Cluster formation in sputtering: A molecular dynamics study using the
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We report on a molecular dynamics simulation of cluster emission during sputtering of metals using
a new many-body potential developed by DePristo and co-workers. For the specific case of silver as
a sample target material, it is shown that this potential allows a much more realistic description of
small clusters than the EAM potential used in our previous work. While this has a relatively large
effect on the relative abundance of clusters within the total flux of sputtered material, other cluster
properties like kinetic energy distributions and internal excitation are found to be less affected. By
comparison with corresponding experimental data, we conclude that the formation of sputtered
silver clusters can now be almost quantitatively modeled by the simulation. © 7996 American

Institute of Physics. [S0021-9606(96)01737-0]

I. INTRODUCTION

The theoretical description of cluster formation during
sputtering of solids has been a challenging problem in sput-
tering physics for more than two decades. For a review of the
relatively large amount of related work, which has appeared
in the literature, the reader is referred to the fairly recent
review by Urbassek and Hofer.! Among the different basic
approaches used to model the emission and/or formation of
sputtered clusters, computer simulation using molecular dy-
namics (MD) seems to be one of the most promising tools to
describe the multiple many-body collision processes which
lead to the emission of a cluster. In MD, the atomic motions
of all atoms in a model crystal are followed simultaneously.
The method therefore automatically delivers the spatial and
temporal correlation between sputtered atoms which is of
great importance for cluster emission phenomena in sputter-
ing. In addition, the smooth variation of the potential gov-
erning the interaction between sputtered atoms (which may
eventually form a cluster) on their way from a solid to a gas
phase environment far away from the surface can in a natural
way be reproduced by MD, provided the functional form of
the interaction potential used in the simulation allows the
simultaneous and realistic description of a solid and small
gas phase clusters. After the early pioneering work, in which
pairwise additive potentials were exclusively employed,” !°
a number of MD studies of cluster sputtering have recently
been performed'' * using many-body interaction potentials
which, for the case of metals, were constructed by the so-
called embedded-atom method (\'EAM).23 Here, the potential
is parametrized in a relatively simple functional form, the
parameters of which are fit to reproduce the main properties
of the respective solid material. Our previous study on silver
clusters as a model system, however, revealed that the EAM
potential fit for silver significantly overbinds small Ag,
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clusters.'” The implication of this was not entirely clear at
the time being; it was argued that the effect accounted for the
significant overestimation of calculated cluster sputtering
yields'*!>!7 with respect to corresponding experimental
data,”*?7 while other properties of sputtered clusters—Iike
kinetic energy or internal excitation—may not be influenced
by the overboundedness as much. The latter assumption,
however, is not obvious since it was found that unimolecular
fragmentation of internally excited ‘‘nascent’ clusters on
their path away from the surface plays a strong role in the
formation of  experimentally detectable  sputtered
clusters.'>!>?® The kinetics of such unimolecular reactions,
on the other hand, are determined by the exact shape of the
potential hypersurface and may therefore well be influenced
by only moderate changes of the interaction potential. In the
present work, we therefore repeat the MD simulation of sil-
ver cluster sputtering using a new many-body potential origi-
nally developed by DePristo and co-workers.”® First, it will
be shown that this potential, which is partially based on some
experimental dimer data, allows a much more realistic de-
scription of small gas phase silver clusters than does the
EAM potential used in our previous work. Then, basic prop-
erties like yields, kinetic, and internal energy distributions of
nascent as well as experimentally detectable “‘final’’ clusters
(i.e., clusters which represent the stable products of unimo-
lecular fragmentation chains) will be calculated and com-
pared to those predicted by the EAM potential as well as to
available experimental data.

Ii. DESCRIPTION OF THE CALCULATION

The molecular dynamics simulation as well as its exten-
sion towards the formation and fragmentation of clusters in
sputtering has been described in great detail earlier.'**® In
short, the classical equations of motion are solved numeri-
cally for all atoms of a crystallite which in the present case
contains ~2300 metal atoms. While the interaction between
the impinging Ar" ion and the metal atoms was described by
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a conventional pair potential of the Moliere type,“’o a many-
body potential originally designed by DePristo and
co-workers>”! was used to describe the interaction between
target atoms. The functional form of this potential, which
has been termed ‘‘molecular dynamics and Monte Cario-
corrected effective medium™ (MD/MC-CEM), describes the
interaction energy of the 7/th atom A;, within a set of N
atoms as

|
AE=2 AFJ(A,-,n,v)-FEE > VelA A, 1)

