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Abstract. Deposition and implantation of size-selected Co+
50±5 cluster ions on/in highly ordered pyrolytic

graphite (HOPG) have been performed. Cobalt clusters were produced by laser ablation using the
second harmonic (532 nm) of a Nd:YAG laser. They were deposited/implanted with energies of
250–4850 eV/cluster and examined using scanning tunneling microscopy (STM). For the highest energies
the clusters created craters and wells with residual clusters at the bottom of the wells. Decrease of the
impact energy led to formation of bumps which consist of damaged graphite areas mixed with fragmented
cobalt clusters. Further decrease of the impact energy to 250–450 eV/cluster probably corresponds to the
so-called pinning regime, when the impacting cluster creates defects in the surface layer and becomes bound
to them. The transition from implantation to pinning with a decrease of impact energy was confirmed by
etching experiments showing the depth of the damage introduced by the cluster collisions with HOPG.

PACS. 61.46.Bc Structure of clusters – 61.80.Jh Ion radiation effects – 68.37.Ef Scanning tunneling
microscopy – 79.20.Ap Theory of impact phenomena; numerical simulation

1 Introduction

Nowadays, atomic and molecular clusters with sizes on
the nm-scale made of different species are the subjects
of intensive study. For the last decade, there has been
a growing interest in how the size reduction affects elec-
tronic, magnetic, optical and some other properties of
nano-objects. These properties can be controlled to a cer-
tain extent to meet technological requirements for appli-
cations in nanotechnology. Clusters have been extensively
studied in the gas phase but for most technological ap-
plications they need to be deposited on a surface or em-
bedded in the bulk. Thus, interaction of a cluster with
the substrate needs to be understood for the development
of useful cluster-based technologies. Cluster ion beam in-
teraction is a novel method for surface modification on
the nano-scale, such as surface smoothing, sputtering and
shallow implantation [1–3]. It is also an efficient tool for
building of nanostructures [2,4]. Here, the control of the
cluster size and its kinetic (impact) energy becomes one of
the main advantages of the cluster beam technique, com-
pared to other methods of nanoparticle formation [5,6].
For some applications the control of the cluster structure
and size on a surface is needed. This requires suppressing
a possible diffusion of the deposited clusters on the surface
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that can be achieved by several methods, for instance, by
cooling to low temperatures or by preparing surface pat-
terns that favour cluster ordering [7,8]. Another possibil-
ity is to vary the cluster kinetic energy approaching the
so-called pinning regime when the defects created in the
surface layer by cluster impact serve as efficient binding
centres preventing cluster diffusion [9].

In this paper we present the results of a STM study of
HOPG surfaces after the impact of size-selected Co clus-
ters having different kinetic energies, thus, providing evi-
dence for change of the cluster-surface interaction mech-
anism from implantation to deposition. The experimental
results are compared with the preliminary molecular dy-
namics (MD) simulations.

2 Experimental

Cobalt clusters were produced by the laser vaporisation
method using a laser ablation cluster source (LACS). The
second harmonic (532 nm) of a Nd:YAG laser was utilised.
More details on the LACS construction and parameters
can be found elsewhere [10]. A typical mass spectrum of
the obtained Co+

n clusters is presented in Figure 1. Mean
cluster sizes are estimated using the spherical cluster ap-
proximation

D = 2RWS(n/f)1/3 (1)
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Fig. 1. Mass-spectra of Co+
n cluster ions before (1) and after

(2) size selection.

where D is the diameter, RWS is the Wigner-Seitz radius
for Co and f is the packing factor assumed to be 0.74.
The source was connected to a cluster implantation and
deposition apparatus (see for details [11,12]) which gives
the possibility of size selecting the clusters, and control of
their kinetic energy.

For the present experiments clusters of cobalt with
n = 50 ± 5 were chosen (Fig. 1). They were de-
posited/implanted on/in a freshly cleaved surface of
HOPG in vacuum of (2–3) × 10−9 torr. Kinetic energies
varied from 250 to 4850 eV/cluster that gives mean en-
ergy from 5 to 97 eV/atom. After the cluster impact the
samples were studied by STM (Ntegra-Aura, NT-MDT)
in the constant current mode with a bias of 0.1 V using
PtIr tips. After the initial STM study the samples were
annealed at 600 ◦C for 3 min in a furnace in ambient at-
mosphere. This procedure provides effective etching of the
graphite areas damaged on the cluster impact due to their
oxidation [13]. The etched samples were studied again by
STM under the same conditions.

