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Mass-selected Agn
+ sn=1,2,3d clusters with impact energy less than 2 eV per atom were deposited

from the gas phase onto rutile titanias110d-s131d single crystal surfaces at room temperature and
imaged using ultra-high vacuum scanning tunneling microscopy. Upon reaching the surface, Ag
monomers sintered to form three-dimensional islands of approximately 50 atoms in size, with an
average measured height of 7.5 Å and diameter of 42 Å. This suggests that the monomers are highly
mobile on the titania surface at room temperature. Dimers also sintered to form large clusters upon
deposition, approximately 30 atoms in size, with an average height of 6.2 Å and diameter of 33 Å.
Clusters formed from monomer deposition appeared approximately three times more frequently at
step edges than clusters formed from dimer deposition, indicating that the surface mobility of
deposited monomers is higher than that of deposited dimers. In sharp contrast to the deposition of
monomers and dimers, the deposition of trimers resulted in a high density of very small clusters on
the order of a few atoms in size, indicative of intact trimers on the surface, implying that deposited
trimers have very limited mobility on the surface at room temperature. ©2005 American Institute
of Physics. fDOI: 10.1063/1.1859271g

INTRODUCTION

The discovery that nanoclusters of Au and Ag on oxide
supports catalyze many reactions, including the oxidation of
CO and small olefins1–4 has stimulated great interest in un-
derstanding the nature of the catalytic activity, including the
dependence on cluster size. The deposition of size-selected
nanoclusters onto oxides has been recently employed by two
groups to explore size-dependent chemical and physical
properties of these systems. Heizet al. showed that the cata-
lytic activity of Aun snø20d on MgO s100d films in the
oxidation of CO was highest for Au18 and that Au8 was the
smallest cluster which exhibited catalytic behavior.5 A simi-
lar investigation at room temperature involving Aun sn
=1,2,3,4,7d supported on rutile TiO2 s110d by Andersonet
al. suggests a strong size-dependence in the oxidation of CO,
with significant reactivity for clusters as small as Au3.

6

While these two studies show a strong dependence of the
catalytic activity on the deposited cluster size, the sizesand
shaped of the metal clusters once they are deposited on the
substrate was not measured directly in either case. It is well
known from scanning tunneling microscopysSTMd images
of evaporated Au and Ag, assumed to be monomeric in the
vapor phase, that these metals sinter upon reaching the sur-
face of TiO2 to form larger clusterss@10 atomsd.7–10 This
underscores the importance of directly probing the cluster
size distribution that results from the deposition of mass-
selected clusters at room temperature.

In experiments described here we have imaged, using
STM, the size and shape of Ag nanoclusters resulting from

the deposition of size-selected Agn
+ clusterssn=1,2,3d de-

posited at room temperature on single crystal rutile TiO2

s110d-s131d in UHV under conditions of soft landing
s,2 eV per atomd. Size distributions of clusters on the sur-
face will be measured as a function of the size of the depos-
ited cluster. Location of the clusters will also be explained.

EXPERIMENT

The Agn
+ clusters are produced in a laser ablation source,

which is described in detail elsewhere.11 A typical mass spec-
trum obtained from the cluster source is shown in Fig. 1sad.
Intense beams of Ag1

+–Ag3
+ are obtained, which are used in

the experiments described here. To create these clusters, a
50 Hz pulsed YAG laser beams532 nm, 500 mJ/pulse max
powerd is focused on a rotating, translating silver rod. Prior
to the laser pulse, a pulse of argon enters the source cavity
and nucleation occurs. Positive ions are extracted from the
source and the clusters are accelerated through a skimmer,
focused via ion optics, and are further accelerated into a
magnet where the mass-selection occurs. The energy spread
of the beam of mass-selected ions is determined by measur-
ing the current as a function of applied positive voltage on a
detector placed in the beam path following the magnet. The
full-width half-maximum sFWHMd energy spread of the
beam was measured at the movable detector to be 2, 4, and
10 eV for the monomer, dimer, and trimer, respectively. A
typical energy spread is shown for the monomer in Fig. 1sbd.
To deposit clusters this ion detector is removed from the
beam path and the mass-selected clusters enter the UHV
deposition chambersbase pressure,1310−9 Torrd. The
beam is focused on another detector directly in front of the
sample, where the deposition flux is measured and opti-adCorresponding author. Electronic mail: buratto@chem.ucsb.edu
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mized. This detector is removed during deposition on the
single crystal rutile TiO2 s110d sample. The sample is posi-
tively biased at the midpoint kinetic energy of the distribu-
tion s,175 eVd in order to soft-land the clusters
s,2 eV/atomd.

