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Structure of Ag Clusters Grown on F-Defect Sites of an MgO(100) Surface
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Abstract: The structure of Agy clusters
(N=1-4, 6, 8, 10), both in the gas
phase and grown on the MgO(100)
surface containing F-defects, has been
investigated by a density functional
basin-hopping (DF-BH) approach. In
analogy with what observed in the case
of gold clusters, it is found that the

crossovers are found to be induced by
the metal-defect interaction for the ad-
sorbed clusters such that: 1) planar
structures prevail for N<4 (as in the
gas phase); 2) noncrystalline (fivefold
symmetric) structures, which are the
lowest energy ones in the gas phase for
medium sized Agy clusters (N>7),

prevail for N=6 and N=8; 3) distorted
face-centered cubic (fcc) structures
grown pseudomorphically on the de-
fected surface prevail for N=10. The
transition from fivefold to fcc motifs is
rationalized in terms of the double-
frustration effect, which increases the
bond strain of the noncrystalline struc-

presence of the defect implies a double
frustration and a cylindrical invariance
of the metal-surface interaction, caus-
ing small Ag clusters growing around
the F, defect to be highly fluxional.
Nevertheless, two different structural

Introduction

Metal-on-oxide systems have attracted increasing attention
in recent years in both science and technology for their in-
teresting properties and their applications in the fields of
catalysis, opto—electronic devices, chemical sensors, and so
forth.'"'¥ The knowledge of the cluster structure is an evi-
dent pre-requisite for a deep understanding of these fasci-
nating properties, and much theoretical effort has been de-
voted to this subject, primarily focusing on small clusters, es-
pecially when high accuracy was pursued through the use of
sophisticated, first-principle approaches. In this context, the
MgO(100) surface has often been studied for various rea-
sons, ranging from its widespread use as an inert support, to
the simplicity of its theoretical description."® MgO(100)
is in fact an apolar, simple ionic surface without the compli-
cations associated with surface reconstruction, and so
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tures. Detrapping energies from the
defect were also calculated; the lowest
energy pathway corresponds to the de-
tachment of a dimer.

cluster

forth.21%2 After initial studies of the interaction of metal
atoms with the regular surface,'>1*422 it was soon realized
that the presence of kinks, corners, local defects, such as the
oxygen vacancy (also called F; or color center due to its op-
tical absorption properties), and so forth, could substantially
modify the metal-oxide interaction.[”!6:18.23-26.28-30.53] Thjg
sumes particular importance in the study of the growth pro-
cess. Especially for metals such as silver, which presents a
very weak adhesion to the regular surface ,*! and hence dif-
fuses rapidly even at low temperatures,>!5334 the presence
of defects acting as trapping centers is reputed necessary for
nucleation to occur, even more than, for example, in the
Pd/MgO(100) case.’™ In this perspective, an important issue
thus concerns the influence of the metal/defected-surface
(rather than regular-surface) interaction on the cluster struc-
ture, i.e., whether the metal clusters keep their gas-phase
structure, or whether the interaction with the defected site is
strong enough to induce structural transitions.”-!%%2%%] In
the present article, we tackle this issue by studying the struc-
ture of small (up to ten atoms) silver clusters both in the gas
phase and adsorbed on the F-defective MgO(100) surface.
The F, defect on the MgO(100) surface is chosen as a proto-
typical example of a neutral local defect. We focus on clus-
ters in the size range N=1-10 (N=number of Ag atoms),
which are small enough to be computationally affordable
and appreciably influenced by the presence of the local de-

as-
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fects at the cluster—surface interface, but large enough to
allow identification of structural motifs and to study their
energetic crossover. We use a systematic search protocol
within a first-principles approach: a density-functional
basin-hopping (DF-BH) algorithm,* which is CPU-inten-
sive, but gives us some confidence of having singled out the
global minimum and the lowest energy excited states at
each size. We find that indeed the presence of the defect
substantially alters the potential-energy landscape of ad-
sorbed Ag clusters, favoring (distorted) face centered cubic
(fce) structures with respect to noncrystalline fivefold sym-
metric configurations, which are the ground state for gas-
phase Ag clusters of size N>7.

The article is arranged as follows. After a brief review of
previous work, the computational approach is described
(Computation Methods). The results of the DF-BH calcula-
tions for both gas-phase and adsorbed clusters are present-
ed, and distinguished in terms of the cluster size (Results
and Discussion). Conclusions are summarized.

Previous work: Concerning previous work on the Ag and
MgO(100) systems, a wealth of experimental and theoreti-
cal information exists on gas-phase Ag clusters. Extensive
references to small (N<6) clusters can be found in refer-
ence [37], while for larger clusters the main contributions
are references [37-40], in which the structure of Ag clusters
(and their ions) up to 12-13 atoms have been systematically
investigated. Our calculations are in qualitative (and often
quantitative) agreement with former DF calculations,?*’)
but a detailed comparison is not presented, as it would not
be very informative.

