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Patterning of metallic clusters on surfaces is demonstrated by utilizing a buffer layer assisted laser patterning
technique (BLALP). This method has been employed in order to measure the diffusion of AFM and STM
characterized size selected gold nanoclusters (5-10 nm diameter), over Ru(100) and p(1× 2)-O/Ru(100)
surfaces. Optical linear diffraction from gold cluster coverage gratings was utilized for the macroscopic diffusion
measurements. The clusters were found to diffuse on the surface intact without significant coalescence or
sintering. The barrier for metastable gold nanocluster diffusion on the surface is thought to be lower than the
energy required for surface wetting. The apparent activation energy for diffusion was found to depend on the
cluster size, increasing from 6.2( 0.4 kcal/mol for 5 nm clusters to 10.6( 0.5 kcal/mol for 9 nm clusters.
The macroscopic diffusion of gold nanoclusters has been studied on the p(1× 2)-O/Ru(100) surface as well,
where surface diffusion was found to be rather insensitive to the clusters size with activation energy of 5.5
( 1 kcal/mol. The difference between the two surfaces is discussed in terms of a better commensurability
(higher level of friction) of the gold facets at the contact area with the clean Ru(100) than in the case of the
oxidized surface.

1. Introduction

Supported nanoclusters of noble metals are important in
modern heterogeneous catalysis for their outstanding reactivity,
their very high efficiency and the wide range of their
applications.1-23 For example, nanoscale gold particles dispersed
over an oxide support exhibit remarkable catalytic activity, in
contrast to the inert nature of gold as bulk material.2,17-22 In
fact, it is claimed to be among the most effective catalysts for
the low-temperature CO oxidation reaction.8-10

However, application under realistic industrial conditions of
high pressure and temperature is often tempered by the tendency
of supported metallic clusters to sinter and coalesce.8-18 Cluster
coalescence on solid substrates is rather sensitive to the nature
of the support material.1-10,21-22 Moreover, cluster-support
interactions may enhance or quench reactivity and selectivity
of a catalyst. To be able to limit coalescence phenomena toward
sintering resistant catalysts, a basic understanding of cluster
formation and diffusion is required.14-17

Growth of 3D islands on solid surfaces is a result of delicate
interplay between the substrate surface free energy and that of
the clusters’ material.4 Recently, Weaver and co-workers have
developed the buffer layer assisted growth (BLAG) process to
form and deposit well-defined clusters on surfaces, to study their
size dependent properties.24-30 The BLAG procedure avoids
much of the constraints of surface free energy regarding 3D
growth mode. The metal to be deposited is spread over a
physisorbed buffer layer of xenon. Desorption of the buffer
atoms leads to “soft landing” of the metal and its deposition on
the surface as clusters, whose size depends on the buffer layer
thickness. BLAG is not limited to the growth of metallic clusters
as was recently demonstrated when Ge nanoclusters were
deposited on Si by employing the BLAG method.28b

In this paper we shall utilize the BLAG process to deposit
uniform size and lateral distribution of gold nanoclusters on a
well-defined Ru(100) surface. Thermal stability of such metallic
nanoclusters is of fundamental importance for better understand-
ing and control of sintering or cluster coalescence, which is
among the most problematic problems pertaining to catalyst
aging and reduced reactivity known under realistic industrial
conditions.

Macroscopic diffusion measurements can be performed by
following in real time the smearing out of a periodic coverage
modulation.31-44 This is performed by interfering two laser
beams to form a coverage grating using Laser-induced thermal
desorption (LITD).32-38 Then, by optical diffraction methods
(second harmonic34,41-44 or linear31-32,38-40), one follows the
decay of high order diffractions in real time at diffusion
temperatures. This method has been employed for surface
diffusion studies, but it was limited to weakly bound adsorbates
on surfaces. Adsorbed metal atoms are typically strongly
chemisorbed to the substrate. Creating a coverage grating of
metallic clusters on surfaces, therefore, by direct LITD of the
substrate would require an extremely high laser power that
would exceed surface damage threshold in most metal/substrate
systems.

In this work we have employed the buffer layer assisted laser
patterning (BLALP) recently developed in our laboratory in
order to form a metallic (or any other material) coverage
grating.45-46 Once cluster coverage grating has been established,
thermal stability and diffusion were followed in real time using
optical linear diffraction, as a function of clusters average size.
Substrate effect on cluster diffusion was studied as well by
comparing the results over clean Ru(100) vs the oxygen covered
p(1 × 2)-O/Ru(100) surface. The significance of these direct
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measurements for sintering and cluster coalescence under
realistic industrial conditions is discussed.

