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4 Freiburg Materials Research Center, Stefan-Meier-Straße 21, 79104 Freiburg, Germany

Received 31 January 2007 / Received in final form 24 April 2007
Published online 20 June 2007 – c© EDP Sciences, Società Italiana di Fisica, Springer-Verlag 2007

Abstract. The low energy deposition of silver cluster cations with 561 (±5) atoms on a cold fullerene
covered gold surface has been studied both by scanning tunneling microscopy and molecular dynamics
simulation. The special properties of the C60/Au(111) surface result in a noticeable fixation of the clusters
without a significant change of the cluster shape. Upon heating to room temperature we observe a flattening
or shrinking of the cluster samples due to thermal activation. Similar changes were observed also for mass
selected Ag clusters with other sizes. For comparison we also studied Ag islands of similar size, grown
by low temperature deposition of Ag atoms and subsequent annealing. A completely different behavior is
observed with much broader size distributions and a qualitatively different response to annealing.

PACS. 68.37.Ef Scanning tunneling microscopy – 61.48.+c Fullerenes and fullerene-related materials –
61.46.-w Nanoscale materials

1 Introduction

For most applications that make use of the specific prop-
erties of mass-selected clusters it will be needed to immo-
bilize the clusters on surfaces. In this respect it is crucial
to obtain the same atom-by-atom accuracy for clusters
deposited on surfaces as it is achieved regularly for clus-
ters in gas phase. This is not trivial; even the verification
that mass-selected clusters keep their size after deposition
is not yet a standard experiment. For small clusters with
just a few atoms the properties change significantly for
each atom added; therefore in several experiments spec-
troscopic data was used for an indirect proof of successful
mass selected deposition [1,2]. A more direct measurement
of the cluster sizes on the surface is made difficult by the
low maximum cluster coverage which can be deposited
without the risk of cluster coalescence. In principle scan-
ning tunneling microscopy (STM) is an ideal tool for the
direct study of the cluster sizes, but resolving the atomic
structure of clusters on surfaces was up to now only pos-
sible in few cases, generally only for larger clusters with a
low height/diameter ratio [3,4]. For two-dimensional small
clusters on a metal surface the determination of the cluster
size with STM was only achieved using the skillful tech-
nique of a ‘rare gas necklace’, where the larger size and
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more corrugated local density of states (LDOS) of the rare
gas atoms decorating the rim of the clusters made a deter-
mination of the cluster size possible [5]. Without atomic
resolution one has to be very careful in interpreting the
STM results. It is well-known that the apparent width of
clusters is always significantly increased by the finite cur-
vature of the STM tip, which becomes obvious when in a
single STM image quite dissimilar clusters appear to have
identical lateral shapes [6,7]. Double or multiple tip effects
are often also present as well, so one has to check the STM
images critically for multiple images of the same clusters,
which is easier if the cluster coverage is not too large. In
general it is assumed that at least particle heights as deter-
mined by STM are reliable. In the following, however, we
will demonstrate that not even this is really justified. In
addition to these imaging problems there exists the danger
that the measured cluster size distribution is modified if
some of the clusters get displaced by the STM tip instead
of being imaged, which occurs with different probabilities
for different cluster sizes. Therefore the clusters should be
fixed to the surface sufficiently strongly enough to prevent
displacement by the STM. On the other hand the inter-
action should not be too strong in order to avoid that the
cluster structure changes completely upon deposition.

So the optimum surface for size-selected cluster de-
position should be one with a weak, but noticeable
interaction with the clusters. For imaging consequently
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low-temperature STM (LT-STM) will be required, since
at room temperature (RT) thermally activated cluster
diffusion and coalescence will occur for such rather weak
cluster-surface interactions. In this report we will show
that an Au(111) surface functionalized with a well or-
dered monolayer (ML) of C60 molecules seems to be close
to such an ideal system. We chose this combination for
several reasons. Stable STM imaging of Ag and Au is-
lands on a C60 film has already been achieved [8–10];
in these studies three-dimensional islands were observed,
which indicates that no strong wetting occurs. Neverthe-
less the stable imaging hints at some fixation of the clus-
ters, which should at least partly be due to the corruga-
tion of the C60 monolayer. This layer has a periodicity
of about 1 nm and should therefore quite strongly hinder
the movement of few nm particles. A further advantage
of C60 films for cluster deposition is that with its inter-
molecular van der Waals-interaction it may induce some
‘soft-landing’ effect similar to rare gas films [1,11], even
if the C60-substrate interaction is stronger due to charge
transfer effects [12]. Last but not least one can expect in-
teresting charge transfer processes to occur between the
clusters and the C60 film. Such processes have been dis-
cussed already for the Ag islands [9], and might lead to
effects related to the particular properties of doped C60