The F, center is one of the most studied defects of the
MgO(100) surface.!627-341-01 Both static and dynamic prop-
erties have been studied: electron density maps and density
of states plots,”*! formation energy and diffusion energy
barriers,”*"* and optical properties.”®* Intense study has
also been conducted on metal clusters adsorbed on the F,
defect.['83%45-6801 Degpite recent suggestions that this type of
defect might not be abundant on carefully annealed MgO-
(100) films,* it can be easily created by electron bom-
bardment or other means®™ % and it has been suggested that
it can have an important effect on the catalytic activity of
extremely small supported clusters.>

Computational Methods

The search for the lowest energy structures of Ag clusters was performed
either by a biased search starting from selected configurations or by a
density-functional basin-hopping (DF-BH) approach.’® The basin-hop-
ping algorithm!®*®®! is defined in the following steps: 1) an initial random
configuration was chosen, a local geometry optimization was performed,
and the final energy (the fitness parameter) was registered as E;; 2) start-
ing from the relaxed configuration, the atoms of the metal cluster were
randomly displaced,® a new local geometry optimization was performed,
and the final energy is registered as E,; 3) a random number (rndm) be-
tween 0 and 1 was generated and the movement of step 2 was accepted
only if exp[—(E,—E,)/kgT]>rndm (Metropolis criterion); 4) steps 2 and
3—the Monte Carlo steps—were repeated a given number of times. De-
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pending on the kg7 parameter (which in this work is set to 1.0 eV in all
the calculations), some high-energy configurations were accepted and the
search was able to explore different structural motifs (belonging to differ-
ent funnels of the potential-energy surface) of the metal cluster. In the
DF-BH approach,® the determination of energies and forces was ach-
ieved by using a first-principles DF method: the number of Monte Carlo
steps was limited by the CPU time available, and the DF-BH approach is
practically unfeasible in the case of systems composed by more than few
tens of atoms. In the present case, we deal with metal clusters composed
of up to ten atoms, and we expected the global minimum for each cluster
to be located in a small number of Monte Carlo steps.

The DF-BH calculations were carried out by employing a cluster ap-
proach™ for the description of the MgO support. Either an (Mg;sO;s)
cluster of C,, symmetry or an (Mg,s0,;5) cluster of C,, symmetry (see
Figure 1) were chosen, depending on the size of the metal aggregate.

Figure 1. The systems used to model the F-defective MgO(100) surface
in the cluster approach; small atoms represent oxygen atoms, larger
atoms magnesium atoms, and largest atoms the positive charge sites on
which a repulsive pseudopotential is added.

Both MgO clusters were embedded in an array of +2.0 au point charg-
es” (about 1500) extending for four layers in the direction perpendicular
to the surface and up to ~10 A from the borders of the cluster in the
(100) surface plane. The atoms of the central cluster and the point charg-
es around it were located at the lattice positions of the MgO rock-salt
bulk structure at the experimental lattice constant of 4.208 A. Moreover,
a repulsive pseudopotential’? was added on the positive point charges in
direct contact with the cluster, in order to avoid an unphysical polariza-
tion of the charge density.” As shown in Figure 1, to create an F vacan-
cy we erased a neutral oxygen atom from the surface keeping frozen the
coordinates of all the Mg and O atoms around the defect. Structural re-
laxation around the F, defect has been show to be undramatic!*-747
and we did not expect that the modest interaction of Ag clusters” with
the surface would qualitatively modify the results (this has been actually
been checked in selected cases). Moreover, freezing the geometry of the
oxide substrate at its experimental equilibrium configuration was, in our
opinion,”” the best choice not to let the DF/GGA approach overestimate
the structural relaxation around the oxygen vacancy upon metal adsorp-
tion. All the calculations with the cluster approach were carried out with
the DF module of the NWChem packagel™ by using the PW91 xc-func-
tional™ in the spin-unrestricted formalism. The geometry optimizations
were performed by using Gaussian-type orbital basis sets of double-§
quality,™ while the total binding energy used in the Metropolis criterion
energy was calculated from a single-point calculation on the relaxed ge-
ometry by using a triple- plus polarization basis set.™ A 19-valence-
electron effective core potential was used for Ag.®!! The two electrons
trapped in the cavity were described with a Gaussian-type orbital basis
set of double-¢ quality for the optimization run and a set of triple-& quali-

— 6409

www.chemeurj.org


www.chemeurj.org

CHEMISTRY—

A. Fortunelli et al.

A EUROPEAN JOURNAL

ty plus d polarization functions in the single-point final calculation.®
Charge-density-fitting Gaussian-type orbital basis sets were used to com-
pute the Coulomb potential.®™ The calculations used a Gaussian-smear-
ing technique® (with a smearing parameter of 0.001 a.u.) for the frac-
tional occupation of the one-electron energy levels.

