it is realized that the coordination
of Si saturates at 4 and the geometrical changes induced in the Au host are localized. For the interaction of Si
atom on the Au (111) periodic slab, an hcp hollow site was found to be the most favored adsorption site. The
charge distribution analysis showed finite charge transfer from Si to the Au host, resulting in a shift of the
Fermi level upwards. Finally, a comparison of Si interaction between cluster and periodic slab models reveals
that although there is difference in the absolute magnitude of interaction energy and the geometrical param-

eters, in both systems, the inherent bonding is found to be covalent in nature.
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INTRODUCTION

During the past few years, gold clusters have attracted the
attention of a wide range of researchers. Apart from the fun-
damental understanding of the finite-size effect, the interest
on gold clusters is primarily based on its various applications
such as molecular electronic devices, catalyst, biological di-
agnoistics, etc.!”'® Based on theoretical investigations, Hik-
kinen et al.'® have predicted that Auy, clusters favor planar
configurations for considerably larger size, which is strik-
ingly different than what has been observed for most of the
metal clusters. These predictions were further verified by
Furche et al.'® and Hikkinen et al.?® from a combined ex-
perimental and theoretical study, which, for the first time,
provided evidence that a structural transition of Au, clusters
from two dimensional to three dimensional occurs at 12 at-
oms. Recent theoretical study by Fernandez et al.?! predicted
unusual planar structures of Au, clusters up to n=11. The
planarity of gold clusters is attributed to the strong relativis-
tic effects, which enhance the s-d hybridization by shrinking
the size of the 6s orbital. The photofragmentation studies
carried out for Au, clusters showed enhanced stability for
specific-size clusters, which follows the electron shell-model
approach or in other words, indicates the delocalization of
valence electrons in these clusters.??

Doped clusters are important as they can be tuned for the
tailored physicochemical properties. Recently, a considerable
amount of experimental and theoretical work has been car-
ried out on Au clusters doped with an impurity atom.?3-0
Most of these studies have focused on the interaction of
transition-metal atom as an impurity atom. The evidence of
enhanced stability for specific cluster sizes has been ex-
plained based on the shell-model approach assuming the de-
localization of valence electrons. It is found that the elec-
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trons are itinerant and they follow the 18-electrons rule even
in the presence of a transition-metal atom. In this series,
AusX* (X=Cr,Mn,Fe,Co,Zn) clusters showed some extra
stability, which was explained based on the structural planar-
ity and six delocalized electrons being a magic number for
two-dimensional systems.?*3? Further, the unusual high sta-
bility of AusZn™ cluster was attributed to the sigma aroma-
ticity, which results due to the strong magnetic shielding in-
side and above the structure.’! It may be noted that in all
these studies, the ground-state geometry of the Au clusters
remained planar even after doping it with an impurity atom.

The versatility in the chemical nature of Au has been veri-
fied by its complex formation with a variety of elements. The
unusual interaction of inert gas atom with Au was addressed
by Pyykko et al.*! In a recent microwave spectroscopy study,
the [KrAuF] species is observed and the Kr-Au bond has
been identified as weakly covalent using the MP2 level of
calculation.*> In another interesting study, halogenlike be-
havior of Au atoms was observed in MAu, cluster where
M=Ti, Hf, Zr, Th, and U. In these clusters, Au carries a
formal charge of —1 and acts as a ligand to the metallic
center.>> The hydrogenlike behavior of Au atoms is reported
by Boggavarapu et al.*> The analogy between the SiH, and
SiAu, was verified using the photoelectron spectroscopy and
theoretical studies.

Although a large number of experimental and theoretical
studies reported the electronic and geometric structures of
transition-metal atom doped gold clusters, only a few have
focused on the interaction of non transition elements, in par-
ticular, how they can influence the ground-state properties of
gold clusters. Apart from the chemistry between silicon and
gold, silicon being an important element in the field of na-
noelectronics, it is of our interest to study the interaction of
Si atoms on the Au surface. For this purpose, we have mod-
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eled the Au surface by a finite-size cluster and an infinite
slab. The primary objective of this study is to understand the
silicon atom interaction on the geometrical and electronic
structures of free gold clusters and an infinite slab. There-
fore, this study will reveal two important aspects: (i) the
fundamental aspect of the structure and bonding of Au,Si
clusters and (ii) how the adsorption of Si atoms changes
from finite-size clusters to the infinite-size slab of the Au
(111) surface.

