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Magic numbers in supported metal clusters
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Relative stabilities of Ag clusters supported on a(@®) substrate have been studied using both the
self-consistent Korringa-Kohn-Rostoker—Green'’s function technique as well as molecular dynamics. Total-
energy calculations reveal that unlike in the gas-phase clusters, the relative stability of the supported clusters
are governed by the underlying geometry of the substrate leading to completely different magic numbers in
two-dimensional system$§S0163-18207)07135-X

One of the most striking features of clusters that has ateccupied and lowest unoccupied molecular orbitahese
tracted considerable attention in the last two decades is th&tudies have raised some interesting questions. For example,
existence of conspicuous peaks in their mass spédte  are the magic numbers in supported clusters same as those in
clusters with pronounced peaks are generally considered foee clusters. If not, what factors are important for under-
be more stable than others and are referred to as magic nurstanding their relative stability? This problem is more diffi-
bers. The origin of the magic numbers depend on their sizeult to answer than the origin of magic numbers in free clus-
as well as on the chemistry of atoms. For rare-gas atoms, thters since in the later case clusters grow without any
magic numbers are governed by close packing criteria antloundary constraint. For supported clusters one not only has
clusters consisting of 13,55.., atoms corresponding to to understand the interaction between the atoms in the cluster
complete icosahedric shells exhibit unusual stability. Forbut also the interaction of clusters with the substrate. If the
simple metal clusters such as alkali metals, the origin of theluster-substrate interaction is strong, the clusters would
magic numbers depends on cluster size. For small clustersost likely grow in two dimensions as opposed to free clus-
the magic numbers at 2,8,20,40 . , were attributed to clo- ters which assume three-dimensional structures when clus-
sure of electronic shefls-the same effect that renders rare- ters contain four or more atoms. Study of the relative stabil-
gas atoms their chemical inertness and gives the magic nunity of supported clusters also provides additional insight. Its
ber nuclei their enhanced stability. However, for large alkaliunderstanding can shed light on critical island size enroute to
metal clusters containing more than 1500 atoms the magiepitaxial growth as well as on the diffusion mechanfsm.
numbers are due to closure of atomic shlRurthermore, There have been few studies of mass selected clusters on
experiments show that the clusters exhibiting electronicsupports. Recently, Rosenfelet al’ have shown that Pt
magic numbers are liquidlike while those exhibiting geomet-clusters containing seven and nine atoms grown on the
ric magic numbers are solidlikeThe origin of such behavior P#111) substrate exhibit marked stability. Since there are no
and the transition from electronic structure to geometricaexperiments of mass spectra of free Pt clusters, one cannot
structure has recently been explained at the microscopidetermine if and how the relative stabilities of supported
level*® It has been shown, in terms of correlation diagram,clusters differ from that in the gas phase. Theoretical calcu-
that at small size range clusters which are bound by longhations of Li, and Al, clusters confined to a two-dimensional
range forcegsuch as alkali atomsthe lowest energy struc- structure having the geometry of th@01) and(111) crystal
ture lie in the liquidlike band since the band is almost con-plane showetithat the relative stabilities of two-dimensional
tinuous in energy. At this size range, in order to have aclusters are indeed different from those grown in the gas
closed geometrical shell the clusters have to experience ephase. However, these calculations did not take into account
cessive strain energy. Therefore, the clusters in these cast® interaction of cluster atoms with the infinite substrate nor
instead adopt a structure that removes the strain but givethe effect of surface relaxation. A recent calculatiof the
most favorable electronic structure. However, as the size instability of the Ng cluster on Na and NaCl substrates re-
creases the liquidlike minima have higher energy than theealed that while the cluster disintegrated on the Na sub-
closed shell solidlike structures such as icosahedra, fcc packtrate, it remained stable on the NaCl substrate. The authors
ing and the clusters exhibit geometrical shell structures. Thelid not consider the effect of surface relaxation on cluster
transition from electronic shell closure to atomic shell clo-stability nor did they investigate the relative stability of clus-
sure as the dominant mechanism for cluster stability at largéers as a function of size. Their calculation, however empha-
sizes has also been shown to be due to the competition of ttezed the strong role the substrate atoms can play on the
crystal field effects and the energy gap between the highestuster stability.
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In this paper we report on a theoretical study of the relaing energies of all nonequivalent cluster structures of small
tive stabilities of Ag clusters =<12) supported on a Ag, (n<4) clusters supported on A@01) unrelaxed sub-
Ag(001) substrate taking into account the effect of surfacestrate.
relaxation as well as cluster support interaction. The total We carry out parallel calculations using the molecular-
energies and equilibrium geometries were calculated as dynamics simulatioht based on a many-body potential due
function of cluster size using two complementary methodsto Finnis-Sinclair and Sutton-Chéf.The interaction be-
The first principles self-consistent Korringa-Kohn-Rostokertween the atoms are described using a many-body potential
(KKR)-Green’s function method in the local density ap-based on tight binding second moment approximation. The
proximation and classical molecular-dynamics simulation. potential has the form