After having singled out the low-energy structures at each size by using
the DF-BH approach with the NWChem software and a cluster descrip-
tion of the oxide, the obtained results were validated by performing local
geometry optimizations with the PWscf (plane-wave self-consistent field)
computational code,® employing the PBE xc-functional®! and ultrasoft
pseudopotentials in the spin-unrestricted formalism. This approach was
computationally more demanding, but was essentially free of basis set
limitations and thus represents a good check of localized basis set calcu-
lations. The kinetic energy cutoff for the selection of the plane-wave
basis set was fixed at 20 au for all the calculations. A (3,3,1) k-point sam-
pling of the Brillouin zone was chosen, and a Gaussian smearing tech-
nique (with a smearing parameter of 0.001 au) was applied. The MgO-
(100) surface was modeled by a three-layer slab, each layer containing
18 (3x3 cell) or 24 (4x3 cell) Mg and O atoms fixed in the lattice posi-
tions of the rock-salt bulk structure. The unit cell was chosen such that
the distance between metal clusters belonging to replicated cells was
greater than 6-8 A. The F, defect was created by removing a neutral
oxygen atom from the surface and freezing the coordinates of all the
other atoms of the substrate in the lattice positions.

It is important to stress that the two approaches: the cluster approach
using NWChem and the periodic cell approach using PWscf, produced
the same qualitative results with minor quantitative differences (partly
due to the slightly different xc functionals adopted in the two cases). The
energy values reported in the following are those obtained using the
PWscf code.

Results and Discussion

In this section we report and discuss the results regarding
the low-energy structures for Agy clusters (with N=1-4, 6,
8, 10) both in the gas phase and adsorbed on the F defect
of the MgO(100) surface.

It is convenient to define four quantities: 1) the adhesion
energy (E,u), calculated by subtracting the energy of the
oxide surface and of the metal cluster, both frozen in their
interacting configuration, from the value of the total energy
of the system, and by taking the absolute value; 2) the bind-
ing energy of the metal cluster (E,,,), calculated by subtract-
ing the energy of the isolated metal atoms from the total
energy of the metal cluster in its interacting configuration,
and by taking the absolute value; 3) the metal cluster distor-
tion energy (Eg), Which corresponds to the difference be-
tween the energy of the metal cluster in the configuration
interacting with the surface minus the energy of the cluster
in its lowest energy gas-phase configuration (thus, a positive
quantity); and 4) the total binding energy (E,,q), which is
the sum of the binding energy of the metal cluster and of
the adhesion energy (Epng= Eaan+ Emel)-

In the following, the results are distinguished in terms of
the Ag cluster size. For Agy with N=2-4, due to the small
size of the metal clusters, we performed a biased DF search
by locally optimizing a limited number of physically reason-
able configurations, both in the gas phase and when ad-
sorbed on the defected surface. The configurations of the
adsorbed Agy clusters with N=2, 4 have been reported in
previous work™®->" with the exception of configuration (c1)
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of the tetramer (see below). The present results are in quali-
tative (and often quantitative) agreement with these earlier
investigations, and are briefly reported in the following to
set the stage for larger clusters and the sake of complete-
ness. For Ag, three DF-BH runs were performed, each
composed of 15 Monte Carlo steps; for Agg and Ag,,, five
DF-BH runs were performed, each composed of 15 Monte
Carlo steps, both in the gas phase and when adsorbed on
the defected surface. The starting configurations of each run
were generated randomly in a sphere of radius 4 A around
the vacancy.

To our knowledge, this is the first time that a DF-BH ap-
proach has been applied to metal clusters adsorbed on a sur-
face. The DF-BH approach is useful to sample the PES of
these complicated systems in which biased searches often
miss the ground-state structure for small clusters.

Single-atom adsorption topography: A single Ag atom inter-
acts preferentially with the oxygen site of the regular (100)
surface, with an adhesion energy of about 0.4 eV.[116:18.33.87]
The presence of the F, defect increases the interaction
energy to 1.64 eV.'®1851 This increase can be rationalized in
terms of two effects: first, the removal of an oxygen atom
determines a remarkable reduction of the Pauli repulsion
between the electronic cloud of the metal and that of the
oxide substrate; second, the two electrons trapped in the
cavity, being weakly bound by the Madelung potential, are
very polarizable and able to form a stronger bond with the
metal atom. The decrease of the Pauli repulsion determines
also a reduction of the equilibrium distance of the metal
atom from the surface (from a value of ~2.5A on the
oxygen site of the regular surface, to a value of ~2.0 A on
top of the defect). The presence of the F, defect not only
modifies the adsorption on top of it,'*!® but also the
whole adhesion topography in an area which extends up to
distances of 4-6 A from the vacancy.?*”*7" For example, the
adhesion of the Ag atom on top of an Mg-atom nearest
neighbor of the vacancy is 0.78 eV, much bigger than the
value 0.22 eV characterizing the same site on the regular
surface. In Figure 2, the topographic landscapes of the
metal-surface interaction in the case of adsorption of a
single Ag atom are displayed; for comparison, the topo-
graphic landscapes for the regular surface are also shown.
The profiles in Figure 2 were obtained by performing a ver-
tical relaxation of the Ag atom on top of several sites of the
MgO regular and defective unit cell and interpolating the
points obtained; in Figure 2a and 2c the adhesion energy
and in Figure 2b and 2d the equilibrium distance from the
surface are shown for the regular and defective surfaces, re-
spectively. These profiles are qualitatively similar to those
reported in reference [77] for the adsorption of a gold atom.
As shown in Figure 2c¢, the presence of the defect produces
a large basin of attraction, exhibiting an approximate cylin-
drical symmetry around the vacancy. Furthermore, on top of
the defect the increase of the adhesion energy corresponds
to a decrease of the equilibrium distance, whereas on the
neighboring sites the increase of the adhesion often corre-

