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Bimodal Distribution in the Fragmentation Behavior of Small Antimony Clusters
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The fragment ion-yield curves for the scattering of antimony cluster cations from highly oriente
pyrolitic graphite show two clearly separated abundance maxima. On the low-energy side (#150 6

30 eV) the interaction is characterized by the unimolecular fragmentation of the clusters and b
neutralization as the competing process. The neutralization efficiency reaches a maximum at collis
energies of150 6 30 eV. Above this boundary a transition to two different processes is indicated by
a change in the fragment ion distribution. These competing processes are here the shattering and
implantation of the clusters. The threshold for implantation depends significantly on cluster size.

PACS numbers: 36.40.Qv, 34.50.–s, 61.46.+w, 68.55.Ln
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Surfaces and interfaces play a very important role
applications such as catalysis and microelectronics. T
controlled modification of these surfaces on a molecu
level is therefore a challenging task in order to synth
size materials with new and unique properties. Mass
lected clusters are very interesting in this respect, beca
their physical and chemical properties can be easily v
ied by a change of their size [1,2]. To prepare interfac
partially covered with clusters it is very important to un
derstand the processes taking place during cluster surf
interactions, which might lead to soft landing, neutraliza
tion, diffusion limited aggregation, fragmentation, sputte
ing, and implantation. All of these processes are known
be important, but detailed investigations on them are ve
rare [3–9]. Here we present data for the interaction
size-selected antimony cluster cations with highly orient
pyrolitic graphite (HOPG) over an extended energy ran
(0–600 eV) employing a new experimental setup, whic
combines the techniques of mass spectrometry and sc
ning tunneling microscopy (STM) for the elucidation of th
underlying physical processes. In particular, we will sho
that unimolecular fragmentation and neutralization a
the prevalent processes at low energy (#150 6 30 eV),
whereas shattering and implantation become predomin
in the high-energy regime. The fragmentation behavi
of the Sb81 cluster ion will be discussed as representativ
for all investigated cluster sizes Sbx

1 �x � 3 12�.
The experimental setup consists of a three stage mole

lar beam apparatus coupled to a surface science setup
a scattering and deposition stage [10]. All parts have be
designed to meet UHV requirements. Without operatio
of the molecular beam the base pressure of all chamb
is below10210 mbar. Positively charged clusters are pro
duced in a pulsed arc cluster ion source [11]. They are
rected along the surface normal in a tandem time of flig
mass spectrometer arrangement, which allows us to de
all positively charged collision products resulting from
the surface impact. Prior to these studies the (0001)-ba
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plane of highly oriented pyrolitic graphite is cleaned
by cleaving in air and heating to 600±C in UHV for
60 minutes [12]. After the mass spectrometric investig
tions the surface is transferred to a modified BEETLE-typ
STM [13] without breaking vacuum.

Figure 1 shows fragment ion yield curves for the colli
sion of Sb81 with HOPG as a function of the mean colli-
sion energy. At low kinetic energies Sb4

1 is the almost

FIG. 1. (a) Integral ion yield and (b) relative intensity of the
observed fragment ion peaks as a function of the mean collis
energy for the scattering of Sb8

1 from HOPG. The intensity
of the Sb41 fragment ion at 25 eV collision energy has bee
assigned as one.
© 1999 The American Physical Society
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exclusive fragment ion. Its intensity decreases with in-
creasing collision energy and vanishes at energies greater
than 150 eV. At energies around 100 eV a second frag-
ment ion appears, the Sb3

1. Its intensity reaches a maxi-
mum at 225 eV collision energy and then decreases down
to zero at energies greater than 300 eV. The fragment ion
yield shows a distinct minimum in the energy range be-
tween 125 and 150 eV.

To explain this behavior we first survey the low-energy
regime (below the minimum at �150 eV). The most
abundant fragment ion in this energy regime is Sb4

1. This
observation can be explained by the loss of a neutral Sb4
cluster from the Sb8

1 mother ion, which is in accordance
with the special stability of the Sb4 molecule. Its to-
tal binding energy amounts to 8.9 eV and its abundance
in the vapor above solid antimony has been found to be
greater than 90% [14,15]. Furthermore, using gas conden-
sation techniques to produce antimony clusters only clus-
ters containing a multiple of four atoms are observed [16].
With increasing kinetic energy the fragment ion distribu-
tion shifts from Sb4

1 to the smaller cluster ion Sb3
1. This

is in agreement with a sequential unimolecular decay of the
ions to form the most stable products according to the fol-
lowing reaction scheme:

Sb8
1 2Sb4

!
ED,2�1.3 eV

Sb4
1 2Sb

!
ED,3�2.7 eV

Sb3
1. (1)

The fragmentation channels given in the reaction
sequence

Sb3
1 2Sb

!
ED,4�4.2 eV

Sb2
1 2Sb

!
ED,5�3.16 eV

Sb1 (2)

have not been observed with high abundance (the disso-
ciation energies have been taken from Refs. [14,17]). In-
stead the total fragment ion yield [Fig. 1(a)] decreases and
reaches a minimum value at about 150 eV collision en-
ergy. It is well known that neutralization is an important
process in the interaction of low-energy ions with a con-
ducting surface [18–21]. So, we characterize the ion yield
behavior in the low-energy regime (below 150 eV) by the
occurrence of two competing processes: (i) sequential uni-
molecular fragmentation to form the most stable products
and (ii) neutralization of the incoming particle.