2. Experimental Section

The details of the experimental setup were given else-
where.45,50 Briefly, measurements were performed in a UHV
chamber, with base pressure of 3× 10-10 mbar. The Ru(100)
substrate was mounted on a cryogenic cold head (ADP Inc.)
and held at 20 K. The sample was attached to the cold head by
two tantalum wires (0.5 mm diameter), that were also used for
resistively heating the sample. A W26Re-W5Re thermocouple
spot-welded to the edge of the sample was employed to
determine the sample’s temperature.47,48 The sample was
periodically cleaned by 600 eV Ne+ sputter and before each
measurement it was also thermally annealed to 1620K.49 The
Ru(100) substrate oriented within 0.1% of the indicated plane
was checked by LEED for its long range order. A sharp
rectangular p(1× 1) pattern was regularly obtained following
the standard cleaning/annealing procedure. An ordered oxygen
covered Ru(100) surface was prepared by annealing the surface
to 600 K for 4 min at an oxygen pressure of 10-7 mbar. The
sample was then flash heated to 1000 K at the base pressure, to
remove excess oxygen from the surface, resulting in a sharp
p(1 × 2) LEED pattern. The sputter cleaning and oxidation
procedures were performed before each measurement, to make
sure that no carbon contaminants or gold residues remained on
the surface. Here, 99.995% pure Xe was used for the buffer
layer growth. It was deposited on the sample at 20 K by
backfilling the vacuum chamber to Xe pressures of up to 5×
10-8 mbar, for exposure times necessary to obtain Xe layers at
thicknesses between 10 and 100ML. The sticking probability
of Xe at 20 K was assumed to be unity; therefore, exposure of
4L was considered equivalent to 1ML. Total exposure was
calibrated with the actual Xe thickness by temperature-
programmed desorption (TPD) experiments.50 Gold atoms were
deposited onto the Xe buffer layer in a vacuum, by resistively
heating a tungsten wire wrapped around a 1 mmdiameter Au
wire (99.99% pure). The gold wire was melted and thoroughly
degassed prior to use. Metal evaporation flux was monitored
using a quartz microbalance, in units of Å/s. The typical
evaporation rate was 0.05 Å/s. The structure and size distribution
of the gold clusters formed via BLAG were determined ex situ
under ambient conditions using STM and AFM.

A p-polarized pulsed Nd:YAG laser at its fundamental
wavelength of 1064 nm, having a pulse duration of 10 ns, was
used for metallic cluster coverage grating formation employing
LITD. This was performed by interfering two split beams
originated from the same pulse on the surface at incidence angle
of 7.5°. This has led to the formation of a coverage grating
having a period of 4µm. The absorbed laser power used for
desorption of the Xe physisorbed buffer layer and the metallic
film on top was limited to 3MW/cm2, avoiding any risk of
surface damage by the pulsed laser heating.45,46

3. Results and Discussion

3.1. Cluster Growth via Buffer Layer. Gold cluster growth
via the BLAG method24 was reproduced here prior to its laser
patterning. Pure gold was vacuum deposited over multilayer
xenon at different layer thicknesses on the Ru substrate, held
at 20 K. The surface was then thermally annealed to 100 K at
a heating rate of 1 K/s, to remove the physisorbed Xe. This
annealing activates cluster diffusion, aggregation, and coales-
cence within the subliming buffer layer while descending toward
the ruthenium substrate. The average size of the produced

nanostructures can be controlled and varied by suitable choice
of the buffer layer thickness and quantity of metallic element
evaporated on top.27 The gold nanostructures prepared this way
were found to be very stable after exposure to air at ambient
conditions. No change was observed in cluster size or density
of samples stored in air for several days. In Figure 1, parts A
and B, STM images are shown of gold clusters deposited in a
vacuum on the bare Ru(100) surface. The images were
subsequently taken in air. Size distribution histograms were
obtained by counting the number of particles within a certain
size range, as demonstrated in Figure 1, part C and D.

STM tip effects may distort the actual particles size and in
particular their lateral dimensions (unlike height which is
considered to be accurate to better than 0.3 Å). Tip effects are
considered particularly serious in lateral size determination using
AFM imaging. To accurately correlate between the height and
base radius (footprint) of the clusters, samples consisting of gold
clusters grown via identical BLAG procedure on a SiO2/Si-
(100) substrate were examined ex situ utilizing a high resolution
SEM and AFM. The clusters were found to be roughly
hemispherical, having height-to-base ratio close to unity (on
average) for clusters diameter above 4 nm. In all subsequent
AFM measurements, the size of a given cluster was determined
by measuring its height and assuming a hemispherical shape.