films [13].
We have successfully deposited mass selected Ag clus-

ter cations with 561 ± 5 atoms on 1 ML C60/Au(111); by
low temperature STM imaging we could demonstrate that
the clusters stay practically unchanged. We chose to de-
posit Ag561 since this cluster size corresponds to a ‘magic’
closed shell icosahedron [14], which should have an en-
hanced stability. One should note that it is actually not
known yet whether silver clusters of this size really adopt
an icosahedral structure. But as silver clusters up to size
79 clearly follow an icosahedral growth motif [15,16], and
as it has been shown that for larger clusters icosahedral
symmetry is at least one of the possible structures [17], it
is highly probable that they do.

The experimental results are corroborated by an
accompanying molecular dynamics study of Ag561 deposi-
tion using identical conditions as in the experiments.

2 Experimental and theoretical

For the cluster deposition we used a new set-up which
consists of a magnetron-sputter gas aggregation cluster
source [18], a very effective cryo-pump placed directly in
the cluster beam [19] and a semi-continuous time-of-flight
mass selector with high transmission and infinite mass
range [20]. This cluster beam apparatus is connected to
a surface science facility combining LT-STM and high-
resolution photoemission [21]. A resolution of m/∆m > 50
and cluster currents of several ten pA (e.g. 93 pA for Ag+

55)
measured with a Faraday cup at the sample position are
obtained in routine operation.

In Figure 1 we display one mass spectrum for clusters
up to Ag+

70 where we observe atom-by-atom mass resolu-
tion up to the largest size (Fig. 1a), and another spectrum
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Fig. 1. (a) Mass spectrum measured for cluster cations with a
Faraday cup at the sample position by variation of the pulses in
the time-of-flight mass selector. With m/∆m ≈ 70 we observe
atom-by-atom mass selection up to Ag70. (b) Mass spectrum
measured with source parameters optimized for the production
of larger clusters. The selection of Ag561±5 is marked with two
vertical lines. (c) Cluster current for Ag+

561 versus bias voltage
applied to the Faraday cup at the sample position. With 0 V
bias the Ag561 clusters have a mean kinetic energy of ≈18 eV,
i.e. 0.03 eV per atom.

which shows the cluster size distribution with cluster
source parameters optimized for the production of larger
clusters (Fig. 1b). Also in the latter case we select clusters
with m/∆m > 50 as indicated in the graph. Before clus-
ter deposition the cluster current is measured for different
bias voltages (shown in Fig. 1c for Ag561) and a sample
bias for deposition is chosen which results in �0.1 eV



S. Duffe et al.: Softlanding and STM imaging of Ag561 clusters on a C60 monolayer 3

Fig. 2. STM images of an Au(111) surface partially covered
with a C60 monolayer, measured at T = 77 K. The large image
(300 × 300 nm2) shows the large C60 islands and the typical
23×√

3 reconstruction on the clean Au areas. The small inset
(100×100 nm2) displays the structure of the C60 film in detail.

kinetic energy per atom. The C60 spacer layer may lead
to a delayed electron transfer from the metal substrate
to the cluster ions, as energy shifts in photoemission data
for Ag islands on C60/Si(111) suggest [9]. But the ion neu-
tralization will be fast on the timescale of the deposition
experiment since no static charging is observed in photoe-
mission.