Chem. Eur. J. 2007, 13, 6408 — 6418


www.chemeurj.org

Surface Chemistry

[110]direction
[110]direction

FULL PAPER

[110]direction
[110]direction

d)
Eaqn/ eV

28
26
24
22

PMRRNPNPNNN
= NWAO®O~®

18
1.6
14

[110]direction

Figure 2. Topographic landscape of the adsorption of an Ag atom on the MgO(100) surface: the adhesion energy (a,c) and the equilibrium distance from
the surface (b,d) are shown for the regular surface and the F-defective surface, respectively.

sponds to a lengthening of the metal-surface equilibrium
distance. As we will see in the following discussion, the ap-
proximate cylindrical symmetry around the defect is also
present when small clusters are adsorbed on the defect and
implies a rotational invariance by which small clusters can
rotate almost freely around an axis perpendicular to the sur-
face, keeping one atom firmly bound to the defect. More-
over, the strong variation of the equilibrium distance around
the defect implies that metal cluster growth is frustrated not
only horizontally with respect to the surface (due to the mis-
match between the lattice constants of the metal and of the
support), but also vertically because of the difference be-
tween the equilibrium distance on top of the defect and that
on top of the neighboring site around the vacancy, an effect
that we have called double frustration.””

Ag,, Ag;, and Ag, clusters: The configurations considered
for Agy (N=2-4) clusters adsorbed on the F, defect are dis-
played in Figure 3, while the corresponding energy analysis
is reported in Table 1.

When a second Ag atom reaches the defect, it binds to
the first one in such a way that the dimer axis results per-
pendicular to the surface, as shown in previous work.[#4->]
This configuration is stabilized by the electrostatic contribu-
tion coming from the increased polarization of the metal
electronic density of the dimer in the field of the oxide. In
general, it has been noted!!®**3587 that the presence of
metal atoms above those directly interacting with the sur-
face increases the adhesion energy: this effect is what we
have called “metal-on-top” stabilization mechanism.['¥
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Thanks to the metal-on-top effect, the adhesion energy of
the dimer is 1.79 €V, increased with respect to the adhesion
of the single atom on the defect, despite the fact that the
atom interacting with the surface is involved in a strong

cl c2 c3

Figure 3. Schematic representation of the lowest energy structures and
saddle points of Agy (N=2-4) clusters on the F-defective MgO(100)
surface.
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Table 1. The values of the various energy quantities defined in the text
are reported for the lowest energy structures and saddle points of Agy
(N=1-10) clusters. The notation used refers to the nomenclature defined
in Figures 3-6. All energy values in eV.

Cluster Conf. E.an E o Egq Epng Spin
Ag, 1.64 - - 1.64 12
Ag, a 1.79 1.72 0.01 3.51 0
Ag; bl 2.23 2.57 0.03 4.80 12
b2 2.18 2.59 0.01 4.77 12
b3 2.15 2.60 0.00 4.75 12
Ag, cl 2.46 4.55 0.02 7.01 0
c2 2.48 4.52 0.05 7.00 0
c3 243 4.55 0.02 6.98 0
Agg dl 2.74 7.95 0.55 10.70 0
d2 2.80 7.88 0.62 10.68 0
d3 2.82 791 0.59 10.73 0
d4 2.83 7.81 0.69 10.64 0
d5 2.66 7.85 0.65 10.51 0
d6 2.34 8.31 0.19 10.65 0
d7 1.88 8.38 0.12 10.26 0
Agg el 2.02 12.29 0.06 14.31 0
e2 2.19 12.09 0.25 14.28 0
e3 2.14 12.13 0.22 14.27 0
e4 2.03 11.99 0.35 14.02 0
eS 2.07 12.21 0.14 14.28 0
e6 2.30 11.53 0.82 13.83 0
Agyo f1 2.43 15.60 0.05 18.03 0
2 2.61 15.57 0.08 18.18 0
3 2.24 15.07 0.58 17.31 0
f4 2.52 15.37 0.29 17.89 0
f5 2.56 15.44 0.21 18.00 0
6 2.82 15.47 0.18 18.29 0

metallic bond, which should decrease its availability to inter-
act with the surface.