The size distribution of the deposited clusters has a typical
width (at half-maximum) of 20%, in accordance with previously
reported studies of the same procedure.25-28a For a certain
equivalent gold layer thickness, the average cluster size increases
with the xenon buffer layer thickness, up to 60ML of Xe. This
is shown in Figure 2. For 1 nm of gold evaporated on top of
20ML Xe, the average cluster diameter finally deposited on the
Ru substrate is 5 nm, with a density of about 2× 1012 clusters/
cm2. Evaporating the same amount of gold on 60ML Xe, the
average cluster diameter grows to 9 nm, while cluster density
decreases to about 3× 1011 clusters/cm2. The full width at half-
maximum of the cluster size distribution (fwhm) increases
accordingly from 1.8 to 2.2 and 2.4 nm for average cluster
diameters of 5, 7.5, and 9 nm, respectively. The cluster size
depends also on the amount of evaporated gold on the buffer
layer. This is demonstrated in Figure 1B where Xe layer

Figure 1. STM images of gold nanoclusters on Ru(100) deposited
via the buffer layer assisted growth (BLAG) method, using the
following parameters: (A) 1 nm of Au on 20ML xenon; (B) 2.3 nm
Au on 30ML Xe. The histograms represent the corresponding dispersion
of the gold cluster sizes on the surface.
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thickness of only 30ML is enough to form average clusters size
of 7.5 nm upon evaporation of 2.3 nm equivalent gold on top
of the buffer layer. So 30ML Xe with 1 nm of deposited gold
would result in average size of 6 nm only. Similar densities
were obtained in a recent study of the growth of Fe clusters
(nanodots) on Cu(111) using BLAG.28c

In direct deposition of metals on oxide surfaces, the cluster
size depends on the substrate temperature, the evaporation rate
and it strongly depends on the strength of the interaction with
the substrate. In contrast, the BLAG method can be used to
form a wide range of cluster sizes on any desired substrate,
with a reasonable control over the size distribution. The results
presented here differ somewhat from those recently reported
by Weaver and co-workers.27-30 In our study, the cluster’s shape,
height, and diameter were characterized to be of compact
morphology, employing STM and AFM imaging. These results
are similar to previous study by Weaver et al. where BLAG
was used to deposit Au and Ag particles on Si surfaces.24-26

However, our data suggest higher cluster density on the
substrate. This may arise from more deposited gold on the buffer
layer typical to our study. In addition, slight differences are
expected since substrate temperature and buffer thickness
determination vary in different laboratories and therefore may
lead to slight differences in the final cluster density.

It is interesting to note, however, that when BLAG generated
gold clusters are deposited on graphite, ramified and fractal-
like structures were observed by employing TEM analysis. The
origin of these different shapes is not yet fully understood.

3.2. Coverage Grating via BLALP.As described in previous
publications,45,46cluster density can be modulated by employing
the BLALP technique to form coverage grating of clusters of
different sizes. By monitoring He-Ne diffraction intensity at
various substrate temperatures, cluster diffusion can be studied.
Figure 3 demonstrates an AFM image62 of gratinglike coverage
modulation, of 4.5 nm average height Au particles, BLAG
formed by evaporating 1 nm of gold via 60ML xenon. As
expected the grating pattern is composed of high density clusters,
relatively uniform in size. The bright spots observed in the clean
areas of the grating troughs are rather large metal particles that
have not been ejected by the xenon during the desorbing laser
pulse. Their origin is yet unclear; however, they may be caused
by micrometer range crystallite areas of the xenon buffer layer,
as proposed by Antonov et al.29

Annealing the sample in air to 600 K for 2 h has affected
neither the pattern nor the average cluster size. It is believed

that deep oxidation of the substrate anchors the clusters, thus
avoiding any diffusion or sintering of these particles. However,
creating the same coverage modulation and annealing in a
vacuum to 450 K at 3 K/s, followed by fast cooling back to
100 K, lead to cluster diffusion and to the diminishing of the
optical linear diffraction pattern. After subsequent imaging of
this sample with AFM, one discovers that although the clusters
still dominate on the surface, they had diffused and smeared
out the original periodic coverage modulation. This is demon-
strated in Figure 4, parts A and B, for an average cluster height
of 4.5 nm. Each AFM image represents an independent
experiment, using same cluster growth parameters of 1 nm
evaporated Au on 60ML xenon. The sample was extracted from
the vacuum at a temperature of 200 K. This induced deep
oxidation, i.e., “freezing” of the grating pattern, and avoids
further diffusion of the clusters on the surface. Figure 4A
represent the surface after deposition of the patterned clusters,
but before any diffusion takes place. On the other hand, Figure
4B shows a snapshot of the surface during the diffusion of the
clusters due to annealing to 450 K. Analysis of such an image
reveals that cluster density modulation still exists to some extent
on the surface, indicating that the diffusion process was not
homogeneous nor has it been completed by annealing to this
temperature. Repeating the patterning procedure and anneal-
ing in a vacuum to 550 K at 3 K/s led to the complete
disappearance of the grating pattern and coverage modulation.
Initial cluster density within the gold stripes (Figure 4A) is about
3 × 1011 clusters/cm2, and it decreases to about two-thirds its
initial value after diffusion (Figure 4B). The overall cluster
density however (stripe with trough) remains constant within
the experimental error, around 1.4× 1011 clusters/cm2. Cluster
size distribution for both images is shown in Figure 4, parts C
and D, respectively. The distribution is somewhat wider than
previously measured with STM in Figure 2, maybe due to the
tip effect, which induces the coalescence of some clusters. On
the other hand, several large structures are observed. Their origin
is yet unknown, however they are believed to form during
desorption of the Xe buffer layer. One possible explanation is
that occasionally several clusters sticks vertically to each other
during the “soft landing” process, resulting in these large
structures.