The deposition of Ag atoms for the comparative study
of Ag island growth is realized with an evaporator with
electron-beam heating and an integrated flux monitor.
The evaporation rate is calibrated using either a quartz
microbalance or more directly by island growth [22]. A
sample bias is used to avoid the impact of Ag ions pro-
duced by the electron-beam heating. For both, Ag cluster
and Ag atom deposition, the sample is mounted on a flow-
through liquid helium cryostat, which can be operated at
temperatures down to 10 K. For the preparation of a clean
and well ordered surface either an Au(111) single crystal
or an Au(111) film on mica is treated with several sput-
tering/heating cycles. A monolayer of C60 is deposited us-
ing a quartz crucible with resistive heating instead of the
evaporators with electron-beam heating, since the elec-
tron impact produces C60−2N fragments, which show a
completely different film growth [23] and therefore disturb
the well ordered C60 films. After C60 deposition at RT, the
sample is annealed at 250 ◦C, which results in well ordered
monolayers. The structure of the C60/Au(111) surface is
always checked with LT-STM at 77 K before Ag cluster
deposition or island growth. In Figure 2 we show an STM
image with a coverage of less than one monolayer, where
clean Au(111) areas coexist together with large, well or-
dered C60 monolayers. Typically we obtain step-free areas
of several 100 nm diameter.

In order to elucidate whether the experimental set-up
allows for a softlanding of the silver clusters, we performed

a molecular dynamics study of the deposition of an Ag561

cluster on an Au(111) surface covered by a fullerene mono-
layer. The potential energy surface of the Ag/C/Au sys-
tem was modelled by the following analytic potentials.
The metallic interactions (Ag-Ag, Au-Au and Ag-Au)
were described by the Gupta many body potential [24].
Intra-fullerene forces were treated with the Tersoff poten-
tial [25] and the inter-fullerene (van der Waals) interac-
tions with the Girifalco pair potential [26]. In order to
parameterize the Ag-C and Au-C interaction, a Morse
potential was fitted to the (ab-initio derived) equilibrium
distance and adhesive energy of fullerenes adsorbed on
Ag(111) and Au(111) surfaces [27], respectively, and to
the experimental oscillation frequency of a fullerene charge
shuttle between gold contacts [28]. Our model of the sub-
strate consisted of a block of 9 Au(111) monolayers (with
a lateral dimension 6.95 nm times 8.03 nm) covered by
64 C60 molecules. Periodic boundary conditions were ap-
plied in the lateral directions. The lowest gold monolayer
was held fixed while a Langevin thermostat was applied
to the next 3 layers [29]. Prior to deposition, both the
substrate and the icosahedral Ag561 cluster were thermal-
ized to the experimental temperatures Tsubstrate = 165 K
and Tcluster = 120 K, respectively. The cluster trajectory
was started 1 nm above the substrate with a kinetic en-
ergy of 18 eV (the experimental value) and the deposition
dynamics was followed for 50 ps.

3 C60 layer and Ag islands

As we are going to discuss the stability of silver parti-
cles on a C60 layer for temperatures up to RT, we will
first show results for the C60/Au(111) system at RT and
77 K. In Figure 3a we present three images out of a larger
series, which were measured with STM at RT consecu-
tively at the same surface area. Recording one image took
22 min. As already described in the literature [12] the dif-
ferent heights, i.e. the bright or dark dots, are due to two
different orientations of the C60 molecules on the Au(111)
surface. Localizing fixed positions one can align the frames
and calculate the difference images (2-1) and (3-2). One
clearly observes that most of the molecules have remained
in the same orientation (grey areas) while a few have either
turned from dark to bright (white dots) or from bright to
dark (black dots). This change in orientation at RT is in
agreement with the observations in reference [30]. In con-
trast, performing the same STM measurements at 77 K
(cf. Fig. 3b) shows that the C60 film is completely stable
on a timescale of hours. One can therefore keep in mind
that at RT the C60 layer is a dynamic system, with some
rotation of the molecules which might even enhance the
diffusion of material on the layer, while at 77 K such ef-
fects can be safely neglected.

Let us turn now to the growth of Ag islands on the
C60 film. At a temperature <50 K an effective coverage of
0.3 ML of Ag atoms was evaporated on the C60/Au(111)
surface, hereafter the sample was transferred into the STM
which was operated at 77 K. Figure 4a shows that small
Ag islands with a mean height of about 0.4 nm are formed.
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Fig. 3. (a) STM images (33×33 nm2) of a C60 ML on Au(111),
measured at RT. The images 1, 2 and 3 were measured sequen-
tially. Recording one image took 22 min. The difference images
(2-1) and (3-2) clearly show a change of the C60 orientation.
(b) Two images (33 × 33 nm2) measured at T = 77 K with
44 min in between. No change of the C60 ML is observed.