A beam intensity of,1 nA/cm2 was typical. Deposition
times were set to obtain,231013 Ag atoms/cm2, which is
equivalent to 1.5% of a close packed silver monolayer. Prior
to cluster deposition, the titania samplessCommercial Crys-
tal Laboratoriesd were cleaned in UHV with cycles of argon
bombardments0.5–1 keVd and annealing to 860 K, consis-
tent with published preparation methods for rutile titanias1
31d.12 After cluster deposition the sample was translated
under vacuum into a separate chamber in which the base
pressure was,3310−10 Torr, and imaged using STM. STM
images of the surface were acquired at room temperature on
an RHK SPM100 instrument with typical operating param-
eters of +1 to +2 V sample bias and tunneling current of
0.1 to 0.2 nA.

RESULTS AND DISCUSSION

Figure 2 shows an STM images1000 Å31000 Åd of a
clean TiO2 s110d-s131d substrate consisting of terraces
,400 Å wide and steps,3.2 Å high, the latter of which is
in agreement with the expected step height for the rutile

s110d-s131d surface.13 A high-resolution image of the sur-
face is shown in the inset of Fig. 2. The alternating bright
and dark lines have been assigned in the literature to five-
fold coordinated titanium atom rows, and bridging oxygen
atom rows, respectively. They are separated by 6.5 Å, in
agreement with the value predicted by the rutile structure.14

Although the measurements reported here were taken from
three different crystals, preparation methods were such that
similar terrace widths were obtained in all cases. In some
cases a low densityscovering,1% of the surfaced of small
strands, with heights of 1.8 Å were observed. These features
have been attributed to a 132 reconstruction of the
surface.15 They had no apparent effect on the results pre-
sented here.

Figure 3 shows an image after deposition of Ag mono-
mers. Only large, cluster-like features are observed, consis-
tent with the formation of three-dimensionals3-Dd islands.8,9

These islands average 7.5 Å in height and 42 Å in width
measured at the base of the cluster, corresponding to a struc-
ture which is two to three atoms tall, containing approxi-
mately 50 atoms. It is possible to determine the surface cov-

FIG. 1. sad Mass spectrum of Agn
+ clusters produced with a laser ablation

source. Note: the peak present between Ag1 and Ag2 is likely AgAr+, which
results from the high pressure of argon present in the source chamber.sbd
Sample kinetic energy distribution of the Ag monomer. The voltage is varied
on the detector while measuring the ion current on the detector placed in the
path of the ion beam. During deposition, the sample is biased at the mid-
point of the distribution, therefore only clusters with kinetic energy greater
than the midpoints172 eVd are deposited. We use an integrated Gaussian
trace to fit the high-energy side of the data, which differentiates to give a
Gaussian distribution with a full width half maximum value of 2 eV. The
majority of the monomers therefore arrive with an energy spread of half of
this value, 1 eV.

FIG. 2. An STM images1000 Å31000 Åd of the clean titania surface. The
inset is a high resolution images62 Å362 Åd which shows the five-fold
coordinated titaniumsbrightd and bridging oxygen rowssdarkd.

FIG. 3. An STM images1000 Å31000 Åd of the titania surface after the
deposition of 0.03 ML of Ag monomers. The monomers nucleate into larger
clusters, many of which are located at step edges. The inset images77 Å
377 Åd shows a clean terrace area beside a large cluster.
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erage from an average of STM images of the type shown in
Fig. 3. It is important to note, however, that the observed
width of each island is an overestimation due to the convo-
lution of the tip with the nanocluster and is therefore not
used in the calculation of the surface coverage. Instead, the
clusters are approximated to be hemispherical in shape with
a radius equal to the measured height, and are assumed to
have an inter-atom distance equal to that of bulk Ags2.9 Åd,
yielding a coverage of 0.03 ML. This coverage estimate is
approximately a factor of two higher than the coverage pre-
dicted from the ion current, which is a reasonable agreement
given the assumptions involved. A histogram of cluster
heights averaged over several images is given in Fig. 4. A
near gaussian cluster height distribution is obtained yielding
an average height of 7.5 Å and a standard deviation of 1.5 Å
for the monomer as shown insad. We have obtained a similar
distribution in previous experiments where silver was evapo-
rated onto TiO2 using a resistively heated doser.10

The sintered clusters prefer to nucleate at step edges, a
phenomenon also observed previously in the evaporation of
Ag onto titania.8,10 Close examination of the substrate be-
tween the Ag clusters, as shown in Fig. 3sbd, reveals clean
rows of five-coordinate titanium atoms and bridging O at-
oms. These findings confirm that size-selected silver mono-

mers are highly mobile on the titania surface, and establish a
minimum diffusion length of 200 Å, half of the average ter-
race width of 400 Å.