Figure 2. Average cluster size and distribution of the Au nanoclusters
formed by deposition of 1 nm Au on a xenon buffer layer, following
annealing to room temperature, for different buffer layer thicknesses.

Figure 3. AFM image (in air) of a coverage modulation of gold clusters
formed via the, buffer layer assisted laser patterning (BLALP)
procedure. The grating period is of 4µm.
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Few clusters with height below 1.5 nm could be found in
both images. It is possible that coalescence of the smallest
clusters occurs even below room temperature, thus are not
detected in the AFM images. However, the overall cluster size
distribution remains almost unchanged after annealing to 600
K at 3 K/s, as clearly shown by the cluster size distribution in
Figure 4, parts C and D. This suggests that cluster coalescence
and sintering are negligible at this temperature range, for clusters
above 4 nm in size. On the other hand, cluster diffusion on the
substrate is clearly observed. From the AFM images, it is
deduced that smaller clusters are more mobile than the larger
ones, suggesting size dependent activation energy for cluster
diffusion, as will be discussed in more details below.

Gold nanocluster diffusion reported here and measured on
the oxygen covered Ru surface as well (see below), is in contrast
to gold directly grown on the clean Ru(100) and the oxygen
covered Ru(100) surfaces, as shown in studies performed by
Lambert and co-workers.63-64 Using AES and XPS methods,
they showed that evaporation of gold atoms onto the clean
metallic substrate (Ru(100)) favors a layered growth mode
already at room temperature, while on the oxygen covered
surface gold tends to agglomerate into three-dimensional
structures, which gradually coalesce as temperature increases
from about 400 to 1000 K.

This is a surprising result. Coalescence and sintering phe-
nomena have been previously reported in the literature for gold
nanoclusters on several other substrates such as TiO2 and SiO2,
at a similar temperature range.8,17,21Cluster diffusion mechanism
in those systems was attributed to evaporation-condensation
events, where atoms at the perimeter of small clusters detach
and recondense on larger 3D islands.57-58 This process results
in the expansion of large clusters at the expense of the smaller
ones, generally resulting in a bimodal cluster size distribution
on the substrate, also known as Ostwald ripening mechanism.
Apparently, this is not the dominating process in the system of
gold clusters gently deposited via BLAG on ruthenium discussed

here. Ultimately, the clusters are expected to evaporate/
decompose and wet the metallic substrate underneath, as it is
the most stable thermodynamic state for this system. In contrast,
the fact that clusters appear in the grating trough clearly indicate
that the cluster diffuses as a whole on the surface, at relatively
low temperatures. The energy involved in the migration of the
cluster is lower than that for 2D evaporation. As a result, clusters
diffusion occurs at lower temperature than melting/wetting. It
is possible that the surface energy of the already formed clusters
kinetically hinders its decomposition, inducing a metastable
state. Therefore, wetting of the surface by the gold atoms does
not occur at temperatures below 600 K. Nevertheless, atomic
evaporation and diffusion between the clusters may occur at
this temperature range. A more detailed in situ microscopic study
is required in order to confirm some of the predictions suggested
above.

On the basis of the above discussion, we attempt to determine
cluster size dependent diffusion kinetic parameters, as outlined
below.

