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Abstract

The abundance distribution of neutral Cun clusters sputtered by 5 keV Ar impact from a polycrystalline Cu surface is

measured using single-photon laser post-ionization. Molecular dynamics computer simulation is used to gain insight

into the cluster sputtering process. Three di�erent codes and two potentials are used to check the sensitivity of the re-

sults on numerics and physical input. Di�erences in the results obtained by the various codes and the di�erent potentials

used are discussed. While the total sputter yield is consistent with experiment, the fraction of atoms bound in clusters,

and in particular the dimer fraction, are overestimated by at least a factor of 4. This is also true for a many-body po-

tential which has been ®tted to describe both bulk Cu and dimers. In detail, the simulation shows that larger clusters are

emitted at later times from the target. Clusters originate mainly from regions of the surface, which are around the melt-

ing temperature of bulk Cu. Large clusters are emitted preferably from ion impacts with a high individual sputter yield.

Finally, we simulate sputtering from a model Cu material with an arti®cially decreased cohesive energy. Here, drastic

high-yield events (up to Y� 78) can be observed, which produce clusters abundantly. Ó 1998 Elsevier Science B.V. All

rights reserved.

PACS: 79.20.Rf; 36.40.Qv

1. Introduction

It has been known for a long time that large
clusters can be sputtered when bombarding metals
by energetic ions [1]. The investigation of large

cluster emission processes gained new importance
in recent years, when the development of new ex-
perimental techniques made possible the quantita-
tive determination of the neutral cluster abundance
distribution up to large clusters [2,3]. Apart from
the identi®cation of large clusters in the ¯ux of
sputtered particles ± which appears to be limited
by the experimental resolution rather than by clus-
ter formation ± the main experimental ®nding [3] is
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the power-law decay of the abundance distribu-
tion:

Yn � nÿd; �1�
where n denotes the number of atoms in the clus-
ter, Yn denotes the yield of n-mers and the abun-
dance exponent d is inversely correlated to the
total sputter yield. Since statistical cluster forma-
tion mechanisms [4] would predict an exponential
rather than a power-law distribution, this experi-
mental ®nding demonstrates our lacking under-
standing of the basic mechanisms in large cluster
emission during sputtering.

In the present publication, we investigate clus-
ter emission from Cu. Speci®cally, we use 5 keV
Ar� impact on Cu. Our experimental method is
di�erent from the one used by another group
[5,6] previously, and complements it. We accompa-
ny the experiment by molecular dynamics (MD)
computer simulation, since this method allows us
to gain information on quantities which are yet un-
observable experimentally. Thus, we can investi-
gate the temporal structure of cluster emission,
and can correlate the energy density (``tempera-
ture'') of particular surface areas to the size of
the clusters emitted. Furthermore, we shall investi-
gate the sensitivity of the simulation results on the
interatomic potential used, and also on numerical
details of the coding.

2. Experiment

While the MD simulations naturally deal with a
single-crystal target, the experiments were per-
formed on a polycrystalline copper sample which
was bombarded with 5 keV Ar� ions incident un-
der 45°. The setup used to determine the yields of
sputtered clusters has been described in great detail
elsewhere [7]. Brie¯y, the neutral clusters emerging
from the surface are post-ionized by an intense
pulsed laser beam directed closely above and
parallel to the sample surface, and the photo-ions
generated this way are detected by a re¯ectron
time-of-¯ight mass spectrometer. As an important
feature of the technique, photoionization of the
clusters is accomplished by a single photon
absorption (SPA) scheme in order to minimize