COMPUTATIONAL DETAILS

The geometry optimization of several isomeric structures
was performed using the density-functional theory formalism
as implemented in VASP.** The total-energy calculation was
carried out based on plane-wave expansion method employ-
ing scalar relativistic ultrasoft pseudopotentials and the spin-
polarized version of the generalized gradient approximation
(GGA) for exchange and correlation.* A simple cubic cell of
15 A dimension with the I" point for the Brillouin-zone inte-
gration was considered for these calculations. The geom-
etries are considered to be converged when the force on each
ion becomes 0.01 eV/A or less. The cutoff energy for the
plane-wave basis set was 300 eV. The total-energy conver-
gence was tested with respect to the plane-wave basis set size
and simulation cell size, and the total energy was found to be
accurate to within 1 meV.

RESULTS AND DISCUSSION

In order to test the performance of the computational
method employed in the present investigation, it is important
to compare the results with previously published studies. For
this purpose, we have used Au, and AuSi dimers as reference
systems to check the reliability of the computational strategy
and the atomic pseudopotentials used in this work. A com-
parison between the calculated and experimental values of
the binding energy and bond lengths of these dimers is listed
in Table I. The optimized bond length of Au,, Au-Si, and Si,
is found to be 2.53, 2.25, and 2.28 10\, respectively, and the
binding energy follows the trend as Si, > Au-Si> Au,. Ex-
cellent agreement between the measured and calculated val-
ues suggests the reliability of the theoretical method em-
ployed in this work. Moreover, the higher binding energy of
Au-Si in comparison to that of Au, indicates the presence of
strong covalent bonding between Au and Si atoms.

TABLE 1. Theoretical and experimental (Ref. 46) binding ener-
gies and bond lengths of the dimers used in this work.

B.L. (A) BE/atom (eV)
System Calc. Expt. Calc. Expt.
Au, 2.52 247 1.155 1.16
Au-Si 2.25 1.71 1.58
Si, 2.28 224 1.77 1.66
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FIG. 1. Lowest-energy isomers of Au,Si (n=2-8) clusters.

Geometries of Au,Si (n=2-5)

The lowest-energy configuration of Au,Si cluster forms
an isosceles triangle with Au-Au and Au-Si distances of 3.31
and 2.27 A, respectively (Fig. 1). We note that the Au-Au
distance in Au,Si has increased significantly compared to
that in Au, dimer. The angle between Au-Si-Au is found to
be 93°. The binding energy calculated for the isosceles Au,Si
triangle is found to be 2.03 eV/atom. This is significantly
larger than the binding energy of Auj cluster. The additional
energy is due to the stronger interaction between Au and Si
atoms. The AusSi cluster consisting of four atoms is interest-
ing as this is the smallest cluster to show its preference of
choice towards two-dimensional (2D) or three-dimensional
(3D) structural isomers. Previous studies on pure'®2? and
transition-metal impurity doped gold clusters suggested that,
at least up to hexamer (n=6), they favor planar configura-
tions. Most remarkably, we find a three-dimensional capped
triangle with C;, point symmetry as the lowest-energy iso-
mer for Au;Si cluster. The Au-Si bond lengths are found to
be 2.27 A and the angle between Au-Si-Au is found to be
112°. The reason for such early 3D structural motif in Au,Si
cluster is attributed to the directional covalent bonding of the
Au-Si bonds. In fact, the geometrical features of the Au;Si
cluster resemble well that of NH; molecule, where the sp’
hybridization is responsible for the nonplanarity. The next
higher-energy isomer shows a bent thombus structure, which
is 0.186 eV higher in energy. The planar isomers of the
Aus;Si cluster are found to be significantly higher in energy.
For Au,Si cluster, the lowest-energy isomer shows tetrahe-
dral configuration which is very similar to that of CH, meth-
ane molecule. The binding energy of the Au,Si is found to be
2.38 eV/atom and the energy gap between the highest occu-
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pied molecular-orbital and lowest unoccupied molecular-
orbital energy levels is estimated to be 2.1 eV. This is in
good agreement with the experimental gap of 2.36 eV,”’
considering the fact that usually, GGA underestimates the
gap. The Si-Au bond length is found to be 2.27 A and the
angle between Au-Si-Au is 109°. Another isomer, with
square prism structure (Cy,), is 0.227 eV higher is energy.
The W shaped planar isomer is found be 0.30 eV higher in
energy. It should be mentioned that the pure Aus cluster
shows the planar W shaped configuration as the lowest-
energy isomer. The preference of 3D structural growth re-
flects the covalent bonding due to the sp* hybridization. Re-
cently, a large number of experimental and theoretical
studies have been carried out on AusX clusters,>' 3¢ where X
represents an impurity atom. The ground-state geometry of
all these AusX clusters showed that it favors the planar struc-
ture like Aug cluster, where the valence electrons of the Au
and X atoms are delocalized. However, it is to be noted that
in these studies, the X atoms were chosen to be a transitional-
metal atom and the interaction between d electrons and Au
clusters was investigated. In a very recent study, we have
shown that when Au clusters interact with impurity elements
through p electrons, a significant structural transition to the
three-dimensional geometry occurs.>® It is found that the
lowest-energy isomer of the AusSi favors a top capped
square prism structure with C,, symmetry. A capped tetrahe-
dron where the additional Au atom caps the threefold coor-
dination site of the Au,Si from the outside is just 0.018 eV
higher in energy. The small energy difference between these
two isomers suggests that a switchover between these two
isomers is possible at higher temperature or by using a dif-
ferent theoretical method.

