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We present the first scanning tunneling microscopy (STM) study of the deposition of mass-selected
silver clusters (Ag,,n=1, 2, 3) on a rutile TiO,(110)—1X 1 surface at room temperature under
hard-landing conditions. Under hard-landing conditions, only small features are observed on the
surface in all cases without sintering or surface damage. This suggests that the high impact energy
of the clusters mainly dissipates as thermal energy in the substrate, resulting in the recovery of any
initial impact-induced surface damage and the formation of bound clusters on the surface near the
impact point. STM images indicate that Ag; binds on the bridging oxygen rows twice as often as on
the Ti rows. Density-functional Theory (DFT) calculations are consistent with Ag; binding at either
bridging oxygen vacancies or with two adjacent bridging oxygen atoms in the same bridging oxygen
row. STM images of Ag, and Ag; depositions indicate almost exclusive binding centered on the
Ti-atom rows. DFT calculations suggest that the Ag, and Ags clusters are bound between two
bridging oxygen rows, which is consistent with the STM observations. © 2005 American Institute

of Physics. [DOI: 10.1063/1.2118587]

I. INTRODUCTION

Nanoparticle size is a critical parameter in the catalytic
behavior of metal/oxide catalysts.l_4 The size distribution of
the clusters formed in conventional vapor deposition experi-
ments is not well defined due to the inherent size distribution
coming from the cluster source, and cluster diffusion and
aggregation which occurs after landing on the substrate.” For
the purpose of studying the size dependence of catalytic ac-
tivity, not only is size selection a prerequisite in cluster depo-
sition experiments, but the preservation of the incoming clus-
ter upon deposition is also important.6’7 Low-energy cluster
deposition (a few eV/atom) on metal surfaces often leads to
cluster diffusion and aggregation resulting in the formation
of large clusters and islands; thus the cluster size in the gas
phase is not preserved.8 High-energy cluster deposition
(~100 eV/atom) can prevent diffusion and aggregation of
the incoming clusters, however, the energy which is released
during the impact can be sufficient to fragment the cluster, to
create substrate damage, or to embed the cluster in the
bulk.”"?

In this work, we report the deposition of size-selected
Ag;, Ag,, and Ag; clusters on a TiO,(110)-(1 X 1) surface at
high impact energies. To do this, we have utilized atomic
resolution scanning tunneling microscopy (STM) to observe
the surface morphology after cluster deposition, and have
employed density-functional theory (DFT) calculations to
explore the possible cluster adsorption geometries. This work
suggests a new mechanism for pinning mass-selected
clusters on the surface.
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Il. EXPERIMENT

All experiments were performed in an ultrahigh vacuum
(UHV) chamber equipped with an RHK-100 variable-
temperature STM with a base pressure of less than
2X 1071 torr, and a cluster deposition chamber with maxi-
mum deposition pressure <1 X107 torr. The clean
TiO,(110)-(1 X 1) surface was prepared by multiple cycles
of Ar*-ion sputtering (1 keV, 20 min), followed by annealing
at 900 K for 20 min. This procedure produced a surface with
an average terrace of width of 25 nm.

The production of size-selected clusters is described in
detail elsewhere." Briefly, a pulsed, frequency-doubled
yttrium aluminum garnet (YAG) laser beam (532 nm,
500 mJ/pulse max power) is focused on a rotating, trans-
lating silver rod, producing a silver plasma. Following the
laser pulse, a pulse of argon enters the source cavity, induc-
ing Ag, X(n=1,2,3...) cluster formation. The clusters are
then accelerated from the source through several focusing
and steering lenses into a magnetic-field analyzer where the
size-selection process occurs. The mass-selected cluster
beam is then guided onto the sample of titania in the cluster
deposition chamber. In the work reported here, the incident
energy for the monomer, dimer, and trimer are controlled
to be +175 eV X(x1.5, £3.5, and +6 eV, respectively). A
typical beam intensity is 1.0 nA/cm?, leading to exposure
times of 20-60 min (depending on cluster size) for ~1.5%
coverage [relative to Au(111) surface]. The deposited sample
is then transferred into an STM chamber for inspection. STM
images are obtained in constant current mode, at sample
biases between +1 and +2 V, and tunneling currents between
0.1 and 0.2 nA. The electrons tunnel from the tip into the
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empty states of the surface. The STM tips are made from
electrochemically etched tungsten wire and are subsequently
cleaned in UHV by electron bombardment.