The diffusion of metal atoms and small clusters in homoepi-
taxial systems has been extensively studied.52-54 Fewer studies
have dealt with heteroepitaxial systems.54-56,59 Moreover the
diffusion of large 3D clusters on metallic and oxide surfaces is
currently less well understood as those clusters were thought
to be thermally stable. However, recent experimental evidence
from STM studies57,58have become available, showing that 2D
Ag clusters (containing about 100 atoms) actually diffuse on
Ag(100) substrates with similar results for Cu clusters on Cu-
(100).57 Similar behavior has been found for Pt 3D nanoclusters
on the highly corrugated anatase TiO2(100) surface.60-61 In these
systems, cluster motion on surfaces is suggested to occur in a
process taking place at the boundary of the clusters: peripheral
diffusion (PD). In the PD process several types of atomic
motions along the periphery of the cluster are responsible for
the net displacement of the center-of-mass. However, the atoms
do not leave the cluster while executing such movements.67

The peripheral diffusion process is then suggested to be a
possible mechanism for the migration of gold nanoclusters on
the Ru(100) and the p(1× 2)-O/Ru(100) surfaces. The energy
barrier for the PD mechanism is expected to be smaller than
the barrier for the diffusion-evaporation of atoms on the clusters
or the substrate.40-42,53

3.3. Temperature-Programmed Diffusion Method.Surface
diffusion measurements over micrometer range distances are
typically performed by monitoring the isothermal decay in time
of the first-order linear diffraction peak originated from coverage
grating formed by employing LITD31-44 or the BLALP method
discussed above.45,46 For the case of BLAG generated gold
cluster diffusion measurements, experimental conditions were
those demonstrated in Figure 1 in terms of cluster size and
distribution. The diffusion measurements were performed for
two different gold dosages on the surface, 1 and 2.3 nm
thickness equivalents as monitored by the quartz microbalance.

The one-dimensional Fick’s diffusion equation for the simple
case where the diffusion rate coefficient is coverage independent
is given by

This is the diffusion equation and it has an analytical solution
for the coverage [θ(x,t)] as a function of time. It can be
transformed into the following expression for the linear dif-
fracted signal intensityIn:

Figure 4. AFM images of a high-density gold cluster coverage grating
created by BLALP: (A) after annealing in a vacuum to 300K and kept
at room temperature; (B) after annealing to 450 K at 3 K/s in a vacuum,
and quenched back to room temperature. (C and D) Cluster height
distribution for parts A and B, respectively. One clearly observes the
smearing out of the grating pattern, while cluster size distribution
remains constant. The images were taken in air following the above in
vacuo preparation and annealing procedures.62

∂θ(x)
∂t

) D
∂

2θ(x)

∂x2
(1)
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Here n is the linear diffraction order,w is the coverage
modulation period, andD is the temperature-dependent rate
constant for diffusion:D ) D0 exp(-Ea/RT), whereEa is the
activation energy for diffusion andD0 is the preexponential
factor. Recording the isothermal decay of the first-order linear
diffraction, one should obtain the diffusion coefficient. From a
plot of the diffusion coefficient vs the inverse temperature
(Arrhenius analysis), the activation energy and preexponential
factor for diffusion can be extracted.

In the present system, however, the diffusion of gold clusters
on the Ru surface occurs over an exceptionally wide temperature
range, about 250 K. Isothermal measurements become highly
inefficient under such circumstances. Moreover, while heating
the sample for a relatively long period of time (hundreds of
seconds), e.g. for diffusion measurements below 400 K, the cold
head and its surroundings gradually start to heat up and as a
result lead to an undesired background pressure increase and
to a slight thermal expansion instability. In contrast, continuously
ramping the sample temperature avoids this thermal instability
since it is a much faster process.

We introduce here a nonisothermal approach51 for diffusion
measurements based on optical diffraction from one-dimensional
coverage grating. The Fick second diffusion equation is used,
by employing a correlation between the time (t) and the
temperature (T) using a linear heating ramp

whereâ is the heating rate in K/s.
The temperature dependent diffusion coefficient is not

considered as constant anymore. Instead, its exponential de-
pendence on temperature is explicitly considered. Solving eq
1, one obtains the following modification for eq 2:

where

n is thenth optical linear diffraction order, andw is the coverage
grating period, dictated by Bragg law. Expression 4 can be
rewritten by inserting the Arrhenius expression forD:

Note that the heating rate is embedded within the exponent in
eq 6. Diffusion measurements utilizing surface temperature ramp
and their respective fit using eq 6 above are shown in Figure 5.
These are measurements of the diffusion of gold clusters on
the clean Ru(100) substrate.