Geometries of Au,Si (n=6-8)

The heptamer clusters of coinage group elements are im-
portant as significant structural and bonding differences are
reported between copper, silver, and gold clusters. Previous
calculations show that while Au clusters remain planar up to
n=11,2! both copper*’-3° and silver’! clusters show 2D to 3D
structural transition from the heptamer onward. So far, a
large number of experimental and theoretical studies have
been carried out to investigate the structure and bonding of
transition-metal atom doped Aug clusters. The results
showed that the  ground-state  structure  AugX
(X=transition-metal atom) remains planar even after doping
with transition-metal elements.’® Few studies are available
on the interaction of Si atom with small Au clusters, and so
far, they are limited up to n=5. The Si atom interaction with
Aug cluster or larger is important for two reasons. The first
one is to understand the effect of the localized covalent
bonding on the second neighboring Au atoms. Secondly, the
Aug forms a very stable planar structure with triangular
atomic arrangement similar to that of Au (111) surface and
therefore, it can be used as a two-dimensional model of the
infinite surface in a finite-size limit. Here, a large number of
two- and three-dimensional geometries were optimized to
obtain the lowest-energy isomer of the AugSi cluster. It is
found that there are a large number of local minima existing
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FIG. 2. The average binding energy of Au, (square) and Au,Si
(circle) clusters (n=1-8).

in the potential-energy surface of the AugSi cluster, and more
importantly, all of them favors nonplanar structures. For
larger clusters, the structural trend of Au,;Si and AugSi clus-
ters follows the AugSi growth motif. In particular, it is found
that Si atoms bind at the four coordination site on Au clusters
and all Au atoms of the host cluster are inclined to remain in
the planar configurations. A few low-lying isomers of AugSi,
Au;Si, and AugSi clusters along with the energy differences
with respect to the lowest-energy isomer are listed in Ref. 52

Energetics

The stability of Au, and Au,Si clusters is compared based
on their average binding energy, calculated as

BE(Au,) = 1/n[E(Au,) — nE(Au)],

BE(Au,Si) = 1/(n + 1)[E(Au,Si) — nE(Au) — E(Si)].

The binding energy of Au, and Au,Si clusters as a function
of the total number of atoms present in the cluster is plotted
in Fig. 2. It is clear that the substitution of Au by Si leads to
improvement of the overall binding. This is due to the higher
bond strength of the Au-Si than that of Au-Au, 1.71 and
1.15 eV, respectively. For Au, clusters, up to n=6, the bind-
ing energy is found to increase as a function of cluster size
with small oscillations for odd and even numbers of valence
electrons present in the cluster. Unlike this, the binding en-
ergy of Au,Si clusters shows a sharp increase up to n=4,
followed by a dip at n=5. These features clearly indicate the
higher stabilities of Aug and Au,Si clusters in the series of
Au, and Au,Si clusters, respectively.