The simulations were carried out using classical MD.
An improved Tersoff potential [14] was used to describe
the graphite interactions, including the interlayer interac-
tion. The Co–Co interactions were modelled applying the
embedded atom method [15]. A Morse potential was used
to describe the C–Co interaction so that the equilibrium
distance was 2.0 Å and the corresponding binding energy
–1.5 eV. A rectangular simulation box (20 × 20 × 20 nm)
was chosen to be large enough to include the zone of os-
cillating graphite layers around the impact point and to
prevent boundary effects from distorting the cascades. The
ambient temperature in the simulation was 300 K. The
time of simulation was limited to 2 ps for the prelimi-
nary study. Although, the oscillations of the lattice are
not completely finished, the radiation cascade is already
developed and that allows the depth of the damage intro-
duced by the cluster impact to be estimated.

3 Results and discussion

Clusters of Co50±5 were deposited with different ener-
gies on HOPG and the corresponding STM images can
be seen in Figure 2. Figure 2a shows the HOPG surface
bombarded by the clusters with the highest chosen energy
(97 ± 10 eV/atom). Formation of radiation damaged ar-
eas which are about 2.0–2.5 nm in diameter can be seen.
The structure of these areas looks like partly filled craters
or wells. In some cases a centrally positioned bump can be
seen. This cluster energy lies in the high energetic regime
where the kinetic energy per atom is much higher than
the binding energy of atoms in the cluster, which is on
the order of a few eV according to theoretical calcula-
tions [16–18]. The clusters fragment during the impact and
come to rest in the open well that has been produced due
to the energetic impact. This scenario of energetic impact
of various cluster species with graphite was theoretically
suggested elsewhere [9,19,20].

It is known that oxidative etching of untreated
graphite at 650 ◦C can lead to formation of 1 monolayer
(ML) deep pits due to presence of defects in the very top
layer [21]. These pits are typically circular or hexagonal in
shape. The diameter depends on the etching time. It was
shown elsewhere that monomer or cluster ion implantation
followed by etching leads to the formation of deeper pits
[13]. The depth of the pits depends on the depth of the
radiation damage cascades developed by the projectiles.
Thus, the etching removes only the damaged graphite and
it should not typically attack the graphite planes below
the damaged volume. Hence, one can estimate the radia-
tion damage depth from the etching experiments.

Figure 2b shows the HOPG surface bombarded by
4.85 keV Co clusters (97 eV/atom) after the subsequent
etching. Systematic analysis shows some minor number
of pits which are 1–2 ML deep. Their shape is close to
circular. These pits can be disregarded because they are
most probably related to some natural defects in the top
layers of HOPG. The majority of pits are 3–5 ML deep
and they have a worm-like shape (Fig. 2b). The length of
these channels can reach some tens of nm. The depth cor-
responds very well to preliminary MD simulation results of
5 keV implantation of Co50 clusters into graphite showing
damage for up to 5–6 ML (Fig. 3a). However, to our knowl-
edge the worm-like shape of the pits is observed for the
first time for the case of cluster implantation. These chan-
nels most probably represent the paths of randomly mov-
ing residual Co atoms and clusters located at the bottom
of the craters after impact. High temperature increases
diffusive mobility of the cobalt clusters and they catal-
yse the reaction of atmospheric oxygen with carbon thus
favouring the formation of random in shape planar surface
channels. Similar effects were reported elsewhere on depo-
sition of various chemical substances on graphite surfaces
followed by etching [21].

Decreasing the kinetic energy to 1500 eV/cluster
(mean energy of 30 ± 3 eV/atom) leads to conversion of
the impact defects from the crater or well-like structures
towards small bumps, see Figure 2c. These structures have
a mean diameter of ∼3 nm and a height of ∼0.45 nm.
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Fig. 2. (Color online) STM images of HOPG after cluster impact with energies of (a) 97, (c) 30 and (d) 9 eV/atom. Images
(b), (d) and (f) show the corresponding samples after etching.

Fig. 3. (Color online) MD simulation snapshots (after
2 ps) of Co50 cluster impact on graphite with energies of
(a) 5 keV/cluster (100 eV/atom) and (b) 1.5 keV/cluster
(30 eV/atom).