The third atom is then added in a cluster plane perpendic-
ular to the surface. When the cluster plane is oriented along
the [100] direction, we obtain the ground-state configura-
tion, exhibiting C,, symmetry and labeled as bl. A 45° rota-
tion brings the plane of the cluster along the [110] direction
and the cluster slightly bends in order to make one of the
two upper Ag atoms adhere to one oxygen ion of the sur-
face nearest neighbor of the vacancy: this local minimum,
labeled as b2, is higher in energy than the ground state by
only 0.03 eV. The configuration b2 can be converted into an-
other configuration b2 passing through the saddle point b3,
in which the cluster is still oriented along the [110] direction
with symmetry C,, and which is higher in energy than the
configuration b2 by 0.02 eV (thus is 0.05 eV higher than the
ground state). The small energy differences between the
three configurations confirm the rotational freedom of the
metal cluster around an axis perpendicular to the surface
and passing through the metal atom bound to the defect.
The doublet spin state of the trimer is responsible for the
fluxional character of the metal cluster and consequently for
the small values of the metallic distortion energy for the
three configurations.

6412 —— www.chemeurj.org
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The case of the tetramer is very similar to that of the
trimer: Ag, adsorbs in a rhombic configuration (the same
characterizing the gas phase at this size®™) with one of the
two highly coordinated vertices anchored to the vacancy
and the cluster plane perpendicular to the surface. The
ground-state configuration cl corresponds to the cluster
plane oriented along the [100] direction and has C,, symme-
try. Also in this case, a 45° rotation to the configuration c2
is accompanied by a bending of the cluster, so that one of
the two lower coordinated vertices adheres to one oxygen
ion of the surface nearest neighbor of the vacancy; this con-
figuration has been previously found in reference [50]. The
transition between two analogous configurations c2 is repre-
sented by the saddle point ¢3 with C,, symmetry. As in the
case of the trimer, the energy differences between the three
configurations are very small (below 0.05 eV), thus confirm-
ing the rotational freedom of Ag,.

Ag; cluster: The results concerning the Agg cluster are re-
ported in Table 1 and the corresponding structures are dis-
played in Figure 4. In the same figure, the three lowest
energy configurations characterizing Agg in the gas phase
are also displayed.

The ground state of the cluster in the gas phase is repre-
sented by the planar structure a, with cohesive energy of

d4 ds dé d7

Figure 4. Schematic representation of the lowest energy structures of Agg
both in the gas phase (a—c) and on the F-defective MgO(100) surface
(d1-d7).
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8.50 eV; a pentagonal pyramid, structure b, has a cohesive
energy a bit smaller than that of the ground state (8.30 eV),
while structure ¢, an incomplete pentagonal bipyramid miss-
ing one equatorial atom, has a cohesive energy of 7.86 eV.
These results are in keeping with the previous litera-
ture.F3% All three structures correspond to singlet spin
states. At this size, the planar configuration has an enhanced
stability as six is a magic number of the 2D triangular jelli-
um model:*! indeed, the HOMO-LUMO gap for this struc-
ture is 2.15 eV.

When Ags adsorbs on the surface, we find three low-
energy configurations, d2-d4, which belong to the same
structural family, that is, the incomplete pentagonal bipyra-
mid—the structure ¢ of the gas phase. Among this family,
configuration d3 is the ground state. The presence of the
defect thus causes a first structural transition from a planar
structure (favored in the gas phase) to noncrystalline (five-
fold symmetric) structures (favored for adsorbed Agy).
These three configurations can be obtained from each other
through small rotations around an axis perpendicular to the
surface and passing through the defect. From the energy
values in Table 1, we can see that the small differences in
the values of the total binding energies imply a rotational
freedom of the metal cluster around the F; vacancy.

In contrast, configurations d1 and d5 represent two local
minima derived from a distortion of the motif of the incom-
plete bipyramid: they can be seen as two square pyramids
with the square basis either on top to the atom directly
bound to the defect (structure d1) or grown quasi-pseudo-
morphically on the defect and on three oxygen surface ions
near the vacancy (structure d5). In both cases, the fifth atom
is grown tetrahedrally on a triangular face of the pyramid.
These two configurations have an increased metallic energy,
but also a decreased adhesion to the surface. Configura-
tion dl turns out to be competitive with the global mini-
mum, whereas structure d5 lies higher in energy by about
0.2eV.

In structure d6 the metal cluster has the shape of a pen-
tagonal pyramid (configuration b of the gas phase): in this
motif the metallic bond results remarkably stabilized, but
the adhesion to the surface is weaker. Thanks to compensa-
tion between these two contributions, this configuration is
also competitive with the ground state.

Finally, in structure d7, the metal cluster is quasi-planar
and adsorbed with three metal atoms interacting with the
vacancy and two nearest-neighbor oxygen atoms (the cluster
is slightly tilted with respect to the surface). This configura-
tion is higher in energy by about 0.5 eV, despite the fact that
this corresponds to the most stable structural motif charac-
terizing the gas phase. This fact can be rationalized by con-
sidering the shape of the topography around the defect,
which suggests a better adhesion for structure belonging to
compact motifs, such as the pentagonal pyramid or the in-
complete pentagonal bipyramid. The gain in adhesion is
able to compensate for the loss of metallic energy in these
motifs.