The relative stability order in a series of clusters can be
illustrated more emphatically through the second-order en-
ergy difference as a function of cluster size, as shown in Fig.
3. It is found that the stability pattern of Au, and Au,Si
clusters follows the same trend and the details of the relative
stability depending on the number of Au atoms present in the
cluster. For example, n=2, 4, and 6 show higher stability
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FIG. 3. Second-order difference in total energy (A%E) of Au,
(square) and Au,Si (circle) (n=2-8) clusters as a function of size.

over others for both Au, and Au,Si clusters. The large nega-
tive values of the A’E for Aug and Au,Si further establish
their magical stability in these series of clusters.

Incremental atom attachment energy is another important
parameter to describe the stability or, in turn, the bond
strength of the last atom with that of the host clusters. The
attachment energy of Au with Au,_; and Au,_;Si is esti-
mated by using the following equations:

AE(Au on Au,_;) = E(Au,) — E(Au,_,),

AE(Au on Au,_,Si) = E(Au,Si) — E(Au,,_,Si).

Figure 4 shows the attachment energy of Au on the Au, and
Au,Si clusters as a function of cluster size. In general, both
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FIG. 4. The attachment energy of Au and Si atoms with Au,
clusters. While squares and triangles represent the Au attachment
energy with Au,_;y and Au,_1)Si clusters, circles represent the Si
atom attachment energy with Au, clusters.
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curves show similar trend in the stability pattern, i.e., odd-
even alternation of Au attachment energy is observed for
both Au, and Au,Si series of clusters. However, an interest-
ing difference has been noticed in the details of the Au at-
tachment energy between Au,, and Au,Si clusters. For n<<5,
it is found that the dissociation of Au from Au,Si requires
more energy than that from Au, clusters. The trend reversed
for n=5 and 6. The reason for such trend can be attributed to
the strong covalent bonding of Si with Au atoms, which satu-
rates at n=4 coordination. For AusSi and AugSi clusters, Si
binds with five Au atoms and thereby reduces the bond
strength of each Au-Si bond which is responsible for the
lower dissociation energy of Au from these clusters. For
Au;Si and AugSi clusters, Si binds with four Au atoms and
the additional Au atoms are connected through already
bonded Au atom with Si, and therefore, the dissociation en-
ergy of the Au-Au bond is similar that of Au, clusters.

Further, we have calculated the Si atom attachment en-
ergy [AE(Si on Au,)=E(Au,Si)—E(Au,)-E(Si)] with Au,
clusters. In contrast to the oscillatory behavior observed for
Au, the attachment energy of the Si atom show continuous
increase up to n=4 and then follows a decreasing trend. This
stability pattern clearly indicates the difference in binding of
Si in comparison to that of Au atom. The large attachment
energy of Si atom is due to the higher binding strength of Si
with Au clusters which ranges from 3.42 to 5.70 eV. The
magic behavior of AuySi cluster can be explained due to the
covalent nature of bonding through sp® hybridization. Con-
sequently, the energy ordering of Au clusters is expected to
be changed by the influence of Si atom.