lll. COMPUTATIONAL DETAILS

We have performed periodic Kohn-Sham density-
functional theory calculations using the generalized gradient
approximationM’15 and the VASP program.mf19 The ionic
cores were described by scalar relativistic ultrasoft
pseudopotentials.20 The cutoff in the plane-wave expansion
was 270 eV. Tests were performed with a larger cutoff (396
eV) to ensure that the results are converged with the lower
cutoff. We sampled the Brillouin zone at the I" point only. We
have taken into account the monopole, dipole, and quadru-
pole corrections to the energy using a modified version of the
method proposed by Makov and Payne.21 We allowed frac-
tional occupancies of the bands by using a window of 0.05
eV. The TiO,(110) surface was modeled by a [3 X 2] super-
cell. We removed one of the six protruding bridging oxygen
atoms to represent the defective (reduced) surface. This cor-
responds to a concentration of 17% oxygen atom vacancies,
which is slightly larger than the experimental value
(~10%). Many starting structures were initially optimized
on a slab composed of six layers (two triple layers). All the
lowest-energy structures located in a window of 1 eV were
optimized again on a 12-layer (four triple-layers) slab. The
adsorption of Ag clusters takes place on only one side of the
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FIG. 1. STM images [(a)-(c)] show a
clean TiO,(110)—1X1 surface after
exposing to Ag;, Ag, and Ag;,
respectively, under soft-landing condi-
tions. Images [(d)—(f)] show the same
atomic exposure of Ag;, Ag,, and Ag;
under hard-landing conditions (respec-
tively). Large clusters are rarely ob-
served in the case of hard landing in
contrast to the soft-landing experi-
ments. Images [(g)—(i)] show large
clusters appearing on the respective
hard-landed surface upon annealing to
about 600 K for 15-30 s. The scale of
all images is 100X 100 nm?.

TiO,(110) slab in a vacuum space of 17 A. All the structures
were completely relaxed except the bottom triple layer of
TiO,(110) which was fixed to the bulk position. The conver-
gence criterion was 107 eV for the self-consistent electronic
minimization and for the change of the total free energy be-
tween two consecutive ionic steps. The transition states were
located using the nudged elastic band.?

We use the term desorption energy (D,), as is common
in surface science, to describe the binding strength between
Ag clusters and the rutile TiO,(110) surface. For example,
the desorption energy of Ag, adsorbed on a stoichiometric
surface is

D [Ag,] = E[TiOy(perfect) | + E[Ag,]
— E[Ag,/TiO,(perfect)].

E[TiO,(perfect)] and E[Ag,/TiO,(perfect)] are the total en-
ergies of the stoichiometric TiO,(110) surface without and
with Ag cluster adsorbed on it, while E[Ag,] is the total
energy of Ag, in the gas phase.

IV. EXPERIMENTAL RESULTS

As shown in Figs. 1(a)-1(c), STM images reveal large
clusters after the depositions of Ag;, Ag,, and Ags; with
impact energies of a few eV (soft-landing conditions), indi-
cating the adsorption, diffusion, and aggregation of clusters
under these circumstances. For the trimer there is also a high
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density of small clusters present on the surface (attributed to
intact trimers), while the monomer and dimer depositions do
not show this feature.” Figures 1(d)-1(f) show STM images
of the surface morphology following the deposition of Ag;,
Ag,, and Ag; with incident energies near 175 eV (hard-
landing conditions). Large sintered clusters are rarely ob-
served. After annealing to ~600 K for 15-30 s, large clusters
appear on the surface due to sintering as shown in Figs.
1(g)-1(i). This indicates that the adsorbed metal is mobile on
the surface at high temperatures, which is consistent with
soft-landing and vapor-deposited clusters. It is important to
note that we see no additional metal appears on the surface
upon annealing, suggesting that there are no embedded clus-
ters in our experiments.

High-resolution STM images in Figs. 2(a)-2(c) and Figs.
3(a)-3(c) show the presence of bright protrusions, which are
attributed to small Ag clusters on the surface after exposure
to Agy, Agj, and Agj, respectively. The bright rows of the
substrate are the fivefold-coordinated Ti atoms (5¢-Ti) and
the dark rows are the bridging oxygen atoms.”* A number of
important observations can be made from the images in Figs.
2 and 3. Under hard-landing conditions [Figs. 2(a) and 3(a)]
we observe two binding sites for the Ag; atoms. The first site
is on the bridging oxygen rows [black arrow in Fig. 3(a)].
The second site is on the 5¢-Ti rows (white arrow). Analyz-
ing many such images we found that 65% of the Ag atoms
are found on the bridging oxygen rows and 35% are found
on the 5c-Ti rows. These statistics are summarized in Table I
and compared to the depositions of Ag, and Ags.