At 77 K the height distribution is stable at least on a
timescale of more than 10 h. Subsequently the sample
has been annealed at a number of different temperatures,
each time for 45 min. First significant changes of the is-
land height distribution occur if the sample is annealed at
165 K (Fig. 4b) which leads to the occurrence of larger
island heights. With increase of the annealing tempera-
ture to 265 K (Fig. 4c) the island height further increases.
After annealing at RT for 45 min, we checked also for the
long term stability of the sample at RT on the timescale
of more than 10 h.

The results of the complete series of annealing steps are
summarized by the height distributions shown in Figure 5.
The reproducibility of the height distributions for the
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Fig. 4. STM images (200 × 200 nm2) for Ag islands grown
by Ag atom deposition on 1 ML C60/Au(111), measured at
T = 77 K. The insets show line profiles on the marked trajec-
tories. Data taken for the following annealing steps: (a) directly
after deposition at T < 50 K; (b) sample annealed for 45 min
at 165 K; (c) sample annealed for 45 min at 265 K.

same annealing temperature in two independent experi-
mental runs was generally good. Some smaller variations
are attributed to systematic errors due to the displace-
ment of islands during STM imaging, which was not fully
avoidable in particular for the small island sizes. Taking
this variation into account we do not observe a significant
change of the island height distribution for annealing tem-
peratures below 165 K. Above 165 K the island height in-
creases more and more up to RT, and there is an additional
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Fig. 5. Height distributions as measured for the Ag islands
grown on 1 ML C60/Au(111) for a number of different an-
nealing steps. The total number of clusters varies between the
different histograms. In addition to the

√
N statistical error for

each bin also some systematic error due to clusters selectively
displaced by the STM tip cannot be excluded (see text).

increase if we keep the sample at RT for 15 h. Calculating
the effective Ag coverage, by assuming a spherical shape of
the islands, neglecting the shape of the islands which may
be also size dependent, one gets rather strongly varying
values for the different annealing steps, which is probably
again due to the systematic errors by cluster displacement
as discussed above. But all in all the effective coverage is of
the same order of magnitude, i.e. we do not observe a sig-
nificant amount of material to disappear upon annealing
of the sample.

4 Deposition of Ag561

The results of Section 3 indicated that deposited clusters
with a few hundred atoms should be stable for a sub-
strate temperature of 165 K or below on the C60/Au(111)
substrate system. Since sample contamination by typical
residual gas components in an UHV chamber is signifi-
cantly reduced for temperatures above 100 K [31], we did
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Fig. 6. STM images (200 × 200 nm2) measured at T = 77 K
of Ag561 clusters deposited at T = 165 K on C60/Au(111)
(left) and the corresponding cluster height distribution as ex-
tracted from this image (right) for two different positions on
the sample: (a) outer region of the deposition spot with low
cluster coverage; (b) region in the center of the deposition spot
with high cluster coverage. The different widths of the clus-
ters in the STM images (a) and (b) are an example for the
typical variations which are observed also on identical sample
positions for different STM tip shapes. Tunneling parameters:
Usample = +2.2 V, I = 46 pA.

not use the minimal sample temperature achievable with
our set-up, but instead used this temperature of 165 K
for the deposition of Ag+

561 (in fact 561 ± 5 atoms) on
C60/Au(111). With a cluster current of 16 pA we de-
posited for a time interval of 10 min. With a sample bias
of 0 V the clusters had a kinetic energy of 0.03 eV per
atom (cf. Fig. 1c). After the deposition the sample was
transferred within about 10 min into the STM operated
at 77 K.