Chem. Eur. J. 2007, 13, 6408 -6418

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

It can be noted that we discuss not only the putative
global minimum, but also the putative lowest energy iso-
mers. In principle, the DF-BH is also able to single out
these higher energy configurations, even though longer and
more numerous Monte Carlo runs would be necessary in
order to ensure that the first, for example, three or four iso-
mers have been correctly located, and assured that the inter-
mediate configurations in the structural interconversion are
not much higher in energy than the kg7 parameter. Due to
the small size of the clusters here investigated, we are confi-
dent that most important structural motifs of these clusters
are depicted in Figures 4-6.

We conclude that at this size the competition between
metal bonding and adhesion, together with phenomena such
as rotational invariance and double frustration, determine
the presence of structures belonging to different structural
motifs but exhibiting very similar values of the total binding
energy: this implies a fluxionality of the metal cluster ad-
sorbed on the defected surface. Nevertheless, a structural
transition from planar to fivefold structures induced by the
metal-defect interaction is clearly observed.

Agg cluster: The results concerning Agg are reported in
Table 1 and the corresponding structures are displayed in
Figure 5. In the same figure, four low-energy configurations

L e

c d

Figure 5. Schematic representation of the lowest energy structures of Agg
both in the gas phase (a-d) and on the F,-defective MgO(100) surface
(el—eb6).
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characterizing Agg in the gas phase are also displayed,
which are in keeping with previous literature.’**41 In the
gas phase the ground-state, structure a, is represented by a
pentagonal bipyramid in which one equatorial atom has
been substituted by a dimer with the axis perpendicular to
the equatorial plane (cohesive energy of 12.35 eV). Structur-
e b belongs to the same structural motif, except that, in this
case, the pentagonal bipyramid is perfect and the eighth
atom is grown tetrahedrally on one of the ten triangular
facets (cohesive energy of 12.21 eV). Structure ¢, almost iso-
energetic with b, belongs to a crystalline motif: it is formed
by a central octahedron with two atoms grown tetrahedrally
on two opposite facets of the same square pyramid (cohe-
sive energy of 12.19 eV). The planar structure d results de-
stabilized with respect to the ground state and has a cohe-
sive energy of 11.67 eV. For gas-phase Agg, thus, planar
structures are no more the ground state, and a structural
transition has occurred to noncrystalline (fivefold) configu-
rations, in agreement with previous literature:®’*! silver
clusters behave not too differently from alkali clusters,””!
which have 3D structures for N> 6.

For the structures adsorbed on the surface in the ground-
state (structure el), the metal cluster is adsorbed on the
defect with the same structure as the ground state that char-
acterizes the gas phase: in particular, one of the two atoms
of the dimer perpendicular to the equatorial plane is bound
to the defect, whereas the other one is adsorbed on one
oxygen ion on a nearest-neighbor to the vacancy on the sur-
face. In this configuration, only two atoms interact directly
with the surface, and this fact determines the lower value of
the adhesion energy with respect to neighboring sizes. In the
configuration e2, the metal cluster is instead adsorbed with
the same structure of the configuration b of the gas phase:
thanks to a compensation between a reduced metallic
energy and an increased adhesion, this configuration is
nearly degenerate with the ground state.

In the structures €3 and e4, the cluster is adsorbed with
the same structure as in the configuration c of the gas phase,
that is, the crystalline motif. In structure e3, the metal clus-
ter is remarkably distorted due to the formation of a (dis-
torted) square facet through which the cluster adheres to
the defect and to three oxygen ions of the surface next to
the vacancy, as in the case of configuration d5 of Agg. This
structure can also be seen as a tetrahedron of ten atoms
lacking two basal atoms with the (111) epitaxy distorted to
a quasi-(100) epitaxy, because of the tendency to a pseudo-
morphic growth on the defected surface. The structure e4 is
less distorted with respect to the gas-phase structure, but,
due to a loss of both metallic and adhesion energy, is the
highest in energy among those considered (it lies about
0.3 eV higher than the ground state).

Configuration e5 can be seen either as a distortion of con-
figuration a of the gas phase or as an alternative fcc crystal-
line structure, in which two metal atoms cover the central
octahedral core by adsorbing on two vicinal facets belonging
to different square pyramids. In this structure, both the met-
allic bond and the adhesion energy are strengthened and the
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configuration is thus competitive with the ground state,
having a total binding energy similar to that of configura-
tions €2 and e3.

Finally, in structure e6 the metal cluster is adsorbed in a
planar configuration with three metal atoms interacting with
the vacancy and two nearest-neighbor oxygen atoms. With
respect to the other configurations considered, in this case
the adhesion energy is enhanced, but the substantial destabi-
lization due to the weak metallic energy makes this struc-
ture higher than the ground state by about 0.5 eV.

To conclude, we note that also Agg exhibits a remarkable
fluxionality: four of the configurations we have described
(el, e2, e3, e5) possess very similar values of the total bind-
ing energy, although they belong to completely different
structural motifs. This confirms the ability of the DF-BH ap-
proach to explore different funnels of the adsorbed cluster
potential energy surface.