In this expression, 7, is the total electron (*‘jellium’’) density
at the position of the ith atom which is calculated explicitly
from the overlaps of atomic electron densities and
Vc(A;.A}) describes the coulombic interaction of nuclei and
electrons of the atoms A; and A, which is calculated from
first principles. The crucial quantity entering Eq. (1) is the
empirical embedding function AF;, which is obtained in a
fairly complicated manner described in detail in Refs. 31 and
32. Briefly, the construction of AF, utilizes two different
sets of experimental data. In the region of high jellium den-
sity, AF, is fit to the properties (i.e., the equilibrium cohe-
sive energy and the bulk modulus) of the bulk solid. In the
region of low jellium density, on the other hand, AF; is
obtained by inverting the binding energy curve of an isolated
dimer, which, in turn, was parametrized as a Morse potential
fit to known spectroscopic constants (i.e., dissociation en-
ergy, equilibrium interatomic distance, and vibration fre-
quency). The final embedding function was then constructed
by smoothly joining the two curves in the intermediate
region.’> MD/MC-CEM potentials designed this way have
recently been used in MD simulations of the keV particle
bombardment of Ni(001), Rh(001), and Au(l11) surfaces,
where the calculated energy resolved polar angle distribu-
tions of sputtered monomers were found to compare favor-
ably with corresponding experimental data.**** In the con-
text of the present investigation, the great advantage of this
potential is that the binding energy of small clusters is repro-
duced much more realistically than by the embedded atom
method (EAM) potential which was used in our previous
work (see below). In addition, the MD/MC-CEM potential
can be directly employed for sputtering calculations, whereas
the original EAM potential had to be modified to include a
sufficiently repulsive interaction at small internuclear
separations.ll'35 In the present study, we use a potential fit to
the data of solid silver’® and of the Ag, dimer.”” The reason
for choosing this particular potential was to compare some of
the results obtained from the simulation to a relatively large
set of experimental data available on the sputtering of neutral
Ag, clusters by keV Ar”-bombardment of silver surfaces.”’

The identification and classification of sputtered clusters
was done in the same way as described in detail in Ref. 12.
Briefly, the trajectory integration of the collision cascade ini-
tiated by the impinging primary particle was terminated at a
time when the total energy of all atoms within the model
crystal had fallen below a predefined threshold value of
E;,=0.5 eV. At the highest primary ion energy of 5 keV,

about 25% of the calculated trajectories did not reach this
condition before being stopped at a maximum integration
time limit of 1000 fs, for lower bombarding energies this
fraction was much lower. Upon termination, the list of
ejected atoms obtained for a given primary ion impact was
examined for agglomerates of two or more atoms, the total
(i.e., the sum of potential and relative kinetic) energy of
which was detected to be negative. These so-called *‘nascent
clusters” consisting of n atoms were then subjected to a
stability check by evaluating their total internal energy and
comparing it to the dissociation energy £, i.e., the lowest
energy threshold

Eg=E (n=m)+E,(m)=E,n) 2)
for unimolecular decomposition reactions given by
'

M, —— M, ,+M, (m=1..n—1).

-m

The cluster atomization energies E, as given by the MD/
MC-CEM potential were determined as follows. Starting
from an arbitrary configuration of » atoms which ensured
that the total energy of the cluster was negative, the motion
of the atoms was followed by MD while simultaneously re-
moving energy from the system by a generalized Langevin
algorithm38 until the system eventually reached a frozen con-
figuration corresponding to a local minimum of the potential
surface. Then, the same algorithm was used to heat the clus-
ter to temperatures of several thousand K, where the atom
positions moved significantly and, hence, no defined cluster
geometry was present any more. After an equilibration time
of several picoseconds, the cluster was cooled down again
and another, generally different local potential minimum was
reached. This sequence of alternating heating and cooling
cycles was repeated many times until the global potential
minimum corresponding to the geometric ground state con-
figuration of the cluster could be safely identified.

Nascent clusters with internal energies above the disso-
ciation threshold were considered to be unstable and there-
fore subject to dissociation. The unimolecular fragmentation
of these clusters during their path away from the surface was
followed by further MD simulation using the same interac-
tion potential as in the sputtering calculation but omitting all
atoms except those in the nascent cluster in order to reduce
the computation time. For simplicity of the calculation, the
center-of-mass kinetic energy of the cluster was removed
prior to the simulation, but the internal positions and veloci-
ties of the atoms in the cluster at the time the sputtering
calculation was terminated were preserved. The trajectory
integration was carried on until only stable fragments re-
mained. These so-called ‘‘final’” clusters are of particular
interest, since they represent the only sputtered species
which can be detected by experiment. In very few cases,
particularly for unstable trimers with very low excess inter-
nal energy above the dissociation limit, a time limit of 500 ps
was reached before fragmentation occurred. The number of
these metastable clusters, however, was so small that their
influence on the calculated properties of sputtered clusters
can safely be neglected.
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TABLE [. Calculated total sputtering yield Y, vs the primary ion energy
for bombardment of an (111) silver single crystal surface with Ar* ions
under normal incidence. Experimental data taken from Ref. 39.

MD-Simulation Expt.
5 keV 10.5 12.8
3 keV 11.7 11.4
1 keV 5.3 5.6
500 eV 3.9
250 eV 2.5

The simulations were performed for Ar* ions normally
incident onto a silver (111) surface. Most of the calculations
were done with a primary ion energy E, of 5 keV. In order
to facilitate enough statistics to reveal properties like kinetic
and internal energy distributions of final clusters, a total of
4500 trajectories {equal to primary ion impacts) were run for
these conditions. In order to ensure that the limited size of
the model crystal does not falsify the simulation results,
some selected trajectories which resulted in very high atomic
and cluster emission yields were rerun with a larger crystal
containing approximately 10000 atoms and no significant
changes were detected. The role of E, with respect to the
formation of sputtered clusters was investigated by addi-
tional simulations employing various different values of Eg
between 250 and 5 keV. A total of 1000 trajectories were run
for each of these simulations. In all cases, the impact points
were chosen to be uniformly distributed over the smallest
irreducible surface cell.

lll. RESULTS AND DISCUSSION

Table I depicts the total sputtering yield ¥, produced by
the simulations in comparison with corresponding experi-
mental data.*” It is seen that both the magnitude as well as
the bombarding energy dependence of Y, are well repro-
duced, a finding which may provide a first quality check of
the interaction potential used.

Following the schedule outlined above, the remainder of
Sec. III is organized into three different subsections. First,
the properties of small silver clusters containing up to 10
atoms as predicted by the MD/MC-CEM potential are evalu-
ated and compared to corresponding ab initio calculations
and experimental data (where available). These results are of
importance to judge the quality of the potential with respect
to the description of small clusters. Then, the yields of sput-
tered nascent and final clusters as determined from the simu-
lations are presented and compared to existing experimental
data. The third subsection is devoted to the evaluation of
energetic properties like translational energy distributions
and internal excitation of the sputtered clusters.

A. Cluster properties

Figure 1 shows the binding energy per constituent atom
of small silver clusters which is calculated from the MD/
MC-CEM potential. The atomization energies E, entering
Eq. (2) are obtained by multiplicating these data with the
number of atoms in the cluster. The resulting values of the

T T 1 M T T T M
22+ -
— L a ]
?ql 20 A 4 -
L A ]
CE; 1.8 A v oog
© I xl 1
o 16F A u.. E
a I T .
& 14+ . .
o I A o g ]
S 12 o :
2 .l k. B MD/MC-CEM
5 o A EAM 1
= T v abinitio
o -
08 | \J + experiment
06 1 i i i ] i 1 n
2 4 6 8 10

cluster size n

FIG. 1. Binding energy per atom of Ag, clusters as calculated from the
MD/MC-CEM potential. For comparison, literature data taken from recent
ab initio calculations, (Ref. 41) experimental data, (Ref. 42) as well as the
results obtained with the EAM potential are included.

fragmentation threshold energies are presented in Table II. It
is found that practically in all cases the energetically favored
fragmentation path predicted by the MD/MC-CEM potential
is by evaporation of a monomer, a behavior which appears to
be typical for transition metal clusters.*’ With the exception
of Ag,, the dissociation threshold E,; is therefore identical
with the values given in the first row of Table II. For com-
parison, the results of recent ab initio calculations performed
for the same clusters*' as well as corresponding experimental
data collected for silver dimers and trimers*? are also in-
cluded in Fig. 1. It is seen the CEM-results agree within less
than 10% with the ab initio data, the only exception being
the trimer, where the binding energy is overestimated by
approximately 30%. Since the agreement is expected to im-
prove with increasing cluster size, we therefore conclude that
the CEM potential used here provides an excellent descrip-
tion of the bond energy of silver clusters. As is also seen
from Fig. 1, this was not the case for the EAM potential used
in our previous work, which is found to significantly
overbind the small clusters. By comparing the data of Refs.
12 and 15 with the results presented in the following subsec-
tion, we are therefore now in position to examine the role the

TABLE 1II. Threshold energies EY™ for dissociation of Ag, clusters into
Ag, and Ag,_, fragments as evaluated from the MD/MC-CEM potential.
Values are given in eV.

m 1 2 3 4 5
Ag; 1.65

Ag, 191 1.90

Ags 2.03 2.28

Age 231 2.68 2.94

Ag; 2.06 271 3.0

Agg 2.09 2.49 3.15 327

Ago 2.11 2.54 295 335

Agg 221 2.66 3.10 325 353
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cluster ‘‘overboundedness’ plays in predicting the yields
and energy distributions of sputtered clusters.

The geometric equilibrium configurations of the clusters
which correspond to the detected energetic ground state are
the same as those presented in Ref. 31 for Ni, clusters
(which were also determined using an MD/MC-CEM poten-
tial). They are also identical with those obtained for Ag,
clusters using the EAM potentiall2 and are therefore presum-
ably typical for a spherically symmetric interaction potential.
Not in all cases, however, the structure predicted here coin-
cides with that determined ab initio: In Ref. 41, the trimer is
found to be Jahn-Teller distorted from the equilateral tri-
angle, and the ground state configuration of the tetramer is
flat instead of tetrahedral. The structures of Ag, and Agg are
the same as those obtained here, and for Ags and Agg the
energetic differences between the ground state and the struc-
ture predicted by the MD/MC-CEM potential are 0.003 and
0.31 eV, respectively.

With regard to the extension towards larger clusters
(Sec. Il B), we wish to extrapolate the CEM-binding ener-
gies to clusters containing more than ten atoms. For these
species, the MD method outlined in Sec. II is not practicable,
since the number of local potential minima corresponding to
metastable cluster states rapidly increases with increasing
number of constituent atoms. We therefore chose to extrapo-
late the data of Fig. 1 by means of a simple functional form

E,(my=nUJ(1—cn™ "), 3)

which corresponds to a modified liquid drop model of the
clusters. In Eq. (3), U, denotes the sublimation energy of the
solid metal [note that the CEM potential was fit to reproduce
the respective value (3.0 eV) of silver], and the parameter ¢
is related to the surface tension of the cluster. Strictly speak-
ing, the exponent should be fixed to «=1/3, if Eq. (3) is
justified in terms of a liquid drop model. In order to obtain a
better fit to the data of Fig. 1, however, we chose to regard
both ¢ and « as fitting parameters yielding ¢=0.95 and
x=0.38, respectively. The resulting curve has been included
in Fig. 1.

B. Cluster yields

Figure 2 shows the relative yield, i.e., the partial yield
normalized to that of the monomers, of sputtered nascent
clusters as a function of the cluster size. For comparison, the
results of MD simulations performed for two different pri-
mary ion energies are shown. It is seen that the yield distri-
butions can be accurately described by a power law accord-
ing to

Yiascln)xn ™« (4

with exponents @ which increase with decreasing primary
ion energy. The same behavior was also found in our previ-
ous calculations using the EAM potential® and therefore
seems to be rather typical for nascent sputtered metal clus-
ters. As shown in Table III, however, the absolute values of
a predicted by the EAM potential are significantly lower
than those evaluated here, i.e., the EAM results largely over-
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FIG. 2. Relative yields (i.e., yields normalized to that of monomers) of
nascent clusters produced upon impact of normally incident Ar* ions onto
an Ag(111) surface vs the cluster size for two different values of the primary
ion energy.

estimate the contribution of larger clusters to the total flux of
sputtered particles. As already pointed out in Ref. 12, this
finding is not surprising due to the fact that the EAM poten-
tial overbinds the clusters and, hence, renders more candidate
aggregates of atoms with negative total energy than the CEM
potential.

In order to proceed, it is necessary to investigate the
sputtered nascent clusters with respect to their total internal
energy. As described in Sec. III C, we find broad distribu-
tions which result in a linear increase of the average internal
energy with increasing cluster size according to

E¥(n)=(1.40n—1.86) eV, (5)

nt

as displayed in Fig. 3. This finding as well as the numerical
values in Eq. (5) are almost identical with the EAM results, 2
thus indicating that the average internal energy of sputtered
nascent clusters is characteristic for the collision sequences
leading to the ejection of the constituent atoms rather than
for the binding energy of the cluster. As also seen from Fig.
3, the average internal energy of nascent clusters does not
depend on the bombarding energy Eg. This is important
since it shows that relation (5) evolves as a result of the
sputtering process instead of merely reflecting the sharing of
the primary ion energy among all atoms of the model crys-
tallite.

TABLE IIl. Power law exponent « of the yield distribution of sputtered
nascent clusters [Eq. (4)] as calculated from the MD simulation results. For
comparison, the corresponding values predicted in Ref. 15 using the EAM
potential are also given.

MD/MC-CEM EAM (Ref. 15)
5 keV 39 29
3 keV 4.0
1 keV 5.0 4.7
500 eV 6.2 5.5
250 eV 9.3 7.1
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FIG. 3. Average internal energy of nascent Ag, clusters produced upon
impact of normally incident Ar” ions of various kinetic energies onto an
Ag(111) surface. Straight line: least square fit according to Eq. (5) in the
text.

Using the calculated internal energy distribution in con-
nection with the dissociation thresholds evaluated above, we
can define a survival probability P (n) of nascent clusters
as that fraction which contains less internal energy than nec-
essary for dissociation. We find P,(3)=0.21,
P(4)=0.05, and P, (n=5)=0. This implies that about
80% of the nascent trimers, 95% of the tetramers, and virtu-
ally all of the nascent clusters containing 5 or more atoms are
unstable and will therefore fragment on their path away from
the surface. Since we have the positions and momenta of the
individual constituent atoms, we can follow the fragmenta-
tion by further MD simulation until—in the ideal case—only
stable fragments remain. In accordance with the EAM re-
sults, we find that the vast majority of the unimolecular de-
composition reactions occur on a subpicosecond or at most
picosecond time scale. The nascent clusters defined above
must therefore be regarded as transient stages during particle
emission, the properties of which will quickly evolve in time.
It should be noted that the data of Figs. 2 and 3 represent
momentary snapshots of this evolution which depend on the
particular moment at which the MD trajectory integration is
stopped (and thus implicitly on the choice of the threshold
energy value Ey, introduced in Sec. II). Although the defini-
tion and identification of nascent clusters is therefore not
entirely unambiguous, we feel that it is these species which
carry most of the information on the collisional cluster for-
mation processes in sputtering.

Among about 1000 unstable trimers (nascent or frag-
mentation products), only 5 containing extremely low excess
internal energy above the dissociation limit reached the inte-
gration time limit of 500 ps before dissociating. For tetram-
ers, the percentage of these metastable clusters was even
less, and no such event occurred for larger unstable clusters.
Since, on the other hand, there is much experimental evi-
dence for the generation of larger metastable clusters in
sputtering,”** this only means that their yields must be very
small and therefore fall below the limit imposed by the sta-
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FIG. 4. Relative yields (i.e., yields normalized to that of the monomers) of
final clusters produced upon impact of normally incident 5-keV Ar* ions
onto an Ag(111) surface. MD: results of molecular dynamics simulation
alone; MC: results of model calculation combining Molecular Dynamics and
Monte Carlo simulation as described in the text; exp: experimental data
taken from Ref. 27. Solid line: least square apparent linear fit to the calcu-
lated data termed MC.

tistics of the present calculation. Hence, we can safely ne-
glect the role of metastable species in evaluating the yield
distribution of ““final,”’ i.e., stable clusters which remain at
the end of the fragmentation chains. Due to the short disso-
ciation lifetime, practically only these particles are experi-
mentally detected as “‘sputtered clusters.”” Figure 4 shows
the results for Ep=5 keV. It is seen that the relative yield of
final clusters drops significantly faster than that of the na-
scent clusters, the largest final cluster detected in the MD
simulation being a hexamer. For comparison, recent experi-
mental data’’ on the yield distribution of Ag, clusters sput-
tered from a polycrystalline silver surface by 5-keV Ar” ions
are included in the figure. It is apparent that at least up to
Ag, the MD results calculated using the CEM potential pro-
vide an almost quantitative description of the experimental
cluster yields, a finding which is in marked contrast to the
results obtained using the EAM potential. This confirms our
earlier conclusion that the overestimation of final cluster
yields which was found with the EAM potential was due to
its overbinding of the clusters. For Ags and Agg, the total
numbers of clusters detected in the simulation (1 and 2, re-
spectively) are obviously too low to make a conclusive state-
ment.

In order to extend the prediction of cluster yields to
larger clusters as well, we apply a simple statistical model
calculation which has been described in great detail earlier.!
Briefly, the yield distribution of nascent clusters as given by
the MD simulations is extrapolated to larger aggregates by
means of Eq. (4). In a Monte-Carlo approach, the unimolecu-
lar fragmentation of nascent clusters into stable products is
then followed using statistical Rice—Ramsperger—Kassel
(RRK) rate theory® by assuming that each nascent cluster
contains a fixed internal energy as given by Eq. (5). As
shown in Ref. 15, this leads to fragmentation patterns which
are in good agreement with the MD data. The resulting dis-
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TABLE IV. Power law exponent & of the yield distribution of sputtered final
clusters [Eq. (6)] as calculated from the Monte Carlo model described in the
text for various values of the primary ion energy Ep. For comparison, the
corresponding experimental data taken from Ref. 27 have been included.

Model calculation Expt.
5 keV 4.6 53
3 keV 4.8 5.8
1 keV 6.0 7.3
500 eV 7.5
250 eV 11.4

TABLE V. Bound state fraction fi,,.q, i.€., fraction of sputtered atoms
which are detected as part of a final cluster, for bombardment of an Ag(111)
surface with normally incident Ar" ions of different energies. Experimental
data taken from Ref. 27. Values are given in percent.

MD-Simulation Expt.
5 keV 19.6 373
3 keV 18.9 32.9
1 keV 12.4 24.0
500 eV 12.6
250 eV 7.1

tribution of final cluster yields is also included in Fig. 4.
First, it is seen that for n<4 the model calculation agrees
well with the original MD results and, hence, provides an
essentially correct description of the fragmentation pro-
cesses. Second, we find that only for the case of dimers the
deviation between calculated and measured cluster yield
slightly exceeds a factor of 2. In view of the large yield
variation by roughly four orders of magnitude, we consider
this a very good reproduction of the experimental cluster size
distributions. This finding is of special importance, since to
our knowledge no alternative model exists to date which is
capable to describe the power law yield distributions which
have been determined experimentally for a variety of differ-
ent ion-target systems*®*’ and must therefore be regarded as
a general feature of metal cluster sputtering. If we fit a power
law

Yﬁnal(”)mn_(S (6)

to the yield distributions calculated here, we obtain expo-
nents & which are listed in Table IV together with the corre-
sponding values extracted from experimental data.”’ It is evi-
dent that the strong dependence of the yield distribution on
experimental parameters like the nature or energy of the im-
pinging primary ion which is observed experimentally is
clearly reproduced by the simulation. Interestingly, compar-
ing the values of Tables III and IV, one finds a constant ratio
of 1.2 between the exponents & and a. Although the numeri-
cal value was somewhat different (1.3), this was also ob-
served in our earlier EAM study and therefore seems to be a
rather general result. The physical origin of this correlation is
unclear at the present time. It can, however, provide a means
to gain information on the yield distribution of sputtered na-
scent clusters which is otherwise unaccessible by experi-
ment.

From the data of Fig. 4, the total fraction fy,.,q4 of sput-
tered atoms which are detected as part of a final cluster can
be determined. The results are depicted in Table V for dif-
ferent values of the primary ion energy. It is seen that fi,,,nq
decreases with decreasing £, a trend which is in accordance
with the experiment.”’ However, the calculated values of
Fooung are about a factor of 2 lower than the experimental
values which are also displayed in Table V.

C. Energy distributions

The kinetic, i.e., center-of-mass energy distributions of
final clusters as evaluated from the MD simulation at Ep=5
keV are shown in Fig. 5. Comparison with the corresponding
experimental data reveals agreement in the region above 2
eV but deficiencies of low energy clusters in the calculation.
Whether this discrepancy is due to problems with the simu-
lation or with the experiment is not clear at the present time.
We note, however, that the distributions calculated here are
in close agreement with our previous results'' (dimers only)
as well as with those calculated by Betz and Husinsky'” for
sputtered Cu,, clusters, both of which were obtained using an
EAM interaction potential.

A point of great interest concerns the internal energy of
sputtered clusters. Corresponding data for nascent clusters
has already been presented in Fig. 3. Assuming a thermal
distribution of excited states, relation (5) can be converted
into internal temperatures T, . Since the average energy con-
tained in a vibrational and rotational degree of freedom
amounts to k7T, and (1/2)kT;, , respectively, for nonlinear
clusters larger than dimers, the internal energy is to a first
order approximation given by
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FIG. 5. Kinetic energy distributions of final clusters produced upon impact
of normally incident 5-keV Ar™ ions onto an Ag(111) surface. Solid lines:
experimental data taken from Ref. 27.
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FIG. 6. Internal energy distribution of nascent clusters produced upon im-
pact of normally incident 5-keV Ar™ ions onto an Ag(111) surface.

Ein(n)=[(3n—6)+ 3]kTy,. %)

Note the similarity between Egs. (5) and (7), which in-
dicates an internal temperature of T, ~5400 K regardless of
the cluster size. Figure 6 shows the related internal energy
distributions of nascent clusters. Unfortunately, an experi-
mental verification of these data appears to be extremely dif-
ficult if not impossible. Figure 7 therefore shows the calcu-
lated internal energy distribution of final dimers, trimers, and
tetramers which can in principle be compared to experimen-
tal data. As expected, the distributions fill the complete in-
terval between zero and the dissociation limit, thus indicating
that many rovibrational states of the clusters are populated.
For the case of dimers, we can explicitly calculate the popu-
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i T~ Ag,]
05 ]
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FIG. 7. Internal energy distribution of final clusters produced upon impact
of normally incident 5-keV Ar™ ions onto an Ag(111) surface.

6005

yield

FIG. 8. Ro-vibrational population of dimers (nascent and fragmentation
products) produced upon impact of normally incident S-keV Ar™ jons onto
an Ag(111) surface. The data have been histogrammed into slots of 10 and
70 vibrational and rotational quantum numbers v and N, respectively, in
order to reduce the statistical noise.

lation of rotational and vibrational levels by a straightfor-
ward quantization scheme described in detail in Ref. 11. The
resulting rovibrational distribution of sputtered silver dimers
is shown in Figs. 8 and 9. In order to improve the statistics,

c o =
o)} e} o
T T
I !

T,i,= 3100 K ]

o
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—
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relative yield

o

()
—
L

0 L 1 "
0 20 40 60

vibrational quantum number
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FIG. 9. Rotationally integrated vibrational (a) and vibrationally resolved
(0=v=10) rotational (b) population distribution of Ag, dimers (nascent and
fragmentation products) detected upon impact of normally incident 5-keV
Ar" ions onto an Ag(I111) surface. Solid lines: Bolizmann fits using the
indicated population temperatures and spectroscopical constants of the
ground state silver dimer taken from Ref. 50.
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the data in Fig. 8 have been histogrammed into slots of 10
and 70 vibrational and rotational quantum numbers v and N,
respectively. In Fig. 9(a), each data point was evaluated by
adjacent averaging of the rotationally integrated population
between v—1 and v + 1, whereas the data of Fig. 9(b) corre-
sponds to the first row of Fig. 8 (0<v <10). [The reason for
not averaging the distribution of Fig. 9(b) over all vibrational
quantum numbers is that the rotational distribution is ex-
pected to change with increasing vibrational excitation: at
high v the N-distribution must necessarily be cut off at high
N due to the dissociation limit of the molecule.] It is seen
that the population of both vibrational and rotational states
can be very accurately approximated by quasi-thermal, i.e.,
Boltzmannlike distributions with, however, different rota-
tional and vibrational temperatures T, and 7T.,, respec-
tively. From the data depicted in Fig. 9, we find 7,,,=5900 K
and 7 ;,=3100 K in close agreement with our previous EAM
data.'""* A closer look reveals that T, exhibits a slight in-
crease with increasing vibrational quantum numbers, the ef-
fect, however being fairly small (<30%) and at high v num-
bers of course limited by the dissociation threshold of the
molecule. We note that the population temperatures deter-
mined here are in very good agreement with corresponding
experimental data®® yielding values of T,,=6700 K and
T,,=2700 K. We note also that, although dimers a priori
cannot undergo unimolecular fragmentation reactions as de-
scribed above, the dissociation of larger clusters may signifi-
cantly contribute to the total distribution of dimers detected
far away from the surface. In the example of Fig. 8, for
instance, 25% of the total dimers are constituted by fragmen-
tation products which, in turn, exhibit significantly lower in-
ternal temperatures (7',,=2700 K, T,;=1900 K) than the
nascent dimers (7,,=7400 K, T;,=4100 K).

For the larger clusters, the spectroscopy becomes ex-
ceedingly complicated, therefore, we did not attempt a de-
tailed rovibrational analysis. It is apparent that with growing
cluster size the role of rotation with regard to the total inter-
nal energy becomes negligibly small due to the rapidly in-
creasing number of vibrational degrees of freedom. An ex-
perimental verification of the energy distributions depicted in
Fig. 7, although in principle feasible, is still lacking. Data on
sputtered neutral Ag,, Age, and Agg, although of somewhat
preliminary nature, indicate that an abundant fraction of the
detected clusters possess internal energies in excess of 0.25,
0.75,and 0.7 eV, respective]y,48 a finding which is consistent
with the results presented in Fig. 7. We like to stress again
that experimental detection schemes basically provide infor-
mation on final clusters. In principle, it would be of great
interest to determine the time evolution of the mass and in-
ternal energy distribution of sputtered clusters as they move
away from the surface. At least the late stages of the unimo-
lecular fragmentation chains might be tractable, since, as dis-
cussed above, a small fraction of the clusters will at some
time become metastable on time scales larger than that stud-
ied here. In a series of experiments, Dzhemilev and
co-workers?® have investigated the unimolecular fragmenta-
tion of sputtered ionic metal clusters (Ta; and Nb, ) on time
scales ranging down to the nanosecond range. Unfortunately,

in our simulation practically all of the clusters containing
more than 4 atoms have completely decomposed into stable
products before that time, and therefore, presumably due to
statistical limitations, no overlap between the experimental
data and the MD simulation exists. However, by extrapola-
tion of the measured fragmentation rate data towards the pi-
cosecond time range, the authors of Ref. 28 claim to have
verified our prediction of an internal energy of the order of 1
eV per constituent atom within nascent clusters.*’

IV. CONCLUSION

We have used a new many-body interaction potential
(MD/MC-CEM) to simulate the formation of clusters during
sputtering of solid silver by molecular dynamics. It is shown
that the MD/MC-CEM potential, which is fit to properties of
the target material in both solid and diatomic environments,
allows a much more realistic description of small clusters
than the EAM potential used in our previous investigations.
As a consequence, the significant overestimation of cluster
yields which had been observed earlier is removed in the
present calculations, and the contribution of clusters to the
total flux of sputtered material can now be described in al-
most quantitative agreement with experimental data. The
predictions with respect to kinetic and internal energy distri-
butions of sputtered clusters are not very different from to
those obtained with the EAM potential, suggesting that the
energetic properties of sputtered clusters are less affected by
the absolute well depth. Interestingly, for all nascent clusters
regardless of size we find internal temperatures around 5400
K, which rapidly decrease by evaporative cooling mecha-
nisms as the clusters move away from the surface, until at
times of the order of picoseconds after the emission practi-
cally only stable fragments remain. In all cases where calcu-
lated properties are compared to corresponding experimental
data, we find agreement on an at least semiquantitative level.
In our opinion, this result is the more impressing since the
experimental data were exclusively collected on polycrystal-
line targets, whereas the MD simulation naturally refers to a
perfect single crystal (111) surface. Keeping this in mind, we
arrive at the conclusion that molecular dynamics simulation
in combination with the modern many-body potentials which
are now available provides an excitingly accurate tool to de-
scribe the formation of clusters in sputtering of metallic sur-
faces.
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