photon induced fragmentation. In contrast to pre-
vious experiments by Coon and co-workers [2,5],
who used an ArF excimer laser with a wavelength
of k� 193 nm and a photon energy of hm� 6.4 eV,
we have employed an F2 laser operating at k� 157
nm corresponding to hm� 7.9 eV. As a conse-
quence, in our experiments all sputtered species
(Cu atoms as well as all Cun clusters) are ionized
by SPA, whereas in Ref. [2] the ionization of atoms
and dimers had to be performed using resonant
multiphoton absorption schemes. Moreover, the
ionization potentials of Cu4, Cu6 and Cu8 are
known to be above 6.4 eV [8], and, hence, ques-
tions arise regarding the quantitative interpretat-
ion of the respective signals measured with this
photon energy. It is important to note that deliber-
ately the ionization laser was not tightly focused.
Instead, the lateral dimensions of the laser beam
were matched to the geometric volume accepted
by the mass spectrometer (approximately 1 mm di-
ameter) in order to eliminate laser intensity depen-
dent variations of the e�ective ionization volume.
As shown in Fig. 1, under these conditions the la-
ser intensity dependence of the measured ion sig-
nals (i.e. the integrated mass peaks) can be
accurately ®tted by the theoretical saturation be-
havior

S�PL� � Ssat 1ÿ exp ÿ r
PL

hm
Dt

� �� �
; �2�

where r denotes the single photon absorption
cross-section, PL is the laser intensity and Dt is
the duration of the laser pulse. The saturated sig-
nals Ssat determined from the ®ts can be taken as
representative of the number density of the respec-
tive sputtered neutral species within the ionization
volume. In order to convert to yields, i.e. sputtered
¯uxes, these signals must be divided by the average
inverse emission velocity of the sputtered particles.
Assuming similar kinetic energy spectra of sput-
tered atoms and clusters, this quantity should scale
with the square root of the cluster size n, and the
correction was therefore performed by dividing
the saturated signals by n0:5. Fig. 2 shows the re-
sulting abundance distribution as a function of
the cluster size. As discussed in detail elsewhere
[7,9], our experimental setup allows us to deter-
mine the yields of charged clusters under the same
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conditions as the sputtered neutrals by simply
blocking the ionization laser beam. From such da-
ta, it is found that the yields of secondary ions are
in all cases negligibly small (of the order of 1% or
below) compared to those of the corresponding
neutral species. As a consequence, the distribution
depicted in Fig. 2 closely represents the total clus-
ter yields regardless of the emission charge state.
Apparently, this distribution can be approximated
by Eq. (1) with an exponent of d� 6.7; cf. Table 1,
where the relevant experimental and simulational
results are collected. This value is slightly lower
than that determined in Ref. [5] (d� 7.8). A similar
®nding has been obtained for other metal systems
[10] , where the cluster abundance exponent deter-
mined with 157 nm radiation was always lower

than that determined with 193 nm, thus indicating
a small amount of photofragmentation at the low-
er ionizing wavelength. The relative dimer yield de-
termined here is 2% as opposed to a value of 1%
given in [5]; at the largest cluster size detected here
(n� 8), the yield di�erence amounts to approxi-
mately a factor of 10. The total fraction of sput-
tered atoms which are emitted in a bound state
amounts to 4.1%. Note that the experiment of
Ref. [5] was performed at perpendicular incidence,
while in the present experiment, ions impinged at
45°. It should be kept in mind that ± due to the un-
known role of SPA induced fragmentation ± the
yield values determined by saturated single photon
ionization must in any case be regarded as lower
limits to the true cluster yields. We furthermore

Fig. 1. Laser intensity dependence of signals measured for post-ionized Cu atoms and Cun clusters sputtered from a polycrystalline Cu

sample by Ar� ions of 5 keV impinging under 45°. Ionizing laser operated at k� 157 nm (hm� 7.9 eV).
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note that a di�erent postionization scheme, such as
electron impact ionization, appears to indicate
higher cluster abundances, for still unclear reasons
[11].

The total sputter yield of 5 keV Ar ® Cu(111)
has been measured previously at normal incidence
to be around 9, while it is only 5 for a polycrystal-
line target [12]. These data have, however, been ta-
ken under dynamic conditions, and may hence be
di�erent from the yield under the static conditions
which we employ in the present investigation, due
to the following reasons: On the one hand, a sput-
ter±roughened surface has been measured to give a
smaller sputter yield; this fact has been interpreted
to be due to a decreased near-surface deposited en-
ergy [13]. On the other hand, molecular-dynamics
simulations show a sputter yield increase on a
roughened surface due to the decreased surface
binding [14].

3. Simulation

The simulation crystallite consists of 6714 at-
oms arranged in nine layers. 400 individual Ar
ion impacts are investigated; the ions impinge in
normal direction onto randomly selected impact

Table 1

Experimental and simulation results for 5 keV Ar sputtering of Cu

Ytot t� 1 ps ®nal

Y2/Ytot(% ) f(%) d Y2/Ytot(% ) f(%) d

Expt. (poly) (poly): 5 ± ± ± 2.0 4.1 6.7

(111): 9 a

Simul. (111)

TB-KL 14.1 11.5 38.6 3.7 14.0 36.3 4.5

TB-W 13.9 12.4 40.2 3.6 14.9 38.3 4.5

CEM 13.2 6.8 22.2 4.3 8.9 20.1 5.3

Pseudo-Cu

strong 6.8 11.2 32.2 3.9 12.6 31.4 4.3

weak 24.8 11.2 40.5 3.3 14.5 36.5 4.7

Polycrystalline Cu was used in the experiment; a (111) surface in the simulation. The results for t� 1 ps are obtained at the end of the

simulation time, the ®nal results include fragmentation occurring in vacuum after sputtering. The three di�erent codes TB-KL, TB-W

and CEM are described in the text. The results for strong and weak Cu have been obtained with the TB-W code and correspond to an

arti®cial Cu species, the cohesive energy of which has been doubled or halved, respectively, with respect to natural Cu.
a Ref. [12].

Fig. 2. Experimental cluster abundance distribution of Cun-

clusters sputtered by 5 keV Ar impact from polycrystalline

Cu as obtained in this work.
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points in a symmetry reduced impact triangle in
the middle of the crystallite surface. Choosing nor-
mal impact direction implies a signi®cant saving in
computer time in comparison to oblique incidence,
since we do not have to average over the impact
azimuth. The target surface is chosen to be a
(111) surface, since this maximizes the sputter
yield. All surfaces of the crystallite are modeled
to be free; the crystal is not relaxed before ion im-
pact. The simulation proceeds until 1 ps after the
ion impact. A molecular-dynamics post-processor
follows the evolution of the sputtered clusters for
another at least 100 ps in order to detect metasta-
ble cluster fragmentation.

Three di�erent molecular dynamics simulations
have been performed, in order to check the sensi-
tivity of the results on the potential used and on
the di�erently computer-implemented numerics.
The three codes agree in all the physical speci®cs
given above; furthermore, the location of the 400
impact points have been chosen identically. Two
of the codes used a many-body potential of the
tight binding form [15], splined to the high energy
ZBL-potential [16]. This potential has been ®tted
to bulk properties of Cu and overestimates (by
30%) the Cu2 dissociation energy; this is typical
of this form of potential, and also shows up with
the so-called EAM potential [17]. These two codes
will be called TB-KL and TB-W in the following.
The third code uses the so-called MD/MC-correct-
ed e�ective medium (CEM) potential developed by
DePristo et al., which has been ®tted not only to
reproduce the bulk properties of Cu but also those
of Cu dimers [18]. The high-energy repulsive Cu±
Cu pair interaction is inherently included in the
CEM scheme. This code will be called CEM for
short in the present communication. We note that
both the TB codes [19±24] and the CEM code
(SPUT 93) [25±30] have been used previously for
the investigation of cluster emission during sput-
tering. We compare in Table 2 the total binding
energies of Cun clusters as obtained in the TB
and CEM potentials with experiment and ab initio
data. It is seen that the CEM potential describes
the cluster binding energies considerably better
than the TB potential; this is due to the fact that
the dimer dissociation energy has been used for
the construction of the CEM potential. However,

even for this potential, the trimer binding is over-
estimated by 30%.

Besides the di�erent potentials used, the three
codes di�er in various aspects of their detailed im-
plementation; this is unavoidable, in particular in
the case of the CEM code with its long history
[31]. Of particular relevance to the present study
appears to be the de®nition of sputtered particles:
In both TB codes, all those atoms and clusters are
de®ned as sputtered which have lost contact with
the bulk Cu target in the sense that they are out-
side the cut-o� radius rc of the potential of all
Cu atoms in the bulk target; in the present poten-
tial, rc� 4.7 �A. In the CEM code, only particles
which are at least 6.5 �A away from the surface
are considered potential candidates for sputtering,
due to the longer range of the CEM potential. This
feature leads to a slight but systematic underesti-
mation of the CEM sputter yield in comparison
to the TB sputter yields (see below). Another dif-
ference occurs in the fragmentation post-proces-
sor. In both TB codes, it simulates fragmentation
processes occurring within 100 ps after sputtering;
after this time, in fact the vast majority of metasta-
ble clusters have fragmented. In the CEM code, on
the other hand, possible fragmentation events are
monitored until 500 ps after sputtering. Then all
clusters are stable with the exception of a few trim-
ers; since they have only one decay channel, they
are forced to fragment into a dimer and an atom.

Fig. 3 shows the cluster abundance distribution
calculated by these codes, and Table 1 gives perti-
nent quantitative data on the total sputter yield
Ytot, the dimer fraction Y2/Ytot, and the bound at-
om fraction

f � 1ÿ Y1

Ytot

: �3�

Table 2

Comparison of the total binding energy of Cun clusters, as cal-

culated in the tight-binding and the CEM potential to experi-

mental or ab initio data taken from Ref. [34] (energies are

given in eV)

n� 2 n� 3 n� 4 n� 5

TB 2.64 5.10 7.87 10.53

CEM 2.05 3.99 6.31 8.54

Expt./ab initio 2.08 3.05 5.89 7.93
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The total sputter yields agree nicely between the
three simulations. This is reassuring; since the
sputter yield depends on both the energy deposited
in the vicinity of the surface ± and hence on the
high-energy repulsive interaction potential ± and
on the surface binding energy ± and hence on the
bulk attractive potential ±, the agreement between
the sputter yields shows that the potentials used in
the simulation satisfactorily reproduce both the
physics involved in the collision cascade and in
the (atomic) emission event. The two tight-binding
calculations agree also in the details of the cluster

abundance distribution. Since these two calcula-
tions are based on the same physical input, but
have been coded completely independently, this
agreement demonstrates the trustworthiness of
both codes. However, if beyond average values
also the results of individual trajectories are con-
sidered, discrepancies are seen, which will be dis-
cussed in Appendix A.

The CEM code in contrast shows di�erences in
the cluster production, which are mainly charac-
terized by a smaller bound atom fraction and di-
mer yield. This is possibly due to the more
realistic modeling of the dimer dissociation energy
(cf. Table 2); the smaller dissociation energy
adopted in the CEM potential might lead to a
smaller cluster fraction. Another possibility would
be that this di�erence in cluster abundances is due
to the di�erent detection mechanism adopted. In
order to di�erentiate between these two possibili-
ties, we performed the following two analyses on
the data obtained by the TB-KL simulation: First,
we checked for the number of dimers sputtered
with an internal energy above the experimental
dissociation threshold, 2.08 eV, ± but of course be-
low the dimer dissociation energy in this potential,
2.64 eV ±; since this were only 17%, this small
number appears to indicate that the overbinding
of the TB potential is only partly responsible for
the high dimer yield in this potential. Secondly,
we attempted to imitate the sputtered particle de-
tector of the CEM code in the TB-KL code; to this
end, we count only those atoms as sputtered, which
are farther away from the surface than 6.5 �A; if
these atoms are part of a cluster, with some atoms
possibly closer to the surface, we nevertheless
count the whole cluster as sputtered. Using this de-
tector, the total sputter yield drops from 14.1 to
13.5, and is hence very close to the CEM sputter
yield of 13.2. However, both the dimer fraction
and the bound atom fraction are virtually un-
changed. This proves that the by a factor of 2
smaller cluster yields in the CEM code are not
due to a di�erent detection scheme. Thirdly, we
performed another set of sputter simulations using
a modi®ed tight-binding potential, in which we ®t
to the Cu2 dimer dissociation energy ± as a conse-
quence, total cluster binding energies up to n� 6
are within 1% of the CEM values (Table 2).

Fig. 3. Calculated cluster abundance distribution for Cun-clus-

ters sputtered by 5 keV Ar impact from Cu(111) with three dif-

ferent codes immediately at the end of the simulation time t� 1

ps, (a), and after the fragmentation of metastable clusters in

vacuum (b).
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We now use a larger cut o� radius rc� 6.2 �A,
comparable to the CEM potential, and also let
go the potential smoothly to 0. As a result, we ob-
tain a total sputter yield of 13.4. This is smaller
than the tight-binding results and compares well
with the CEM data. The reason appears to be that
the larger potential cut o� gives a systematically
smaller yield; also we have a somewhat larger sur-
face binding energy than the previous tight-bind-
ing calculation due to the smooth cut o�. In
contrast, however, all cluster data, such as the di-
mer fraction (12.5%), the bound atom fraction
(43%) and the abundance exponent d (3.4) agree
well with the results obtained previously with the
tight binding code. We are unaware of the reasons
hereto. The conclusion appears to be that cluster
formation depends on details of the potential
which are not obvious to the potential builder.

While the dimer fraction is considerably de-
creased using the CEM potential in comparison
to the TB potential, it is still considerably higher
than the experimental value. Also the abundance
exponent d is higher in the CEM-simulation, but
smaller than in the experiment. This is presumably
due to the fact that in the experiment polycrystal-
line Cu was bombarded, which is expected to yield
only around half the sputter yield of a Cu (1 1 1)
surface. On the other hand, ion bombardment oc-
curs under 45° impact angle in the experiment,
while the simulations use perpendicular incidence.
Furthermore, the simulations are for intact sur-
faces (zero-¯uence limit), while the experiments
are performed under high ¯uences, where the sur-
face is not well de®ned, and hence di�erences in
the sputter yield may be expected. In summary, it
is di�cult to compare the absolute values of the
sputter yield obtained in the experiment and in
the simulation. It appears plausible, however, to
assume that the experimental sputter yield is con-
siderably smaller than in the simulation; corre-
spondingly we assume that the abundance
exponent is larger in the experiment than in the
simulation, as Table 1 shows.

Many of the trimers and heavier clusters sput-
tered are metastable and decay shortly (<1 ns)
after emission. In order to take these fragmenta-
tion events into account, we show the ®nal abun-
dance distribution in Fig. 3(b) and also include

the pertinent data in Table 1. The steepening of
the abundance distribution leads to a better agree-
ment with the experimental results. In particular,
the abundance exponent increases, but becomes
not as large as in the experiment. However, the di-
mer fraction increases; as a consequence, even the
CEM data are now a factor of more than 4 larger
than the experimental data. This discrepancy may
in fact be due to di�culties in the experiment; we
mention in particular that the amount of single-
photon fragmentation is unclear. For this reason,
the experimental data must in any respect be
regarded as lower limits. On the other side, the dif-
ferences between the setups used in the experiment
and in the simulation [(111) surface, perpendicular
incidence, zero-¯uence limit] may be a further
cause for discrepancies.

4. Large cluster formation

In Fig. 4, we show the evolution of the cluster
yields Yn versus time. It is seen that emission satu-
rates at around 1 ps; this shows that the simulation

Fig. 4. Time evolution of the yield of n-mers. Note the discon-

tinuity at 1 ps, after which only fragmentation processes of the

sputtered clusters were calculated (TB-W code). The yields of n-

mers are given as atom yields, i.e. nYn.
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of the events occurring in the Cu target was per-
formed for a su�ciently long time ± this holds true
in particular for monomer and dimer emission.
Fragmentation processes in the gas phase alter
the distributions afterwards. Fig. 5 shows the aver-
age time, at which n-mers are sputtered. Up to a
cluster size of 6, the average emission time increas-
es monotonically; the statistical basis for making
reliable estimates for the larger clusters becomes
increasingly worse. As formation time, we deter-
mine the time when the last atom in the cluster es-
caped the interaction with any atom still bound to
the simulation crystallite. Hence, the increase of
the formation time with cluster size may to a large
fraction be due to the lower velocity with which
larger clusters move, and to the fact that the center
of mass of the cluster will be even farther away
from the surface than the last atom which left.
As in all three codes the calculation time for the
full cascade development and sputtering was re-
stricted to 1 ps, we cannot exclude that we miss
some larger clusters forming only after 1 ps.