As an alternative to direct line shape analysis, the derivative
of the plot in Figure 5 can be extracted as a function of the
temperature.51 In this method, an expression for the decay of
the observableI(n)1) is derived, to be subsequently related to
parametrized values of the activation energy for diffusion (Ea):

The signal derivative will be small at low temperatures where
rates are small, but will rise as the diffusion rates increase with
temperature. At high temperatures, the original signal and the
derivatives decrease once again because the cluster density
population has been flattened, in other words the diffusion
process approaches completion as the local chemical potential
differenceswhich is the driving force for diffusionsvanishes.
The signal derivative thus peaks at some intermediate temper-
ature, which is determined by the heating rate and the diffusion
kinetic parametersshigher activation energy for diffusion shifts
the peak to higher temperatures. The results of this analysis are
demonstrated in Figure 6 for the diffusion of several gold cluster
sizes on the clean Ru(100) surface. The inset shows the peak
temperature as a function of clusters average diameter. It is
possible to gain further insight from eq 7. By dividing the
derivative by the original signal intensity, one obtains the
following:

Figure 5. First-order optical linear diffraction signal from a gold
coverage grating on the Ru(100) surface, at different Xe buffer
thicknesses for 1 nm deposited gold, as the temperature continuously
increases at 3 K/s. The dotted lines represent the best fit using eq 6;
see text.

Figure 6. Normalized temperature derivative of the optical first-order
linear diffraction signals of Figure 4, as a function of temperature.
Inset: peak temperature as a function of the average cluster diameter.
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Finally, plotting the natural logarithm of (-B) vs 1/T, the
activation energy can be isolated independent of the preexpo-
nent. This analysis is demonstrated in Figure 7 for the data
presented in Figure 5. The main advantage of this procedure is
the continuous set of data points extracted from a single
measurement, covering nearly the entire temperature range. It
is possible to compare the results of the procedure in eq 9 to
the numbers extracted from “direct” line shape analysis. The
results are very similar within the experimental error. Moreover,
based on Figure 7, one can input the activation energy into the
fit presented in Figure 5 to extract the preexponents.

This temperature-programmed diffusion method (TPDiff) has
several advantages. It can be applied best for rate measurements
that rapidly change with temperature. For example the temper-
ature range for the diffusion process of gold clusters on the Ru
substrate (about 250 K) requires a more efficient method than
the conventional isothermal mode. Finally, in the case of
heterogeneous processes that are characterized by a distribution
of activation barriers, the TPDiff method have the potential to
isolate and define this diffusion barrier distribution. In particular
this is the situation in the case of the soft deposition of gold
clusters via BLAG, where metallic clusters size cover a range
of 20% around its average diameter.

3.4. Gold Clusters Diffusion on the Ru(100) Surface.The
diffusion of size selected gold clusters on the clean Ru(100)
substrate was measured by optical linear diffraction from a
coverage grating, using the combined BLALP and TPDiff
methods described above. The heating rate was fixed at 3 K/s
at the temperature range 100-800 K. The decay of the first
order optical linear diffraction signal is shown in Figure 5,
normalized to its initial intensity at 100 K. The gold quantity
initially evaporated on the ruthenium substrate was the equiva-
lent of 1 nm thickness.

The onset temperature for micrometer range cluster mobility
was found to be relatively low, beginning at 300 K for the
smallest clusters. However, lower temperature mobility at the
nanometer length scale that is not detectable by the optical
diffraction method cannot be ruled out. The observed diffusion
temperature range increases with the average cluster size. Line
shape analysis using eq 4 above was used together with the
fitting of the Arrhenius-like plot of Figure 7 to determine the
activation energy and preexponential factor for diffusion of the

gold nanoclusters on the Ru(100) surface. The discrepancies of
the fit from the experimental lines observed at the onset and
termination of the diffusion process probably originate from the
cluster size distribution. This becomes more pronounced with
increasing clusters size, as the fwhm of the size distribution
increases accordingly. This results in the more pronounced
curvature of the Arrhenius plot at the beginning and the end of
the temperature range. In extreme cases, the Arrhenius-like curve
cannot be linearly fitted anymore, and the dependence of
activation energy on cluster diameter has to be taken into
account. Alternatively, the linear fit gives the activation energy
for an average cluster size, for each curve.

The resulting size dependent activation energy and preexpo-
nent factor for diffusion of the metallic gold nanoclusters are
summarized in Figure 8. Each point in the graph represents an
average value obtained following three independent measure-
ments for each average cluster size. The activation energy
increases with the average cluster size, from 6.2( 0.5 kcal/
mol for 5 nm clusters, to 10.6( 0.6 kcal/mol for 9 nm clusters.
On the other hand, the preexponential factor also increases by
an order of magnitude from (3.8( 0.5) × 10-6 to (3.4( 0.5)
× 10-5 cm2/s with increasing cluster size. This however may
be affected by the cluster density on the surface as will be
discussed below.

The second Fick equation for diffusion described in eq 1 is
valid only for non interacting adsorbates on surfaces. It is in

Figure 7. Natural logarithm of dI/I (the signal derivative divided by
the original first-order linear diffraction signal) vs the inverse temper-
ature. An activation energy is extracted from each line using a linear
fit.