Two resulting STM images are shown in Figure 6. The
STM image in Figure 6a was measured in the outer region
of the deposition spot. Here the cluster coverage is low
enough, that one could safely identify multiple cluster im-
ages due to tip artifacts, which, however, are not present in
this image. Figure 6b is measured in the center of the de-
position spot, where the cluster coverage is higher, about
90 clusters per 200×200 nm2. If one takes the cluster cov-
erage of Figure 6b and the total number of 6 × 1010 clus-
ters calculated from the cluster current and the deposition
time, one gets a diameter of 5.8 mm for the deposition
spot. This is in qualitative agreement with the width of
the ion beam as roughly determined by lateral movement
of the Faraday cup, which has a 3 mm diameter opening.
On the right side the height distributions extracted from
the STM images are shown. They are extremely narrow
with a mean height of ≈3.1 nm and a standard deviation
of ±0.2 nm. The slight differences between the height dis-
tributions of Figures 6a and 6b are within the statistical



6 The European Physical Journal D

Fig. 7. Final configuration of a molecular dynamics simulation
of Ag561 impinging on a gold supported monolayer of C60. (a)
Snapshot of the system after 50 ps. (b) A 0.8 nm thick slice of
the cluster from (a) showing the wetting of the central fullerene
(the other fullerenes are not shown) by the silver atoms. Silver
atoms are depicted by grey spheres, the fullerenes by blue cages
and the gold atoms are plotted in gold.

and systematic [32] errors of an STM measurement, which
are estimated to 5%. The measured heights should be com-
pared to the expected size of an Ag561 cluster. Assuming a
spherical cluster shape with a volume of V = (4/3)π(h/2)3
and taking the cluster volume as 561 times the atomic
volume in bulk Ag one gets a height of h = 2.64 nm for
Ag561, which is significantly smaller than the experimen-
tal STM result. An even smaller value is obtained in the
molecular dynamics simulation. Figure 7 displays the final
configuration 50 ps after deposition. Although the cluster
mainly kept its global icosahedral shape (Fig. 7a), struc-
tural damage can be observed in the vicinity of the carbon-
silver interface (Fig. 7b). The distortion of the Ag561 can
be explained by the relatively high adsorption strength of
1.5 eV [27] of the fullerenes to an Ag(111) surface result-
ing in the observed partial wetting of the fullerenes by
the silver atoms. The resulting denticulation of the Ag561

and the fullerene layer (Fig. 7b) indicates strong friction
forces for lateral motion of the silver clusters corroborat-
ing the experimental observation that the clusters are not
displaced during the scanning with the STM. The geomet-
rical height of the cluster was calculated as the vertical
(z-) distance between the highest atom of the fullerene
layer and the highest silver atom. A value of 2.3 nm is
obtained, again considerably smaller than the experimen-
tal (STM-derived) value of 3.1 nm. In order to check the
sensitivity of the final cluster height to variations in the
Ag-C interaction strength an additional simulation using
the weaker (Lennard-Jones type) interaction of Garrison
and coworkers [33] was carried out. Although the wetting
was less pronounced, the final height of the silver cluster
turned out to be essentially the same as calculated with
the stronger interaction.

These findings clearly point out difficulties in the use
of an STM to determine cluster heights in heterogeneous
cluster-surface systems, which here are probably due to
the different LDOS contours of the cluster and the C60

surface. We are going to investigate these effects in detail
in the near future by measuring heights of different clus-
ter sizes and materials as well as by performing density
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Fig. 8. STM image (300×300 nm2) and a corresponding height
distribution after annealing the sample with Ag561 clusters on
C60/Au(111) for 45 min at RT. The cluster heights have de-
creased with one maximum of the distribution at about 2.6 nm
but also a significant accumulation around 1.6 nm. Tunneling
parameters: Usample = +2.3 V, I = 46 pA.

functional simulations. We would like to stress again that
for the cluster size determination the measured width
without resolution of the cluster shape does not repre-
sent an alternative, since it includes the tip shape, which
is generally changing from measurement to measurement
(cf. Fig. 6) and eludes an experimental determination.
Nevertheless, despite the discrepancy between the mea-
sured and the calculated cluster heights, the extremely
narrow height distribution observed makes us confident
that what we are seeing in Figure 6 are indeed Ag561±5

clusters deposited without coalescence or fragmentation or
even strong shape changes. To our knowledge such STM
imaging of softlanded size selected clusters has not yet
been demonstrated before, at least not for clusters of sev-
eral 100 atoms.