In order to understand the chemical bonding in these clus-
ters, we have analyzed the electron-density distribution and
reordering of the electronic energy levels. The density of
states (DOS) provides a convenient overall view of the clus-
ter electronic structure. Figure 5 shows a representative DOS
spectrum for Au, and Au,Si (n=2, 4, 6, and 8) clusters. The
DOS is obtained by broadening the one-electron Kohn-Sham
electronic energies of the lowest-energy isomers with the 0.1
Gaussian. The comparison of the DOS between Au, and
Au,Si clusters suggests that, in general, the energy levels of
the Au,Si clusters are shifted upwards (less —ve) with respect
to that of pure Au, spectrum. The reason for such shift can
be attributed to the electronic charge injection from the Si
levels to the Au clusters. To verify this fact, we have further
analyzed the electronic charge distribution of Au,Si clusters.
This has been obtained by expanding the wave function into
angular momentum components within spheres of radius of
1.6 and 1.4 for Au and Si atoms, respectively. As significant
charge lies outside the spheres, this decomposition is only
representative and is expected to give a qualitative picture of
the charge distribution. Based on this calculation, it has been
found that the Si atom transfers finite electronic charge to the
Au,, host. Now, to underline the charge transfer in a more
specific way, we have analyzed the difference of orbital-
decomposed charges before and after interaction of Au,, clus-
ters with Si atom. The results reveal that (shown in Table II)
while there is an increase in the electronic charge in the s and
p orbitals, the density of the d-orbital electrons remain unal-
tered. Thus, it may be inferred that the chemical bonding of
these clusters are primarily governed through s and p-orbital
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FIG. 5. Electronic density of states of (a) Au,, and (b) Au,Si (n=2, 4, 6, and 8) clusters. The one-electron Kohn-Sham energies have been

broadened with a 0.01 eV Gaussian.

interactions which are also responsible for an early onset of
nonplanar geometries.

The adsorption of Si atom on the Au (111) surface

A cluster of metal atoms, representing an extended sub-
strate, has been used to model the metal-molecule interac-
tions relevant for catalysis.53 However, cluster models are
limited due to the finite-size effects, and therefore, the results
may differ considerably from a realistic point of view. In this
work, our objective is to underscore the differences in the
nature of interaction of the Si between a cluster and a slab

model of the Au (111) surface. In previous sections, we have
discussed the geometries and energetics of Si atom doped Au
clusters. To begin with the slab model, test calculations were
performed on the structural and electronic properties of the
Au bulk. The lattice constant of the fcc solid was found to be
4.12 A, which is in good agreement with the experimental
value of 4.08 A.5* The Au (111) surface has been modeled by
truncating the infinite bulk surface in the X-Y direction with
four layers in the Z direction. For the optimization of this
slab, while the atomic positions of the top three layers were
optimized, the atoms at the bottom layer were kept fixed at
the bulk values. In particular, we have used two different slab

TABLE II. A comparison of the orbital-decomposed electronic charge distribution between Au, and
Au,Si clusters. While columns 2—4 represent the total charges in the s, p, and d orbitals of Au, clusters,
columns 6-8 represent the orbital charges on the Au atoms in Au,Si clusters.

System K P d System s P d

Au, 1.57 0.20 18.72 Au, in Au,Si 2.22 0.312 18.44
Auy 3.23 0.92 37.30 Auy in AuySi 3.63 1.147 37.23
Aug 5.09 1.63 55.89 Aug in AugSi 543 1.86 55.70
Aug 5.93 1.73 73.90 Aug in AugSi 7.316 2.68 74.217
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FIG. 6. (a) and (b) show the
side view of the 3X3 X4 and 5

X 5X 4 slab models, respectively.
(c) shows the top view of the 5

X5 X4 slab model. The four well-
defined adsorption sites of the sur-
face are depicted by the arrow
marks.

models, the first one with 3 X3 and the second one with 5
X5 atoms in the plane. Four vertical layers have been used
in both cases. Two neighboring slabs were separated by 12 A
in the Z direction. The initial structures of the 3 X3 X4 and
5X5X4 slabs are shown in Fig. 6. A Monkhorst-Pack K
point mesh of size of 5X5X 1 was used for all geometry
optimization.

In order to obtain the most preferred Si adsorption site on
the Au (111) surface, the geometry optimization was carried
out at two different levels. In the first level, the Si atom was
placed at four well defined sites of the Au (111) surface (top,
bridge, hep, and fcc), as shown in Fig. 6. In the second level,
the Si atom was placed randomly at a height of 3.0 A from
the topmost layer of the Au (111) surface and allowed to
relax. It may be noted that while the first four relaxations are
biased, the last one is unbiased to any specific site. After
relaxation of all possible geometries, a good agreement be-
tween the lowest-energy structures from levels I and II was
obtained, which suggests that Si atom favors to occupy the
threefold hcp site on the Au (111) surface. The energetics of
the Si atom adsorption on the Au (111) surface is summa-
rized in Table III. It is clear from this table that the Si atom
adsorption energy does not change by increasing the super-
cell length. However, it should be mentioned that the adsorp-
tion energy of the Si atom on the slab model is smaller than
that in the case of the cluster model. The reason for such

TABLE III. The adsorption energy [E,q=E sab+si)— Esiab— Esil
of the Si atom at different adsorption sites on the Au (111) surface.

difference could be due to the restraint imposed on the relax-
ation of the slab in comparison to that of a cluster.