Figure 8. Activation energy (A) and preexponent (B) for the diffusion
of gold clusters on the Ru(100) surface. The filled squares represent
the data for 1 nm deposited gold, and the open squares for 2.3 nm
deposited gold, at the indicated average cluster diameter. The lines serve
as guide to the eye.
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fact a simplification of the more complex and nonanalytically
solvable equation below:

Equation 1 does not therefore suit for the measurement of
systems where adatoms interactions cannot be neglected. To
further check the validity of eq 1, the same diffusion measure-
ments were performed at a higher cluster density, retaining the
same cluster size. This can be achieved via interplay between
deposited gold atoms flux and the buffer layer thickness. The
results are demonstrated for 2.3 nm equivalent deposited gold
on the Xe buffer layer relative to 1 nm equivalent gold on the
same substrate. From a comparison of the activation energy for
diffusion at both gold densities, it does not seem to significantly
depend on cluster density on the surface. On the basis of this
experimental observation, we have continued to analyze the
cluster diffusion process using eq 1, ignoring possible (minor)
interaction among neighbor clusters. There is however a
difference in the temperature range in which the clusters at
different densities diffuse, which is embedded in the preexpo-
nential factor, as seen in Figure 8. The preexponent is smaller
by a factor of 2 in the case of the high density clusters than for
the lower density ones. Qualitatively, one may explain this
behavior by a “steric effect”, where clusters “collide” with each
other at diffusion temperatures, effectively leading to site
blocking. This slows down the overall diffusion process while
decreasing the preexponent. This should not affect the activation
energy for diffusion, as the clusters do not otherwise interact
with each other.

As discussed above, the clusters diffuse but they do not
coalesce, regardless of size or density. On the clean metallic
substrate one would have expected the clusters to wet the
surface, as predicted by relative surface tension values.63 In most
cases layer by layer growth would be the dominant mechanism
at substrate temperatures above 500K. No coalescence or wetting
phenomena were detected up to annealing temperatures of 650K
in a vacuum, however the clusters diffuse on the surface already
at temperatures as low as 350 K. The wide temperature range
recorded for the macroscopic process arises from low apparent
activation barrier for clusters diffusion which is smaller than
the barrier for 2D evaporation of atoms from clusters edges.
Both the activation energy and the preexponent for clusters
diffusion are strongly cluster size dependent. When compared
to evaporation renucleation processes, larger clusters on metallic
surfaces tend to be more stable; therefore, they are expected to
diffuse at higher temperatures.

The weak interaction between the gold nanoclusters and the
Ru(100) surface is likely to be a contributing factor. The gentle
deposition mechanism of the nanoclusters on top of the
substrate’s surface, typical to BLAG,27,28aapparently leads to
clusters whose barrier for diffusion is lower than for evaporation
and surface wetting. Those clusters are not strongly bound to
the substrate, and they diffuse rather than melt to form a uniform
film on the substrate or coalescence with neighbor gold clusters.
The softly deposited clusters do not anchor to the substrate,
allowing its relatively free migration. As a result 2D evaporation
followed by renucleation is unlikely to be the dominant
mechanism in the case of gold cluster macroscopic diffusion-
migration on Ru(100).

On the other hand, in order for the clusters to conserve their
metastable morphology, the sintering/coalescence rate must be
slow in the temperature range 300-600 K. Coalescence is
expected to be observable in the presently studied system,

especially due to the relatively high density of clusters on the
surface. The diffusion of clusters as a whole is somewhat
surprising, however it is consistent with several recent reports
of size selected deposited nanoclusters of Au,68 Ag,69 and Co70

on smooth surfaces. For example, small Ag clusters on HOPG
were shown to coalesce fast at room temperature,69 while for
clusters above a limit of 5 nm diameter, the rate of coalescence
dramatically decreased, although cluster diffusion is clearly
observed. The high dependence of cluster sintering and co-
alescence rate on cluster size is tentatively explained by the
increasing surface melting temperature of the cluster with its
size;70 however, a more detailed study using, i.e., STM is
necessary in order to propose a probable model.

3.5. Gold Cluster Diffusion on the p(1× 2)-O/Ru(100)
Surface.To better understand the role of the substrate on the
thermal stability of the gold clusters, their diffusion has also
been measured on the oxygen covered surface of Ru(100). It
may be considered as a model for supported clusters on oxide
surfaces. The Ru(100) surface transforms into a well ordered
p(1 × 2)-O lattice, as observed by a sharp LEED pattern.64-66