In sharp contrast to the monomer, the deposition of Ag,
clusters under hard-landing conditions [Figs. 2(b) and 3(b)]
results in a distribution of 89% on the 5c¢-Ti rows and 11%
on bridging oxygen rows. For Ag; [Figs. 2(c) and 3(c)] we
observe 96% centered on the Sc-Ti rows. Slight differences
in the measured heights on the 5¢-Ti rows in the case of the
Ag, and Ag; depositions (1.36 A vs 1.03 A) imply a possible
difference in their electronic structure and/or adsorption ge-
ometries.

It is important to note that all of the bright protrusions
centered on the bridging oxygen rows appear to be greater in
height than oxygen vacancies (~1.75 A vs ~0.4 A, respec-
tively), and all of the bright features on the Ti rows are
greater in height than intrinsic type B(~—0.4 A) and C de-
fects (~0.6 A),”** indicating that they are not deposition-
induced defects. In fact, there is neither an increase of intrin-
sic defects nor any observable surface damage in the STM
images after hard landing the clusters. Among the intrinsic
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FIG. 2. STM images show the pres-
ence of small clusterlike features ap-
pearing in (a), (b), and (c) as bright
protrusions upon the hard landing of
Ag, Ag,, and Ags, respectively. The
scale of all images is 50 X 50 nm>.

defects the bridging oxygen vacancies are easiest to produce,
and a high density of oxygen vacancy defects can result in
the formation of 1 X2 strands on the surface, or even entire
surface reconstruction to the 1X 2 phase.”® After thermally
desorbing all of the hard-landed clusters from surface, we
observe no increased density of oxygen vacancies or 1 X2
reconstructions compared to the surface prior to deposition.

V. DISCUSSION

Langevin molecular-dynamics (MD) simulations of
Mooy clusters impinging on a Mo substrate with a total
collision energy of ~5-10 keV,”?® indicate that a small
high-temperature spot is formed at each impact location for a
very short time. All of the initial impact-induced defects
around the impact zone are annealed during cooling, result-
ing in near epitaxial growth of clusters on the substrate. A
similar mechanism has been found in MD simulations of the
impact of energetic Al clusters on a Cu(111) surface.” Elas-
tic surface recovery without a phase change around the im-
pact zone has also been found in MD simulations of clusters
containing 960 CO, molecules impinging on a diamond sur-
face with a total impact energy of 10 keV.*

Based on our STM images and the above mentioned MD
simulations, we conclude that the high impact energy of clus-
ters is mainly dissipated as thermal energy to the substrate
and to the cluster itself, resulting in the recovery of the initial
desorption-induced surface damage around the impact point.
Initially an incident monomer may be implanted a few layers
beneath the surface, resulting in a distortion of surface struc-
ture. However, during cooling the distorted surface recovers
to a normal 1X 1 surface and the embedded silver atom
emerges from the bulk, eventually residing on the surface.
The cluster beam intensity in our experiments is
~1.0 nA/cm?, therefore a cluster strikes a 1 A? spot on the
surface every 1.5X 10° s. Consequently, the surface is able
to relax before the next collision due to the low flux. If this
relaxation process results in a cluster bound to the surface
with thermal energy less than the diffusion barrier
(~0.1 eV) then the cluster will have limited mobility around
the impact point. This will result in cluster binding to a ther-
modynamically favored position on the surface, and prevent
large-scale diffusion and agglomeration into larger clusters.
The selective adsorption sites suggest that bonding occurs
between the cluster and one or more surface atoms.