In order to check the stability of the deposited clusters,
we subsequently annealed the sample in the same way as
for the Ag island samples at 215 K, 265 K and RT, each
time for 45 min. Below RT we do not observe a significant
change of the cluster height distribution. After 45 min
at RT, however, the cluster heights have significantly de-
creased, as shown in Figure 8. This is in sharp contrast
to the increase of the Ag island heights after annealing as
described above (cf. Fig. 5). Another qualitative difference
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Fig. 9. Cluster height distribution for Ag561 clusters deposited
on C60/Au(111) taken from a separate set of experiments with
deposition at RT. After the deposition it took about 45 min
to transfer the sample into the STM where the sample was
imaged at 77 K. The similarity to Figure 8 is obvious.

is that the effective Ag coverage is significantly decreased,
because the number of clusters per area is constant or even
lower than before annealing. In Figure 8 we show a typical
STM image of the sample and the corresponding height
distribution. It is obvious that this distribution has some
substructure, with one maximum at about 2.6 nm, but
also a significant accumulation for cluster heights around
1.6 nm.

This two-peak structure of the height distribution is
clearly corroborated by the height distribution in Fig-
ure 9, which was measured for Ag561 clusters deposited
at RT and transferred into the 77 K STM, after about
45 min. Actually, RT depositions were the first experi-
ments done. Already a broad range of cluster sizes has
been studied and a sharp maximum in the cluster height
distribution at about 1.7 nm was observed also for other
cluster sizes deposited at RT [34]. At least for Ag309± 3

with an initial height of (2.6± 0.2) nm after deposition at
165 K recent experiments confirm the decay of the cluster
height at RT and the appearance of a sharp maximum at
1.7 nm. This demonstrates that thermally activated pro-
cesses shrink the clusters to 1.7 nm height, which might
indicate a metastable ‘magic’ cluster size on the surface.
We will discuss this in detail in a separate publication.
Even for the annealed Ag islands one can observe similar
substructures with multiple maxima in the height distri-
butions.

Keeping the samples with the Ag561 clusters deposited
at 165 K for 15 h at RT finally leads to the disappearance
of almost all of the clusters. Only in the areas in the center
of the deposition spot (cf. Fig. 6b) some small clusters
remained. The STM image in Figure 10 shows that during
this process the structure of the C60/Au(111) substrate
is changed. Small islands of about 0.3 nm height appear
which were not present before the cluster decay. We can
explain this, if we assume that the Ag material penetrates
the C60 film at RT and forms small Ag islands below the
film or incorporated in the Au(111) substrate. We mention
that we observed a similar disappearance of the clusters
also for Ag309 clusters, if we kept the sample at RT for

300250200150100500

2

1 .5

1

0 .5

0

X [nm ]

Z
[n

m
]

Fig. 10. STM image (300 × 300 nm2) measured at T = 77 K
and a line profile (inset) on the marked trajectory for Ag561

clusters deposited on 1 ML C60/Au(111) after annealing the
sample 15 h at RT. Almost all clusters have disappeared and
small islands with 0.3 nm height appear in the C60 layer.

12 h. It is important to notice that again the behavior is
qualitatively different compared to the Ag islands, where
we did not notice a significant decrease of the effective
Ag coverage if we kept the sample at RT; instead the Ag
material reorganized into larger islands.

5 Conclusions

We have shown that it is possible to softland mass se-
lected Ag+

561± 5 clusters on an Au(111) surface functional-
ized with an ordered ML of C60 molecules. This substrate
system proved to be a new and promising choice for the
investigation of mass selected clusters attached to a sur-
face. Stable cluster samples could be obtained for depo-
sition at a temperature of 165 K, which in the STM im-
ages measured at 77 K gave an extremely narrow height
distribution with (3.1± 0.2) nm cluster height. Molecu-
lar dynamics simulations of the deposition suggest that
the experimental conditions indeed are close to softland-
ing with only minor distortions of the Ag561 icosahedra
occurring at the cluster-fullerene interface. After anneal-
ing the samples up to RT we observed thermally activated
cluster decay and penetration of the Ag material though
the C60 film. We compared these data with results which
we obtained for Ag islands produced by the deposition of
Ag atoms at low temperatures and subsequent annealing.
In this case the Ag material reorganizes into larger islands
for annealing up to RT, which is in sharp contrast to the
cluster decay for the deposited clusters. As a very interest-
ing additional observation we mention the appearance of a
sharp maximum at about 1.7 nm cluster height during the
decay of the deposited clusters. This seems to be an indi-
cation for some ‘magic’ cluster size in the cluster-surface
system.
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