Ab initio calculations of the energetics and equilibrium
geometries of supported clusters are difficult not only be-
cause clusters destroy the two-dimensional periodicity, but V:iEj V(rii)_zi ‘/E' @
also because surfaces relax due to the adsorption of clusters.

The calculations become prohibitively difficult as cluster sizewhere the first term represents the repulsion between the
increases. It is, therefore, convenient to study these problensomic cores and the second term is the attractive part of the
using classical molecular-dynamics simulation that employsotential obtained from second moment approximation to the
simple interatomic potential. The difficulty then arises re-electronic density of statéd:'3

garding the reliability of such simulation data especially if In our molecular-dynamics calculation, we have taken a
there are no experiments to compare with. It is because cflab of 972 atoms arranged in six layers. Periodic boundary
these difficulties that we have followed a dual procedure. We

first calculate the energetics of smati<4) supported clus-

ters using the first principles KKR method and compare

these results with parallel calculations using the molecular

dynamics simulation. The results are found to be in very NS

good agreement. We then use the molecular-dynamic
method to study not only largen& 12) clusters but also the
effect of relaxation of the substrate.

The study of the energetics of deposited clusters using th
KKR method proceeded in several steps. First the Green’
function of the bulk crystal is calculated. Using a Dyson
equation approach the bulk crystal is split into two half crys-
tals by removing seven layers in such a way Q1) sur-
faces are generated. The Green'’s function for the half cryst:
is now given in a Wannier-Bloch representation. Because th
clusters on the surface destroy the remaining transnation
symmetry, the Green’s function has to be transferred into i)
local or site representation. By means of the Dyson equatio
the cluster is included in the system. The cluster atoms ar
located in the first vacuum layer with respect to the half
crystal. In this step the potential perturbations of the cluster:
and neighboring sites are taken into account. The full charg
density is calculated using a multipole expansion. Furthe
details of the method are given in Ref. 10.

The binding energy of the supported cluster is defined by

(b)
Ep(n)=[E(n)—E(sur)]—n[E(1)—E(surh]. (1)

Here E(n) is the total energy of a cluster consisting of the
Ag, cluster atoms and the corresponding neighbors on th
substrate as explained abo¥g.1) is the energy of a single
adatom on the surfacé(surf) is the total energy of the
system that excludes the adsorbed, Alyster. Therefore this
value is representative of the pure surface. Tign) de-
fines the energy an-atom cluster would gain ifi isolated
atoms on the substrate would self-assemble to form a cluster g 1. (a) Structure of Ag cluster in the vicinity of the surface.
with a particular geometric structure. One has to repeat th@he substrate atoms are shown as grey circles and the cluster atoms
calculations for different atomic configurations of the clusterare shown as white circlegb) Structure of Ag cluster when