Figure 5 shows a large scale STM image taken after the
deposition of silver dimers with a coverage of,0.02 ML.
3-D islands are visible with a cluster size distributionfFig.
4sbdg similar to that obtained from the deposition of Ag
monomers. The cluster heights and widths average 6.2 Å and
33 Å, respectively, both smaller than the monomer values.
This implies the cluster size is smaller for deposition of
dimers. Since the total coverage is approximately the same
as in monomer deposition, dimer deposition results in ap-
proximately 20% higher cluster density.

There are noticeably fewer clusters at the step edge in
the dimer deposition than in the monomer deposition; a step
to terrace ratio of 175±55s175:1d is obtained for the mono-
mer deposition, and 62±42 for the dimer case. These results
suggest the diffusion length of the dimer is smaller than that
of the monomer and that the dimer is not able to reach as
many step sites as the monomer, resulting in more clusters on
the terraces.

Figure 6 shows an STM image taken after the deposition
of trimers. The total metal deposited is once again the same
as in the monomer and dimer depositions. It is clear from the
image in Fig. 6 that far fewer large, sintered clusters appear
than in the monomer and dimer depositions. Examination of
the terrace areas between the large clusters in Fig. 6 reveals
a high density of very small clusters that average 1.5 Å in
height, 12 Å in width, and are thus only a few atoms in size.
It is important to note here that the images do not change
during several hours of scanning. These features, which we
attribute to true trimers, are present on the sample at a cov-
erage of 0.015 ML. The trimers appear predominantly at ter-
race sites, indicating that many of the initially deposited tri-
mer clusters are immobile on the titania surface.
Furthermore, the trimers are found mainly above the five-
fold coordinated titanium atoms, as seen in the inset of Fig.
6. There is also a low density of large, sintered clusters that
contributes an atomic coverage of 0.013 ML, bringing the

FIG. 4. Cluster height distributions forsad the monomer,sbd the dimer, and
scd the trimer depositions. The data in each graph is averaged over several
images, and representative of the number of clusters found in an area of
20002 Å2. Monomer and dimer distributions are similar, with a slight shift to
smaller average cluster size in the case of the dimer. The trimer distribution
shows a narrow peak in the size range of 1 to 2 Å in height, indicating that
these features are true trimers.

FIG. 5. An STM images1000 Å31000 Åd of the titania surface after the
deposition of 0.02 ML of Ag dimers. The dimers nucleate into larger clus-
ters, some of which are located at step sites. The inset images72 Å
372 Åd shows the clean rows of titanium and bridging oxygen atoms be-
tween the larger clusters.
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total Ag coverage to 0.028 ML, approximately the same as in
the monomer and dimer depositions. These larger clusters
average 6.8 Å in height and 32 Å in diameter, and are ob-
served mainly at step edges, with a step to terrace ratio of
90±25. We attribute the fraction of monomers which nucle-
ate into larger clusters to be mobile monomers and dimers
resulting from the fragmentation of a fraction of the trimers.

SUMMARY

Our investigation shows that the deposition of size-
selected Ag clusters on rutile TiO2 s110d-s131d results in a
size distribution that depends strongly on the number of at-
oms in the deposited cluster. Silver monomers are highly
mobile on the surface, forming large clusters that preferably

nucleate at step sites. Silver dimers are less mobile than
monomers, but have enough mobility to form relatively large
clusters that nucleate both at step and terrace sites. Silver
trimers have very limited mobility on the surface, therefore
remain as trimers, which nucleate predominantly on terrace
sites.
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FIG. 6. An STM images1000 Å31000 Åd of the titania surface after the
deposition of 0.03 ML of Ag trimers. Fewer sintered clusters are observed;
however, many atomic-sized features are seen on the surface as shown in the
inset s69 Å369 Åd.

081102-4 Benz et al. J. Chem. Phys. 122, 081102 ~2005!

Downloaded 02 May 2005 to 128.111.246.173. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp


