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Classical dynamical calculations of the momentum diss
cate that the experimentally observed cluster species form

accurate cluster yields.

Molecular cluster ions are frequently observed to
be emitted from a variety of samples exposed to S00—
30 000 eV ion bombardment [1]. The mechanism of
formation of these cluster ions is important if they are
to be utilized to determine the structure of solid sur-
faces [2]. Two basic approaches have been proposed
to explain how these species evolve. One possibility in-
volves the direct ejection of contiguous surface atoms
by concerted motion of the atoms in the cluster [2,3].
A second mechanism is that the clusters establish their
identity over the solid and are not necessarily formed
from contiguous surface atoms [4,8].

We have recently been examining the ion impact
event theoretically using a classical dynamical method
to determine the positions and momenta of all the
particles in a 240 atom model microcrystallite [6]. In
a series of articles devoted to cluster formation [7-11],
we have found that the recombination mechanism do-
minated the process when the cluster does not have a
special molecular identity in the solid. This situation
would exist for example, for the clusters observed from
clean metals and from metal surfaces covered with
atomic adsorbates. It would not apply, however, to mo-
lecular adsorbates. For CO on Ni (100), our calcula-

tions show that ~ 80% of the CO molecules gject in-
tact, but that NiCO clusters form by a recombination
of Ni and CO above the surface [11,12]. It has been
suggested [3] that a consequence of the recombina-
tion mechanism is that the intensity of clusters of n
atoms, /, , should increase as the nth power of the
yield Y of ejected monomers,

L U (1)

where n < 3,

In this letter, we examine the predictions of our
model as compared to the intuitive predictions of eq.
(1). Of particular interest is the evaluation of the no-
tion that if the dimer or trimer yields do not follow
eq. (1), then the recombination mechanism must be
incorrect.

To accomplish this goal, we have calculated the de-
pendence of cluster yields on the primary ion kinetic
energy over the range of 600 eV to 20 keV. This varia-
tion should significantly alter the momentum deposi-
tion process and the resulting sputterring yield so that
the cluster yield should vary in a predictable fashion.
The calculations are performed for the primary ion at
normal incidence to the (11 1) face of the microcrystal-
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lite. To compute the forces, we have used pair poten-
tials appropriate for the Cu—Cu and Ar—Cu interac-
tions [6]. However, the results should be directly com-
parable to any fcc metal if ratios of yields are consi-
dered [9]. The detailed calculational procedures and
the method have been described previously [6,8]. To
insure that the microcrystallite is large enough to con-
tain all the processes that lead to the ejection of atoms,
we have expanded its size to 90 atoms/layer with 4
layers. This expansion is only necessary if the primary
ion kinetic energy is greater than 1000 eV. We find
that 4 layers are sufficient to describe all the ejection
processes.

The calculated results for the Cu,/Cu ratjo and the
Cu;/Cu ratio as a function of the primary jon energy
are shown in fig. 1. Of special interest is that the
Cu,/Cu ratio is not grossly different from the monomer

Cuy/Cu

YIELD

NORMALIZED

0.4

!
I

1 i 1 X 1 L

2 4 6 8 10 20
ENERGY (keV)

Fig. 1. Computed yields for Cu, Cuy/Cu and Cu3/Cu versus
primary ion kinetic energy. For the top panel, the solid line

is the normalized Y for Cu where the points are the computed
values for Cu;/Cu. I'or the bottom panel, the solid line is the
normalized Y2 and the points are the computed values for
Cu3z/Cu. The calculation was performed for Ar* at normal
incidence to the (111) face. The error bars show a conservative
measure of the standard deviation, based on the square root
of the number of clusters found. The error bars on the curves
for Y and Y2 are less than 5% of the normalized values. All
curves are normalized to their peak value.
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yield curve, except at the lowest energies. The Cu,/Cu
ratio at 600 eV and at 3000 eV are equal, even though
the Cu yield has nearly doubled. On the other hand,
the Cu;/Cu ratio deviates considerably from the square
of the yield curve and is in significant disagreement
with eq. (1).

It is possible to gain some insight as to why eq. (1)

is an oversimplification of the description of the clus-
ter formation process by an analysis of the individual
trajectory events. Of most significance to cluster for-
mation is the distribution of the number of ejected
atoms resulting from the single ion impacts. This dis-
tribution is shown in fig. 2 for 20 keV and 1.2 keV
primary ions. These kinetic energies are particularly
appropriate since the monomer yields are calculated to
be identical. The important point is that there are more
high yield impact points at 1.2 keV than at 20 keV.
At 1.2 keV, the most probable number of ejected
particles is 10, while at 20 keV the most probable num-
ber is only 6. As we have shown previously, it is the
number of ejected atoms on any given impact which
should form clusters following eq. (1) [9]. This result
explains why the Cu,/Cu ratio is three times higher at
1.2 keV than at 20 keV even though the monomer
yields are the same. Qur conclusion is that the mono-
mer yield is an average macroscopic quantity and is not
sufficient for a description of the probability of fin-
ding particles near each other above the surface during
a given impact event.

It would be of direct interest to test these concepts
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Fig. 2. Computed frequencies for the number of atoms sput-
tered per incident ion (ASI). (a) is for 1.2 keV Ar* and (b)
is for 20 keV Ar*. The highest frequency in curve a corres-
ponds to 34 trajectories.
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Fig. 3. Normalized cluster yields versus primary ion energy.
(a) is the Cu yield curve and is identical to that shown in fig.
1. (b) is the computed Cu;/Cu, ratio. (c) is the experimen-
tally measured Ni;/ Ni; ratio for Ar* bombardment of a clean
Ni(111) crystal. All curves are normalized to their peak value.

on experimentally measured cluster intensities. To
date, a small amount of data is available for the forma-
tion of ionic clusters as determined by secondary ion
mass spectrometry (SIMS). These ionic yields have
been successfully compared to the calculations of
neutral species if ratios of the yields are compared. For
example, calculated yields for Cu2/Cu agreed with
measured values for Ni§ {Ni* when the yields were
compared between the three low index crystal planes
[9]. This ratioing procedure apparently minimized suf-
ficiently the influence of the details of the interaction
potential and ionization probabilities.

In fig. 3, we compare the calculated values of the
Cus3/Cu, ratio to experimentally obtained values for
Niy /Ni; from a clean Ni(111) crystal surface. This
ratio was chosen since it has been suggested [3] that
the monomer yields are anisotropic while the dimer
and trimer yields are generally isotropic *!. The Ni
surfaces were prepared and cleaned as indicated pre-
viously [13] and were always examined with a dose
of Ar* of less than 1014 jons/cm? before re-annealing
the surface at 1000 K. The agreement between these
measurements and the calculations is strikingly good.
In addition, both of these curves deviate significantly
from the calculated monomer yield curve.

In conclusion, we believe that when the cluster

#1 Recent measurements from our laboratory indicate that
this assumption may not be valid.
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species does not have a special molecular identity in
the solid that it forms by a recombination mechanism
above the surface plane. As related to this conclusion,
we have shown that the intuitive application of eq. (1)
to test this mechanism is a good zero order approxi-
mation, but can lead to difficulty if detailed calcula-
tions are made. For example, we believe recent results
presented for Si}: clusters [3] are in no way inconsistent
with the recombination mechanism and certainly do
not prove that the clusters form by an intact ejection
process. Finally, we have presented some preliminary
experimental results which are in excellent agreement
with the quantitative predictions of our recombination
model.
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