to determine the lowest energy structure. As can be easiljrought in contact with the surface. The gas-phase equilibrium
seen, this task becomes impossible as cluster size increasesgucture is seen to be modified because of surface-cluster interac-
This is why we use the KKR methdtto calculate the bind-  tion. (c) Equilibrium structure of Ag cluster on Ag001) surface.
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TABLE |. Comparison of binding energiggV/atom between  elsewhere. For studying energetics and geometries of the de-

first principle KKR and molecular-dynami¢#1D) simulations. posited clusters, free clusters with geometries corresponding
to their respective ground-state geometry are brought in the
Cluster size KKR MD vicinity of the surface. The clusters are then allowed to in-

teract with the surface atoms. As an example, we show in

2 ) 0.16 0.12 Fig. 1 snapshots of a Agcluster approaching the AG01)

3 (Fham 0.18 0.16 substrate. Figure (&) shows a free cluster well above the
3 (island 0.18 0.17 substrate. Figure(b) is a snapshot of the Agluster as it is

4 (chain 0.19 0.18 deposited on the substrate and Fi¢c)Ishows the equilib-
4 (island 0.31 0.25 rium geometry of Ag after all the relaxations within the

cluster are complete. In the first step, we do not allow the
substrate to relax as clusters are deposited. The equilibrium
geometry of the deposited cluster was determined by mini-
conditions are imposed only along the directions parallel tanizing the total energy of the system. We achieved this by
the surface. In order to minimize the interaction between thaising the steepest descent method in which the atoms are
deposited cluster on the A1) surface and periodic images moved in the direction of the forces until the forces between

of the substrate atoms we have considered fairly extendete atoms are negligible. During the process, the cluster mor-
hology is seen to be modified substantially. We see that the

(001) planes. The interaction between the adsorbed clustéE di ional struct tAG letelv dost q
and the bottom and edge layers of the surface is seen to 6 ree-dimensional structure of Ags completely destroyed
- ) . ) . _and the cluster spreads on the surface. With the further mini-
negligible. Since our interest is to study the relative stabili-;i-ation of energy, the cluster assumes a complete two-
ties of free and supported clusters, we first systematicallyimensional(2D) structure as shown in Fig.(d). To make
studied the energetics and ground-state geometries of the fre@re this is the ground state of the supporteq égAg(001)
clusters. The details of these calculations will be discussedubstrate, we repeat the calculation by heating both the top
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FIG. 2. Schematic diagram of equilibrium geometries of supported Ag clusters. The color code is the same as in Fig. 1.
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layers of the substrate and the clusters to a higher tempera- The equilibrium geometries of these supported Agus-
ture followed by annealing the system back to O K. Theters are shown in Fig. 2. We note that none of these clusters
temperature of the system is increased by rescaling the vderm three-dimensional structures. Instead, all clusters have
locities of the atoms of the cluster and the surface atoms ofompact two-dimensional geometries. In the gas phasg, Ag
the top layers. The effect of surface relaxation is studied aslusters containing four or more atoms have three-
described below. This process is carried out for all the clusdimensional structures. The binding energies/atom of sup-
ters. ported clusters as a function of size are shown in Fig. 3. Note
In Table | we compare the binding energies/atom of smalthat the energies are not a smooth function of size. To better
supported Ag (n<4) clusters obtained using both the describe the relative stabilities, we plot in Fig. 4 the second
molecular-dynamics and KKR methods. For the trimers andlifference of the energies shown in Fig. 3. The maxima in
tetramers we have tried both the chain and island configurdhis plot indicates enhanced stability while the minima indi-
tion. Note that the results using the two methods agree vergates reduced stability. We see that fox 7, the supported
well with each other. In addition, the binding energy/atomdus_ters exhibit odd-even alternation in stability just as Fhey
for the trimer is not sensitive to the cluster geometry whiled® in the gas phase, but for larger clusters the behavior is

the tetramer clearly favors a two-dimensional structure. Thisentirelly (::fferent. E)f partipu][ar interest isbfé@ﬂd AG CIIQUS];'
can be understood qualitatively by counting the averag ers. In the gas phase &ts far more stable than Ag. el.
4) due to electronic shell closure effect. The opposite is true

number of first and second near-neighbor atoms for each . : ;
; . . . . or supported clusters. This is due to the interaction of the
the clusters. For the trimer in the chain configuration there

are 4 first near-neighbor and 12 second near-neighbor ato cluster with the substrate. We will show in the following that

