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Landing of size-selected Ag | clusters on single crystal TiO , (110)-(1X 1)
surfaces at room temperature
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Mass-selected Ag(n=1,2,3 clusters with impact energy less than 2 eV per atom were deposited
from the gas phase onto rutile titar(i@10)-(1 X 1) 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 A and diameter of 42 A. 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 A and diameter of 33 A.
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 temperatur@0@ American Institute

of Physics[DOI: 10.1063/1.1859271

INTRODUCTION the deposition of size-selected Aglusters(n=1,2,3 de-

posited at room temperature on single crystal rutile ;TiO
The discovery that nanoclusters of Au and Ag on oxide(110-(1x 1) in UHV under conditions of soft landing

supports catalyze many reactions, including the oxidation of<2 eV per atom Size distributions of clusters on the sur-

CO and small olefins* has stimulated great interest in un- face will be measured as a function of the size of the depos-

derstanding the nature of the catalytic activity, including theited cluster. Location of the clusters will also be explained.

dependence on cluster size. The deposition of size-selected

nanoclusters onto oxides has been recently employed by twBXPERIMENT

groups to explore size-dependent chemical and physical

properties of these systems. Heizal. showed that the cata-

lytic activity of Au, (n<20) on MgO (100 films in the

The Adj, clusters are produced in a laser ablation source,
which is described in detail elsewhereA typical mass spec-

o . trum obtained from the cluster source is shown in Fig).1
OX|d<|3|1t|otn cl)f ?O Wﬁ,s :'ghﬁ.it.tfodr Ab'taln?, thbathAl\%.xas' the Intense beams of Ag-Ag; are obtained, which are used in
smallest cluster which exnibited catalylic behavier.simi-— 4, experiments described here. To create these clusters, a

lar investigation at room te_mpe_rature involving ,Aun 50 Hz pulsed YAG laser beaf532 nm, 500 mJ/pulse max
=1,2,3,4,7 supported on rutile TiQ(110) by Andersoret ., ve) is focused on a rotating, translating silver rod. Prior

al. suggests a strong size-dependence in the oxidation of CQy e |aser pulse, a pulse of argon enters the source cavity
with significant reactivity for clusters as small as#u and nucleation occurs. Positive ions are extracted from the
While these two studies show a strong dependence of thg, e and the clusters are accelerated through a skimmer,
catalytic activity on the deposited cluster size, the $&ed  ¢,c5ed via ion optics, and are further accelerated into a
shapg of the metal clusters once they are deposited on the,agnet where the mass-selection occurs. The energy spread
substrate was not measured directly in either case. It is Wells the peam of mass-selected ions is determined by measur-
known from scanning tunneling microscofgTM) images jnq the current as a function of applied positive voltage on a
of evaporated Au and Ag, assumed to be monomeric in th@gtecior placed in the beam path following the magnet. The
vapor phz_ise, that these metals sinter upon rea7c_q(|)ng t.he SY{ill-width half-maximum (FWHM) energy spread of the
face of TiC, to form larger clusterg>10 atomy. " This  peam was measured at the movable detector to be 2, 4, and
underscores the importance of directly probing the clustefg ey for the monomer, dimer, and trimer, respectively. A
size distribution that results from the deposition of masStypical energy spread is shown for the monomer in Fig).1
selected clusters at room temperature. _ ~ To deposit clusters this ion detector is removed from the
In experiments described here we have imaged, usingeam path and the mass-selected clusters enter the UHV
STM, the size and shape of Ag nanoclusters resulting fron&leposition chamberbase pressure<1x 107 Torr). The
beam is focused on another detector directly in front of the
dcorresponding author. Electronic mail: buratto@chem.ucsh.edu sample, where the deposition flux is measured and opti-
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> 2l e 2:?,:::2,“, Fit FIG. 2. An STM imageg(1000 Ax 1000 A) of the clean titania surface. The
Q2 inset is a high resolution imagé2 Ax 62 A) which shows the five-fold
o 3 coordinated titaniungbright) and bridging oxygen row&dark).
: = 7 .
. , . , , (110-(1x 1) surface™® A high-resolution image of the sur-
140 160 180 200 220 face is shown in the inset of Fig. 2. The alternating bright
Applied Repelling Voltage and dark lines have been assigned in the literature to five-