Ag,, cluster: The results concerning Ag;, are reported in
Table 1 and the corresponding structures are displayed in
Figure 6. In the same figure, the lowest energy configura-
tions characterizing Ag,, in the gas phase are also displayed.

» ata i
e Ta el g

v v v

W r %
&M y—

"v

Figure 6. Schematic representation of the lowest energy structures of
Ag, both in the gas phase (a—d) and on the F.-defective MgO(100) sur-
face (f1-£6).
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In the gas phase, as for Ag;, the ground state still belongs
to a noncrystalline fivefold motif: in structure a, with a co-
hesive energy of 15.65 eV, nine atoms constitute a fragment
of the 13-atom icosahedron, while the tenth atom is exter-
nal, growing on one of the (111) facets. Structure b, instead,
with a cohesive energy of 15.30 eV, is a crystalline motif in
which four atoms are grown symmetrically on the central
octahedron core. Structure c, the cohesive energy of which
is 15.53 eV, is a planar motif, portion of an fcc (111) layer.
The energy difference of this planar structure with respect
to the ground state is only 0.12 eV, which is not surprising
because ten is a magic number for 2D circular jellium
models (also due to the twofold angular degeneracy in the
plane).®! Finally, structure d, isoenergetic with structure c,
can be described as a distorted fcc structure. These results
are in keeping with previous literature.*”-*%40

The ground state of Ag,, on the F,-defective MgO(100)
surface is given by configuration f6. Similar to configura-
tion e3 of Agg, in this structure the metal cluster can be seen
as a distorted tetrahedron adsorbed on the defect through
one basal corner, in which the (111) epitaxy has converted
to a quasi-(100) epitaxy to match the pattern of the oxygen
ions of the surface; moreover, the corner of the tetrahedron
more distant from the defect has moved in order to improve
the adhesion to the surface. Configuration {5 is similar to f6,
with the difference that the distorted metal tetrahedron is
adsorbed on the vacancy through the central atom of a basal
edge, and not through one basal corner: since the edge atom
has a higher metal coordination, it has a weaker interaction
with the defect and the adhesion energy is consequently
lower with respect to the f6 ground state. The metallic
energy is instead almost the same as that of the ground state
and the total binding energy is lower (in absolute value)
than the ground state by about 0.3 eV. Also the structure f3
belongs to the crystalline structural motif and is analogous
to the configuration e4 of Agg. This configuration exhibits a
loss of both metallic energy and adhesion to the surface and
the total binding energy is lower than that of the ground
state by about 1 eV.

Configuration f4 corresponds to the planar structure of
the metal cluster in the gas phase: this configuration is de-
stabilized by about 0.5 eV with respect to the ground state
because of its poor adhesion to the surface.

Finally, in configurations f1 and f2 the metal cluster has
the same noncrystalline structure characterizing configura-
tion a of the gas phase. In spite of the increased metallic
energy in these configurations, we have a decreased adhe-
sion to the surface and, globally, this structural family is
higher by 0.1-0.2 eV with respect to the ground state.

The main conclusion is thus that the ground-state struc-
ture of Ag,, adsorbed on the defected surface does not cor-
respond to the gas-phase ground-state structure: in passing
from Agg to Agy, a structural transition from noncrystalline
motifs, based on the pentagonal bipyramid, to distorted crys-
talline structures occurs. The reason of this is that the
double frustration lengthens the interatomic distances be-
tween the atom adhered to the defect and its nearest-neigh-
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bors adhered to the nearby O and Mg sites; this effect disfa-
vors noncrystalline fivefold symmetric structures, in which
these distances are already strained because of the frustra-
tion inherent in decahedral or icosahedral clusters.” De-
spite the fluxionality inherent in such small clusters, this
switch of preference towards crystalline structures can help
explain why experimentally®! only truncated octahedra are
observed in MBE (molecular beam epitaxy) deposition ex-
periments of Ag clusters on the MgO(100) surface, even at
very small (height ~1 nm, lateral width ~1-2 nm) sizes, de-
spite the fact that fivefold symmetric structures are the
ground state for Ag clusters in the gas phase in this size
range.”? Even though larger clusters can be on the whole
less affected by the presence of the neighboring defect, a ki-
netic trapping into fcc configurations might occur.

Is the cluster Agg magic? It is interesting to observe that
N=8 corresponds to an electronic magic number of the
spherical jellium model.”*** We thus could expect a particu-
lar stability associated to this size, at least in the gas phase.
Figure 7 shows the behavior of the excess energy for Agy
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Figure 7. Excess energy as a function of cluster size for gas-phase struc-
tures (upper line with circles), and adsorbed structures (lower line with
squares).

clusters in the size range N=4-10 both in the gas phase and
when adsorbed on the F,-defective surface. The excess
energy is defined in Equation (1), in which Ey(N) is the met-
allic binding energy of the clusters in the gas phase, or the
total binding energy (metallic energy plus adhesion energy)
for the adsorbed clusters and ¢, is the bulk fcc cohesive
energy of the metal calculated within the DF/PWscf ap-
proach: 2.50 eV.