) : ie equilibrium geometries of the supported clusters can be
For the island structures these numbers are respectively lfSed to explain their diffusion behavior

and 14. Thus, the binding energies/atom vary little with ge-  1ha structures of Ag clusters on £aP1) agree with those
qmetry. For the tetramerj however, the average number Gfterred from an experimental study of Rlon RH001).16

first and second near-neighbor atoms are 6 and 16 for thgne siructures of Rh clusters containing 4, 6, 9, and 12 atoms
chain structures and 8 and 20 for the island structure, respegere found to be compact and less mobile. This indicates
tively. Consequently, the increased amount of bondinghat the closed packed structures are extra stable. On the
makes the island structure energetically more preferable ovether hand, clusters with atoms at the periphery such as 7, 8,
the chain structure. The second important point to note is that0, 11 (see Figs. 2 and )4were found to be less stable.
the stability of the trimer is essentially the same as that of thénsight into the origin of the relative stabilities of closed
dimer—in sharp contrast to the gas-phase clusters whese Agracked structures can be obtained by simple bond-counting
is far more stable than AgThe good agreement between the arguments. For example, let us consider clusters of 5, 7, and
KKR and molecular-dynamics results in Table | is proof that9 atoms. The energy needed to dissaxiat5 atom cluster

our molecular-dynamics simulation can provide quantitativeinto a 4 atom cluster and an adatom is equal to the energy
results on the relative stabilities of supported clusters. Thugequired to break one nearest and one next nearest bond.
we have used molecular dynamics method to study the ene&imilar is the case for clusters of 7 and 9 atoms. In contrast,
getics and equilibrium structure of larger An<12) clus- in order to dissoci& a 4 atom cluster one has to break two
ters systematically. nearest neighbors and one next nearest neighbor bond. Simi-
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lar is the case for clusters of 6 and 9 atoms. This illustratesemain unchanged due to substrate relaxation. To examine
why the compact structures are more stable. the influence of substrate relaxation quantitatively, we have
We have also considered the effect of substrate relaxatiorecomputed the second energy difference. The results are
on cluster geometry and stability. To study the effect of re-plotted in Fig. 5. These results agree very well with those in
laxation, atoms in the bottom two layers were fixed at theirFig. 4 confirming the weak role of substrate relaxation on
respective unperturbed bulk positions. The atoms in the topelative stability of deposited clusters.
layers as well as those in the cluster were allowed to move. In summary, we have systematically studied the structures
Our dynamical simulation reveals that the top layer of theand energetics of Agclusters on the A@01) surface using
bare surfacewithout the adsorbed cluspecontracted by a first principle KKR technique and the molecular-dynamics
0.5%. The corresponding experimental value is 2%Ve  method. Our results show that unlike in free clusters, the
find that the equilibrium geometries of the adsorbed clusterelative stabilities of supported clusters are governed by the
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underlying substrate structure. This leads to magic numbersn the surface as opposed to 3D structures in free space. It
for supported clusters that are different from those in the gawill be interesting to study the critical size of supported clus-
phase. We have studied the structures and energies by allod@rs at which the transition from two-dimensional to three-
ing both the clusters and the substrate to relax and found thgimensional structures occurs.

the relaxation has no effect on the relative stabilities of sup- This work is supported in part by a grant from the U.S.
ported clusters. The clusters are seen to grow as 2D islandsepartment of Energy.
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