FIG. 1. (@ Mass spectrum of Agclusters produced with a laser ablation fold coordinated tlta.mum atom rows, and brldglng °Xyge'.‘
source. Note: the peak present between & Ag is likely AgAr*, which ~ @tom TOws, respectively. They are separated by 6.5 f\, in
results from the high pressure of argon present in the source chatper. agreement with the value predicted by the rutile structtire.
Sample kinetic energy distribution of the Ag monomer. The voltage is variedA|th0ugh the measurements reported here were taken from

on the detector while measuring the ion current on the detector placed in thfhree different crystals preparation methods were such that
path of the ion beam. During deposition, the sample is biased at the mid- !

point of the distribution, therefore only clusters with kinetic energy greaterSimilar terrace Wiqths were obtained in all cases. In some

than the midpoin(172 eV) are deposited. We use an integrated Gaussiancases a low densiticovering<<1% of the surfaceof small

tcf;ace to fit;_hf_gi%h'eneft%y Sifdﬁ Ofétf'he hdéllftay which diﬁelfentiaftezs t\f; gTi\;]e astrands, with heights of 1.8 A were observed. These features
aussian distribution with a full wi alf maximum value of 2 eV. The : .

majority of the monomers therefore arrive with an energy spread of half othave blgen attributed to a 12 reconstruction of the

this value, 1 eV. surface:> They had no apparent effect on the results pre-

sented here.

mized. This detector is removed during deposition on the Figure 3 shows an image after deposition of Ag mono-
single crystal rutile TiQ (110 sample. The sample is posi- MErs. _Only large, c_Iuster—hke fea}tures are obs_erved, {gé)nss-
tively biased at the midpoint kinetic energy of the distribu- tent W'th the formation of three—'dlmensmr(SIrD) |sIan(_13. .
ton (~175eV) in order to soft-land the clusters These islands average 7.5 A in height and 42A in width
(~2 eV/atom). measurgd a't the base of the cluster, correspo.n('jlng toa struc
ture which is two to three atoms tall, containing approxi-
mately 50 atoms. It is possible to determine the surface cov-

A beam intensity of~1 nA/cn? was typical. Deposition
times were set to obtairn 2 x 10*2 Ag atoms/cm, which is
equivalent to 1.5% of a close packed silver monolayer. Prior
to cluster deposition, the titania sampl&@ommercial Crys-
tal Laboratorieswere cleaned in UHV with cycles of argon
bombardment0.5—1 ke and annealing to 860 K, consis-
tent with published preparation methods for rutile titaffia
% 1).*2 After cluster deposition the sample was translated
under vacuum into a separate chamber in which the base
pressure was<3x 1071° 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
0.1to0 0.2 nA.

RESULTS AND DISCUSSION

Figure 2 shows an STM imagd000 Ax 1000 A) of a ) o
clean TiQ (110)-(1>< 1) substrate Consisting of terraces FIG. 3. An STM image(1000 Ax 1000 A) of the titania surface after the