Another possibility for cluster binding is that the surface
does not recover completely to the normal 1 X 1 reconstruc-
tion during the relaxation process and that the cluster is
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Ag,ITiO,(110) Ag,ITiO,(110)
reduced stoichiometric
D.=0.77eV D.=0.70eV
Ag.ITiO5(110) Ag,ITiO,(110)
stoichiometric reduced

FIG. 3. High-resolution STM images: (a) (image size is
12X 12 nm?). Small clusters appear predominantly on
bridging oxygen rows upon deposition of Ag; as indi-
cated by the black arrow. The feature indicated with the
white arrow is positioned above a 5¢-Ti row. In images
(b) and (c) (8 nm?) small clusters mainly appear on
5c-Ti rows upon the deposition of Ag, and Ag; as in-
dicated by the white arrows. The black arrows show
clusters centered over bridging oxygen rows. The ball-
and-stick models depict the lowest-energy structure cor-
responding to the adsorption of Ag; through Ag; on

Ag,TiOx(110)
stoichiometric

reduced

rutile TiO,(110) obtained from DFT calculations. The
lowest-energy structure in which Ags binds to a bridg-
ing oxygen vacancy is indicated also. D, is the desorp-
tion energy of the cluster from the surface (see text for
definition).

D.=1.80eV

oTi

@0

DAg i oxygen vacancy

bound at a site of an impact-induced defect such as a dis-
placed or missing surface atom. Adsorption sites determined
from this model should be quite different than the thermody-
namically favored sites on a pristine surface. As we discuss
later in the text, this represents only a minor fraction of clus-
ters on the surface.

When we increase the coverage of hard-landed silver
clusters beyond ~5%, the cluster size increases at the cost of
cluster density (not shown). This phenomenon can be ex-

plained by the above mechanism where local heating around
the impact zone results in the aggregation of pre-existing
small clusters with nearby later-arriving clusters. Detailed
experimental demonstration of this local heating mechanism
will be published elsewhere.

We performed DFT calculations to determine the adsorp-
tion geometries of Ag; through Ag; on the rutile
TiO,(110)—(1 X 1) surface. We looked at the adsorption on
stoichiometric and reduced surfaces because Ag clusters land

TABLE I. Statistical results obtained from several STM images.

Bright feature on bridging O rows

Bright feature on 5¢-Ti rows

Cluster size Appearance frequency (%) Height (A) Appearance frequency (%) Height (A)
Ag 65 1.75+0.50 35 1.12+0.17
Ag, 11 1.74+0.44 89 1.36+0.14
Ag, 4 1.79+0.23 96 1.03+0.13
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either on a stoichiometric patch of the surface or near oxygen
vacancies during the deposition and they possess low mobil-
ity according to the data in Figs. 2 and 3. Therefore, we
expect the clusters to sit at the most stable position near the
impact when equilibrium has been reached, i.e., when all the
impact energies have been dissipated. For each cluster, we
indicate only the lowest-energy structure corresponding to
the adsorption on a stoichiometric and on reduced surfaces [a
more detailed density-functional investigation of the binding
of small Ag clusters on a stoichiometric and a reduced rutile
TiO,(110)—(1 X 1) surfaces will be published elsewhere].”!
The inclusion of all the significant isomers (e.g., looking at
all the structures located in a window of 0.3 eV to take into
account the limited accuracy of DFT) does not change the
assignment of the bright spots observed in the STM images
(Figs. 1-3).

The lowest-energy structures corresponding to the ad-
sorption of Ag; on a stoichiometric and reduced surfaces are
both centered on bridging oxygen rows. As shown in Fig.
3(a), DFT calculations reveal that Ag; prefers to bind at ei-
ther an oxygen vacancy on a reduced surface with a desorp-
tion energy of 0.77 eV, or with two adjacent bridging oxygen
atoms (in the same bridging oxygen row) on the stoichio-
metric surface with a desorption energy of 0.70 eV. There-
fore, we assign the bright protrusions centered on bridging
oxygen rows [Fig. 3(a)] to Ag atoms adsorbed at these two
sites.

The question arises why 35% of the deposited Ag mono-
mers are centered on Sc-Ti rows. DFT calculations indicate
that the lowest-energy structures for these systems are 0.16
and 0.33 eV higher in energy than the bridging oxygen row
sites for stoichiometric and reduced surfaces, respectively.
Calculations using a slab of six layers (two triple layers)
indicate diffusion barriers on the stoichiometric surface in
the order of 0.1 eV. Consequently, Ag atoms above Sc-Ti
rows readily diffuse to more stable bridging oxygen atom
sites [Fig. 3(a)] at room temperature. One possible explana-
tion for the experimental observation is that these atoms are
bound to an impact-induced defect or even an impact-
induced substitution of an Ag atom for one of the Ti atoms in
a 5¢-Ti row. DFT calculations indicate that this is the most
stable Ag-atom substitution site on the rutile TiO, surface.
This is a plausible explanation for the experimental data, but
requires further energy-dependent impact studies and model-
ing of the STM image to confirm this suggestion.