The diffusion characteristics of the gold clusters on the oxygen
covered surface are similar to that on the bare Ru(100) surface,
as deduced from AFM measurements; namely, clusters diffuse
over macroscopic distances intact with practically no sintering
or coalescence. The decay of the first-order linear diffraction
signal reflects the identical procedure of BLALP-TPDiff as
described for the clean Ru(100) surface. Diffusion measurements
were performed for clusters between 5 and 12 nm in diameter,
using 1 nm Au and 20-105ML Xe. The resulting optical
diffraction decay spectra and their respective energy barrier as
a function of cluster size are shown in Figure 9. The diffusion
takes place at temperatures between 350 and 550 K, about the
same as for the diffusion on the clean Ru(100) surface. However,
unlike the clean Ru(100) substrate, only minor dependence on
cluster size has been observed in these measurements, and the
activation energy is observed to be only slightly increasing with
the cluster size. One may consider the activation energy for
diffusion on p(1× 2)-O/Ru(100) as a constant value of 5.5(
1 kcal/mol. The preexponential factor reveals similar lack of
sensitivity to cluster size, its value being (1( 2) × 10-6 cm2/
s.

The diffusion mechanism over the oxygen covered ruthenium
seems to be similar to diffusion on the clean surface. Oxygen

∂θ
∂t

) ∂

∂x(D[θ(x)]
∂θ(x)
∂x ) (10)

Figure 9. First-order diffraction signal decay from a gold coverage
grating on the oxygen covered p(1× 2)-O/Ru(100) substrate. Gold
quantity deposited is 1 nm. Inset: activation energy for diffusion as a
function of cluster size.
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covers only the topmost layer of the metallic substrate; therefore,
it does not behave like a bulk-oxide surface. However, the fact
that clusters as large as 12 nm in diameter diffuse with
practically the same activation energy as small clusters (5 nm
diameter) suggests that on top of the oxygen-covered surface,
the interaction between the clusters and the supporting substrate
is rather weak.

This behavior may be qualitatively explained in terms of
commensurability between the cluster surface and the substrate
lattice. The deposited clusters do not form any anchor to the
oxygen covered substrate, as would be expected for clusters
directly grown over an oxide surface.64 Moreover, the ordered
p(1× 2)-O/Ru(100) surface is expected to have a much smaller
density of defect sites than oxides grown as layers on top of a
metallic substrate4,7,8,15or as bulk.1 As a result they relatively
easily slide on the surface, similar to the gold clusters deposited
on the bare Ru(100). This result further demonstrates the kinetic
stability of BLAG deposited clusters over those grown directly
on the surface. The lower activation energy is then proposed to
arise from the oxygen atoms adsorbed on the surface acting as
a “buffer” between the cluster and the metallic substrate,
inducing an effective smoothing of the ruthenium atomic rows
along the [001] direction, further reducing the commensurability
of the gold clusters. The oxygen covered surface serves only
as a non interacting support, and the free energy involved
permits diffusion with a lower barrier, as compared to atomic
diffusion on the surface of the metallic clusters or/and the
substrate. This hypothesis is supported by the observation that
diffusion takes place already at remarkably low temperatures
considering expectations for very large 3D metallic clusters.
This may explain why the diffusion barrier is so insensitive to
cluster size.

Conclusions

The BLAG method allows the formation and deposition of
size selected clusters regardless of the underlying substrate. The
BLALP procedure enables the formation of cluster coverage
modulation on surfaces, and it is a template for the study of
macroscopic diffusion of metallic clusters on surfaces. The
diffusion of gold nanoclusters on the Ru(100) and the p(1×
2)-O/Ru(100) oxygen covered surface has been measured as a
function of the cluster size. This study presents the first direct
measurement of nanometer scale metal clusters mobility on
metallic and oxide-like surfaces over macroscopic distances
(micrometer range). A new procedure for the analysis of surface
diffusions temperature-programmed diffusion (TPDiff) has
been introduced for this purpose. On both surfaces, the diffusion
process has been of intact clusters, with practically no coales-
cence or sintering phenomena up to temperatures of 600 K.
Cluster diffusion can be described by the one-dimensional,
second Fick equation for diffusion on the macroscopic scale,
and it exhibits Arrhenius temperature dependence. The activation
energy for diffusion was found to be sensitive to the cluster
size on the clean Ru(100) surface. However, on the p(1× 2)-
O/Ru(100) substrate, no cluster size dependence was found. This
surprising result may be explained by the lack of com-
mensurability of the gold metallic clusters on the oxygen covered
surface and the very weak interaction of the clusters with the
substrate.

The results of this study suggest a different behavior of BLAG
grown vs directly grown clusters on surfaces for clusters larger
than 5 nm diameter. Intact cluster diffusion seems to be the
dominant process for BLAG grown clusters with only minor
cluster morphology changes and coalescence/sintering, limited

to clusters smaller than 5 nm diameter. It suggests that clusters
prepared in this way may be more stable under realistic high-
pressure-high-temperature conditions typical for the industrial
environment.
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