. . L. deposition of 0.03 ML of Ag monomers. The monomers nucleate into larger
~400 A wide and steps-3.2 A high, the latter of which is clusters, many of which are located at step edges. The inset ifTdgh

in agreement with the expected step height for the rutilex77 A) shows a clean terrace area beside a large cluster.
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[3 FIG. 5. An STM image(1000 Ax 1000 A) of the titania surface after the
2 deposition of 0.02 ML of Ag dimers. The dimers nucleate into larger clus-
ob 2 4 6 8 10 12 ters, some of which are located at step sites. The inset infaged
Cluster Height, A X 72 A) shows the clean rows of titanium and bridging oxygen atoms be-
tween the larger clusters.
) 2004 Trimer Deposition ()
8 mers are highly mobile on the titania surface, and establish a
E minimum diffusion length of 200 A, half of the average ter-
% 1004 race width of 400 A.
B Figure 5 shows a large scale STM image taken after the
E deposition of silver dimers with a coverage 60.02 ML.
2 omB___ ma. 3-D islands are visible with a cluster size distributidig.
0 2 4 6 8 10 12 4(b)] similar to that obtained from the deposition of Ag

Cluster Height, A . .
monomers. The cluster heights and widths average 6.2 A and

FIG. 4. Cluster height distributions fda) the monomer(b) the dimer, and 33 A, respectively, both smaller than the monomer values.
(c) the trimer depositions. The data in each graph is averaged over severglhjg implies the cluster size is smaller for deposition of

images, and representative of the number of clusters found in an area qf: . . .
200¢ A2 Monomer and dimer distributions are similar, with a slight shift to (alm_ers' Since the tOtaI_ _Cover{_ige IS appr(_)>_<|mately the_ same
smaller average cluster size in the case of the dimer. The trimer distributio®S IN monomer deposition, dimer deposition results in ap-

shows a narrow peak in the size range of 1 to 2 A in height, indicating thaproximately 20% higher cluster density.
these features are true trimers. There are noticeably fewer clusters at the step edge in
the dimer deposition than in the monomer deposition; a step
erage from an average of STM images of the type shown ino terrace ratio of 175+58175:1) is obtained for the mono-
Fig. 3. It is important to note, however, that the observedmer deposition, and 62+42 for the dimer case. These results
width of each island is an overestimation due to the convosuggest the diffusion length of the dimer is smaller than that
lution of the tip with the nanocluster and is therefore notof the monomer and that the dimer is not able to reach as
used in the calculation of the surface coverage. Instead, thmany step sites as the monomer, resulting in more clusters on
clusters are approximated to be hemispherical in shape wittihe terraces.
a radius equal to the measured height, and are assumed to Figure 6 shows an STM image taken after the deposition
have an inter-atom distance equal to that of bulk(® A),  of trimers. The total metal deposited is once again the same
yielding a coverage of 0.03 ML. This coverage estimate isas in the monomer and dimer depositions. It is clear from the
approximately a factor of two higher than the coverage preimage in Fig. 6 that far fewer large, sintered clusters appear
dicted from the ion current, which is a reasonable agreemerthan in the monomer and dimer depositions. Examination of
given the assumptions involved. A histogram of clusterthe terrace areas between the large clusters in Fig. 6 reveals
heights averaged over several images is given in Fig. 4. /A high density of very small clusters that average 1.5 A in
near gaussian cluster height distribution is obtained yieldindeight, 12 A in width, and are thus only a few atoms in size.
an average height of 7.5 A and a standard deviation of 1.5 At is important to note here that the images do not change
for the monomer as shown {ia). We have obtained a similar during several hours of scanning. These features, which we
distribution in previous experiments where silver was evapoattribute to true trimers, are present on the sample at a cov-
rated onto TiQ using a resistively heated do<8r. erage of 0.015 ML. The trimers appear predominantly at ter-
The sintered clusters prefer to nucleate at step edges,race sites, indicating that many of the initially deposited tri-
phenomenon also observed previously in the evaporation oher clusters are immobile on the titania surface.
Ag onto titania®>*° Close examination of the substrate be- Furthermore, the trimers are found mainly above the five-
tween the Ag clusters, as shown in FigbB reveals clean fold coordinated titanium atoms, as seen in the inset of Fig.
rows of five-coordinate titanium atoms and bridging O at-6. There is also a low density of large, sintered clusters that
oms. These findings confirm that size-selected silver monoeontributes an atomic coverage of 0.013 ML, bringing the
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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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