The lowest-energy structure shows that Si atom is at a
height of 1.77 A from the top layer of the 3X3X4 slab
model. The smallest interatomic distance between the Au and
Si is found to be 2.43 A. Similar geometrical arrangements
were found when the Si atom was relaxed on the 5 X5 X4
slab model. At this point it, may be interesting to compare
the interfacial geometries of the Si atom interaction between
cluster and surface models. For this purpose, we have sum-
marized (Table IV) the geometrical parameters of the Au;Si
clusters and the local geometry at the site of Si atom adsorp-
tion on the Au (111) surface. From Table 1V, it is found that
for Au;Si cluster, while the interatomic separations between
the Au atoms are much longer, the Au-Si distance is shorter
than in the slab model, which, in turn, suggests improved
interaction energy for the cluster model. Moreover, for the
AusSi cluster, the angle between the Au-Si-Au atoms is
found to be close to 109°, which further suggests strong sp’
hybridization between Au and Si atoms in the case of the
cluster model. These two reasons may be attributed to the
larger adsorption energy found in the case of the cluster
model over the slab model.

CONCLUSION

In this work, we have reported the geometry and energet-
ics of the finite-size Au,Si clusters and Si atom adsorption on

TABLE IV. Comparison of the geometrical parameters and ad-
sorption energies (E,q) of the Si atom adsorption between the clus-
ter (AusSi) and slab models.

Top Bridge hep fcc Free fall
Model (eV) (eV) (eV) (eV) (eV) Au-Si (A) Au-Au (A) <Au-Si-Au (deg) E,q (eV)
3X3X4 2.35 3.01 424 4.15 4.24 Au,Si 2.27 3.76 111 5.46
5X5X4 422 Si-Au (111)  2.43 3.06 78 4.24
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the extended substrate of the Au (111) surface. The density-
functional theory formalism under the generalized gradient
approximation scheme was used to calculate the total energy
of the system. The results show an early onset of nonplanar
geometries of the Au,Si clusters which is strikingly different
than what is observed for transition-metal atom interactions.
Whereas for transition-metal atom doping, gold cluster re-
tains its two-dimensional geometrical shape up to n=6, for
Si atom, interactions result in the onset of 3D structures from
n=3 onward. The reason for the preference of nonplanar
geometry of Au,Si clusters is attributed to the involvement
of p-orbital electrons into the bonding, which results in a
strong directional covalent bond. The geometrical features of
the Au,Si clusters suggest that the effect of Si atom interac-
tion with Au clusters is localized and the coordination num-
ber saturates at 4. This fact is further corroborated from the
thermodynamic stability of these clusters, which revealed an
extraordinary stability of SiAu, cluster over others in this
series. The bonding analysis was carried out using the charge
distribution analysis and the density of states spectrum. It has
been found that a finite charge transfer occurs from Si to the
s and p orbitals of Au atoms, which is responsible for the

PHYSICAL REVIEW B 75, 235409 (2007)

upward shift in the eigenvalue spectrum of the Au,Si clusters
in comparison to that of pure Au, clusters.

To understand the Si atom interaction on an extended sub-
strate, Au (111) surface has been modeled by a periodic four
layer slab and the geometries were optimized by placing the
Si atoms at different adsorption sites. It is found that Si atom
prefers to adsorb on the hcp site over other well defined sites.
The comparison of adsorption energy between the cluster
and slab models indicates higher interaction energy on the
bare cluster. The reason for such difference is the restraint
imposed on the relaxation of the slab in comparison to that of
a cluster. Although there is significant difference in the ab-
solute magnitude in the interaction energy and the geometri-
cal parameters, the chemical bonding between Si and Au
atoms as found to govern through covalent interactions for
both cluster and slab models.
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