As shown in Figs. 3(b) and 3(c) DFT calculations reveal
that Ag, and Ag; prefer to bind between two adjacent bridg-
ing oxygen rows resulting in the appearance of the cluster
centered on a 5¢-Ti row. This is in agreement with the sta-
tistical analysis of various STM images (Table I) which in-
dicates that between 89% and 96% of the bright features,
observed after hard-landing depositions of Ag, and Ags, are
centered on Sc-Ti rows.

The observed adsorption probabilities (Table I) of Ag, or
Ag; centered on bridging oxygen rows are much lower than
that of 5¢-Ti rows (11% vs 89% for Ag, and 4% vs 96% for
Ags). The opposite is observed for Ag,. Based on DFT
calculations (Fig. 3), this can be attributed to the fact that
Ag, and Ag; prefer to bind between two adjacent bridging
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oxygen rows on a stoichiometric area of the surface rather
than to a bridging oxygen vacancy. From Fig. 3(b) we can
see that Ag, binds more strongly to the stoichiometric sur-
face by 0.06 eV. The corresponding difference for the trimer
is 0.28 eV. These desorption energy differences correlated
with the fact that a larger fraction of the Ag, features are
centered on bridging oxygen rows than Ags. The fact that the
lowest-energy sites dominate the experimental observations
we suggest that Ag, and Ags have limited mobility on the
surface. The observation that some higher-energy sites are
populated is also consistent with a limited diffusion, non-
equilibrium situation. Finally, this result is consistent with
the fact that small features, attributed to intact Ags;, were
observed during soft-landing deposition of the trimer.”

The observed different adsorption sites of Ag, compared
to Ag, indicate that hard-landed clusters of Ag, do not dis-
sociate into fragments of Ag; upon impact. The apparent
adsorption sites of Ags are similar to that of Ag,, but the
apparent height is different (Table I). This implies that the
Ags-substrate complex is different from that of Ag,. In ad-
dition, there are practically no clusters centered on bridging
oxygen rows, which we have shown to be the characteristic
of Ag,. Furthermore, intact, adsorbed Ags; clusters have also
been observed on Sc-Ti rows in soft-landing experiments,23
similar to the features observed here. These observations
suggest that the hard-landed Ag; clusters do not dissociate
into fragments of Ag, and/or Ag;. These results are some-
what surprising. There is clearly sufficient energy to dissoci-
ate both Ag, and Ag; under our hard-landing conditions. If
they do dissociate the silver products must remain close at
hand and recombine as the damaged surface anneals itself.
This is supported by DFT calculations, which indicate that
the fragmentation of supported Ag, and Ag; is endothermic
by more than 1 eV on the stoichiometric and reduced sur-
faces. An apparent lack of fragmentation has also been ob-
served in the high-energy collision of Ag, with a solid sub-
strate covered with a noble-gas film. The authors of that
work assume dissociation followed by recombination
occurs.* Cluster recrystallization from transient deformative
states has also been found in MD simulations of different
energetic cluster impacts on solid surfaces.”**

VI. SUMMARY

We present a pinning mechanism of size-selected silver
clusters hard landed on the TiO,(110)—(1X1) surface at
room temperature, which is observed with STM and sup-
ported by DFT calculations. In the case of the hard-landing
experiments, sintering rarely occurs at low coverages
(<5%) and small clusterlike features appear on the surface
without any observable surface damage. Statistically, Ag;
prefers to bind on bridging oxygen rows while Ag, and Ags
prefer binding on 5c-Ti rows. After annealing at 600 K the
smaller hard-landed clusters sinter to become larger clusters
of about 40 atoms in size. No visible surface damage is ap-
parent before or after annealing. Our observations suggest a
self-recovery of the transiently damaged surface, as well as
the segregation of potentially implanted clusters to the sur-
face during thermalization. Some substitution of Ag for Ti in
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5c¢-Ti rows for Ag; impact may occur during reconstruction.
The energetically most stable adsorption geometries of Ag,
predicted by DFT calculations are consistent with our STM
images for Ag;, Ag,, and Ag;. The ability to fabricate mono-
dispersed clusters via pinning of size-selected clusters opens
an opportunity to study the catalytic activity of mass-selected
Ag clusters on the TiO,(110) surface.
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