Eb (N) _N‘Scoh

e (1)

ECXC (N) =

From Figure 7, we see that in the gas phase the cluster
Agg does not present an exceptional stability (somewhat at
variance with the predictions of the jellium model), being
only modestly favored with respect to sizes six and ten, even
though a minimum in the excess energy is found at this size.
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Table 2. Binding energies on the F, [E,4(F,)] and regular [E,4(reg)] surface and energy differences [AE(N—i)] related to the fragmentation process of
an N-atom cluster into two smaller units, one (containing i atoms) still anchored to the defect and the other one (the complement of i to N) adsorbed on

the regular surface. All energy values in eV.

N E,.q(Fs) E,q(reg) AE (N—1) AE (N—2) AE (N—3) AE (N—4) AE (N—6) AE (N—38)
Ag,/F Ag,/F, Ags/F Ag,/F Agy/F, Agy/F

1 1.64 0.42 - - - - - -

2 3.51 2.39 1.45 - - - - -

3 4.80 3.51 0.77 0.87 - - - -

4 7.01 5.56 1.86 1.11 1.79 - - -

6 10.74 - - 1.67 2.43 1.34 - -

8 14.31 - - - - 1.74 1.18 -

10 18.29 - - - - - 1.99 1.59

This is due to the fact that the valence 5s orbital of the
silver atom is too expanded to fit the Ag-Ag interatomic
distances, and the energy stabilization associated with the
jellium shell closure is frustrated by a destructive interfer-
ence of the electronic wavelength.” When the cluster is ad-
sorbed on the defect, the situation is further worsened by
the weak adhesion of this cluster with respect to the neigh-
boring sizes. In order not to distort excessively with respect
to the gas-phase structure, Agg in fact adsorbs with only two
atoms directly interacting with the surface. The final result
is that the excess energy for the adsorbed clusters in this
size range is an increasing function of the cluster size.

Cluster fragmentation: In analogy with previous
work,[*%%7%] we have considered the energetics of process-
es corresponding to the fragmentation of the metal cluster
into two pieces: the former still adsorbed on the defect, the
latter adsorbed on the regular MgO(100) terrace. These
processes can be important to understand the detrapping
mechanism from this defect, and the process of Ostwald rip-
ening of small clusters by bigger ones observed in MBE ex-
periments at sufficiently high temperatures.®! In Table 2 the
energy differences corresponding to several fragmentation
processes on the regular surface are reported. It is interest-
ing to note that the lowest energy fragmentation process
consists in the detachment of an Ag, dimer from a larger
metal aggregate. This is due to the peculiar stability of Ag,
on the regular surface. The energy associated with this pro-
cess grows in an approximately monotonous way with the
cluster size from 0.77 eV (the value for Ag; fragmentation)
to 1.6 eV (the value for Ag,, fragmentation). With the ex-
ception of the smaller nuclearities, these processes are thus
expected to be active at temperatures higher than room
temperature.©!

Conclusions

The structure of Agy clusters (N=1-4, 6, 8, 10) both in the
gas phase and grown on the F-defective MgO(100) surface
has been investigated by means of a density functional
basin-hopping (DF-BH) approach.”® In analogy with what
already observed in the case of Auy clusters on the F;
defect, it is found that the presence of the defect implies a

6416 ——

www.chemeurj.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

double frustration and a cylindrical invariance of the metal—
surface interaction, causing small Ag clusters growing
around the F; defect to be highly fluxional.

For the gas-phase clusters, in agreement with the litera-
ture on the subject,*”*! it is found that a structural transi-
tion occurs at N =38, such that the ground-states of Agy clus-
ters are planar for N=6, and compact for N=8 and 10 with
a predominance of noncrystalline, fivefold symmetric struc-
tures. The interaction with the F; defect substantially modi-
fies this scenario: 1) the crossover between planar and five-
fold symmetric compact structures already occurs at N=6;
2) a further transition from fivefold symmetric to crystalline
structures is found at N=10. The latter transition is rational-
ized by considering the additional strain that noncrystalline
structures undergo, because of the double frustration effect
due to the defect. Despite the fluxionality inherent in such
small clusters, this tendency towards crystalline structures
(possibly combined with kinetic trapping) could help explain
why experimentally® only truncated octahedra are ob-
served in MBE experiments of deposition of Ag clusters on
the MgO(100) surface, even at very small (height ~1 nm,
lateral width ~1-2 nm) sizes, despite the fact that fivefold
symmetric structures are the ground state for Ag clusters in
the gas phase in this size range."””

Moreover, Agg, which corresponds to a magic number of
the spherical jellium model, is found to be slightly favored
with respect to neighboring sizes in the gas phase, but not
when adsorbed on the defected surface.

Fragmentation processes have also been investigated,
finding that the lowest energy pathway corresponds to the
detachment of a dimer, and that this process can be active
for Ag; already at room temperature, or at higher tempera-
tures for larger clusters.
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