The impact energy is still high enough to break the clus-
ters on impact but too low to form craters. Those bumps
are most probably formed by intermixture of the cobalt
atoms from the broken clusters and carbon atoms that are
displaced on the cluster impact. The etched sample (Fig.
2d) shows longer worm-like channels compared to the pre-
vious sample. Up to 2 ML have been etched away showing
that this energy is not enough to create deep damage. This
result agrees very well with the MD simulation (Fig. 3b)
showing no crater formation and the damage of 2–3 ML
of graphite. The longer channels are probably related to
the fact that the clusters are less fragmented and located
in very shallow regions that favours their higher mobility
and catalytic activity.

Further decrease of the kinetic energy down to
450–250 eV/cluster (mean energy of 9–5 eV/atom) leads
to formation of surface bumps that are very similar for all
these above energies (Fig. 2e). The bumps have a diame-
ter of 1.4–1.5 nm and a height of 0.3 nm. It was suggested

elsewhere that pinning of clusters occurs when the clus-
ter provides enough energy ET to produce a carbon atom
displacement in the substrate [9]. The developed model
yields the threshold pinning energy

Epin = nMe
ET

4MC
(2)

where n is the number of atoms in the cluster, Me is the
atomic mass of the chemical element of the cluster, and
MC is the atomic mass of the target atoms. This model
was developed for Agn clusters and HOPG and later was
proved for other clusters species [22,23]. In the model one
should consider that ET is not a constant. Experimen-
tally obtained and theoretically predicted values for the
formation of vacancies or interstitials in graphite vary be-
tween 4.75 and 7.0 eV [24]. Taking into account these
numbers equation (2) will yield a pinning window of ca.
5.8–8.6 eV/atom for Co50 clusters. This predicted interval
is in good agreement with the observation of very similar
bumps on the impact of clusters with mean energies of
5, 6, 7 and 9 eV/atom. One should also remember that
the clusters used in the experiment varied in size between
45–55 atoms that will give about 10% deviation from the
mean energy values. From the size of the bumps (diame-
ters are about 5 times larger than heights) one can con-
clude that the clusters are flattened on impact. However,
some enlargement in diameters can also be expected from
the STM tip convolution. The suggested pinning “win-
dow” of 5–9 eV/atom for the cobalt clusters is in agree-
ment with the mean pinning energy of 5.7 eV/atom sug-
gested elsewhere for Ni clusters [22]. Since Co and Ni have
very close atomic masses this fact supports the validity of
equation (2).
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Heating of the sample implanted by clusters with en-
ergy of 450 eV/cluster (9 eV/atom, Fig. 2f) at 600 ◦C
leads to the formation of circular or sometimes triangular
1–2 ML deep pits, which are probably related to natu-
ral point defects, and 1–2 ML deep worm-like channels
originated by catalytic-activated etching of the graphite
surface by moving Co clusters.

4 Conclusion

Size-selected Co50±5 clusters were deposited on HOPG
with different kinetic energies. Clusters with mean impact
energy of 4.85 keV/cluster (97 eV/atom) created radiation
damaged areas with a diameter of 2.0–2.5 nm represent-
ing partly filled craters. Oxidative etching of the sample
allowed estimating the depth of the radiation cascade de-
veloped on the cluster impact which is found to be up to
5 ML. However, in contrast to implantation of inert gas or
noble metal clusters, the residual cobalt clusters located at
the bottom of craters catalysed intensive oxidative etching
in planar directions that led to the formation of random
in shape (worm-like) channels.

Decrease of the mean cluster kinetic energy to
1.5 keV/cluster (30 eV/atom) led to conversion of the im-
pact defects from craters to small bumps. These structures
are probably formed by intermixture of the fragmented
cobalt clusters and carbon atoms. Worm-like channels
with depth of 2 ML were also observed after the etching.
Since the clusters are less fragmented compared to higher
energy implantation and they are located almost on the
surface, their catalytic activity is higher and causes much
longer etched channels.

Further decrease of the kinetic energy to 250–
450 eV/cluster (5–9 eV/atom) led to formation of surface
bumps with diameter of ∼1.4 nm and height of 0.3 nm.
Etching of these samples revealed the formation of worm-
like channels with 1–2 removed ML of graphite. Compar-
ison of the experimental results with the pinning model
developed elsewhere [9,22] suggests that the kinetic en-
ergy interval between 5 and 9 eV/atom for Co50 clusters
can correspond to their pinning on the HOPG surface and
the observed bumps are clusters that have been flattened
on impact.
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