The neutralization probability increases with increasing
kinetic energy leading to almost 100% efficiency at a colli-
sion energy of about 150 eV. Such a behavior is in agree-
ment with a resonant neutralization mechanism of the
clusters and has also been observed for the interaction of
atomic and molecular ions with different surfaces [22–24].

At higher collision energies the fragment ion yield in-
creases again. In this high-energy regime Sb3

1 is almost
the only fragment ion observed. According to the reaction
scheme (2) we would expect that at these high collision
energies mainly the small fragment ions Sb1

1, Sb2
1, and

Sb3
1 should appear in the mass spectra. This poses sev-

eral questions: (i) Why do we observe almost exclusively
Sb3
1? (ii) Why is the particle charged after the neutral-

ization rate has reached almost 100% at 150 eV?
The fragmentation of the neutralized particle in this

high-energy regime is not supposed to take place in a
unimolecular decay pattern. Instead, the steep increase
in internal cluster energy acquired very rapidly in the
high-energy collision (collision time , 100 fs) will more
likely lead to a fast decomposition (shattering) of the
clusters into small fragments [5,25]. A second process is
then necessary to form the charged ions from the neutral
fragments. Because the fragmentation happens in a very
short time the neutral products are still on or very near to
the surface. These neutrals may then leave the surface as
ions with a certain probability P, which is given by the
Saha-Langmuir equation:

P �
q1

q
exp

µ
F 2 IP

kBT

∂
, (3)

where q and q1 are the partition functions for the neu-
tral and ionic cluster, F is the work function of the
surface (5 eV for graphite [26]), IP is the ionization
potential of the neutral cluster fragment, kB is the Boltz-
mann constant, and T is the temperature of the cluster.
Such a process has been observed previously for the in-
teraction of anthracene molecules with a diamond surface
[27]. From Eq. (3) we deduce that the probability for sur-
face ionization favors the formation of Sb3

1 (due to its
exceptionally low IP compared to the next smaller and
larger cluster sizes, IP�Sb� � 8.6 eV, IP�Sb2� � 8.4 eV,
IP�Sb3� � 6.61 eV, IP�Sb4� � 7.56 eV [28,29]), which
is in agreement with the experimental observation of the
almost exclusive abundance of the Sb3

1 fragment. This
model also suggests an increase in the Sb3

1 fragment ion
yield with increasing kinetic energy, and this is indeed
observed. But then the intensity of the Sb3

1 fragment
ion reaches a maximum and decreases afterwards down to
zero (cf. Fig. 1). In order to understand this trend, we in-
vestigated the surface by STM. At low collision energy
(70 eV) only the flat graphite surface [Fig. 2(a)] is ob-
served, whereas we find hillocks at high kinetic energies
[230 eV, Fig. 2(b)]. These hillocks are very stable with
time and are not influenced by the scanning motion of the
tip. We attribute these nanodots to the implantation of
the cluster into the surface: The impact leads to a very
fast heating and subsequent cooling of the cluster and the
surface atoms leaving a highly amorphous local spot at
this surface site [30]. Counting the number of nanodots
as a function of kinetic energy, we observe a clear thresh-
old for their appearance (Fig. 3). The threshold correlates
very well with the decrease in the Sb3

1 fragment ion inten-
sity and it depends significantly on cluster size. It is thus
possible to directly relate the impact energy dependent de-
crease of scattering intensity to the process of surface im-
plantation. Implantation has been observed for fullerenes
and for silver clusters at high impact energies, too [9,31].
2919
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FIG. 2. 248 nm 3 248 nm constant-current STM scan of the
HOPG surface after irradiation with Sb4

1 for one hour at
(a) 70 eV kinetic energy (bias voltage UB � 500 mV, tunnel
current I � 0.5 nA) and (b) 230 eV kinetic energy (UB �
640 mV, I � 0.5 nA). The average height of the nanodots in
(b) is 4 Å.

Similar observations as we have just discussed for the
Sb8

1 cluster have been made for all investigated cluster
sizes Sbx

1 �x � 3 12�. In summary we can separate the
interaction of positively charged antimony clusters with
HOPG in two distinct energy regimes according to the
observed phenomena: (i) low collision energy #150 6

30 eV: unimolecular fragmentation and neutralization;
(ii) high collision energy $150 6 30 eV: shattering and
implantation.

The boundary between these regimes depends only
weakly on cluster size, whereas the onset of implantation
is significantly cluster size dependent. Each of these
regimes offers a wealth of possibilities for the study of
cluster properties and for the preparation of new materials
with a controlled composition.

Financial support by the Deutsche Forschungsgemein-
schaft, the Fonds der Chemischen Industrie, and the
Humboldt-Forschungsfonds is gratefully acknowledged.
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FIG. 3. The number of nanodots per surface area for three
different cluster sizes as a function of mean collision energy.
The straight line is drawn to guide the eye. The dashed line is
a Gaussian fit to the measured intensity distribution of the Sb3

1

fragment ion in the high-energy regime. The dotted line shows
how the maximum in the Sb3

1 fragment ion yield correlates
with the onset of implantation (around 100 nanodots mm22).
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