Fig. 6 displays the distribution of the tempera-
tures Tsurf of the region which the cluster just left.
Technically, Tsurf is de®ned in the following way:
By our de®nition, at the moment a cluster is said
to be sputtered, it left the potential cut-o� of one
particular surface atom; Tsurf then is de®ned in
the usual way via the average of the kinetic ener-
gies of all atoms in a sphere of radius rc (potential
cut-o� radius) around this particular surface atom.
For a surface atom in an intact crystallite, this
sphere contains 26 atoms. Fig. 6 shows broad dis-
tributions of the surface temperatures around the
atom and cluster emission points, which are all
centered around the melting temperature of Cu,
Tmelt� 1358 K. The idea that cluster sputtering
might be connected to the liquid phase, which
the core of the collision cascade (spike) acquires,
has been noted elsewhere [32]. Although the width
of the distributions is considerable, a slight trend
of increasing surface temperatures with increasing
cluster size may be read o�. This holds true for the
most probable emission temperature; note that in
particular, monomer emission has its maximum
at temperatures at 1000 K.

In Fig. 7, we correlate the internal energies of
sputtered dimers with the surface temperature of

the emission spot as determined above. The corre-
lation is very poor; note in particular that the in-
ternal energy, expressed as temperature, is
considerably higher than the temperature of the
surface spot from which these dimers have been
emitted. This demonstrates the well-known fact
[1], that dimer emission during sputtering is a
strongly non-equilibrium process.

The abundance exponent d has been experimen-
tally measured to be inversely correlated to the to-
tal sputter yield [3,5]. It is tempting to investigate
whether such a correlation also exists for the indi-
vidual sputter yields for sputtering of the same sys-
tem. To this end, we grouped our 400 impact
events into four categories according to 16 y6 7,
86 y6 14, 156 y6 22, and 236 y6 47, where y
is the sputter yield of an individual impact.
Fig. 8 shows that in fact for each of these groups
a polynomial abundance dependence as in
Eq. (1) holds; furthermore, a decrease of the abun-
dance exponent d with increasing y can be ob-
served. The fact that high sputter yield events
lead to a higher cluster abundance can also be read
o� of Fig. 8(b), which shows that the bound atom
fraction increases towards 0.5 for high yield
events.

Fig. 5. Average time t after which n-mers are sputtered (TB-KL

code). The bars denote one standard deviation of the emission

time distribution.
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5. In¯uence of bond strength

Using molecular dynamics simulation, we can
explore arti®cial systems, non-existent in nature.
In the present context, it is particularly tempting
to investigate pseudo-Cu material in which the co-
hesive energy Eb has been altered with respect to
that of natural Cu. We shall investigate strong
and weak Cu, in which the cohesive energy has
been doubled or halved, respectively, with respect
to that of natural Cu [33]. Since the total sputter
yield goes roughly inversely proportional to the
surface binding energy ± and hence the cohesive
energy ± we expect concomitantly strong changes
in the cluster abundance. Table 1 shows that the
total sputter yield indeed changes in the way ex-
pected. In fact, the total sputter yield for strong
Cu agrees within 3% with Ytot/2, where Ytot is the
sputter yield of natural Cu. However, the total
yield for weak Cu is 11% less than 2Ytot; we as-
sume that this discrepancy may be associated to

Fig. 7. Correlation between the internal energy of emitted di-

mers and the surface temperature of the spot from which they

were emitted (TB-KL code).

Fig. 6. Distribution of surface temperatures Tsurf of the surface regions from which n-mers are sputtered (TB-W code). The maximum

shifts from 1000 K for monomers to above 2000 K for large clusters. With increasing cluster size, the maximum becomes more pro-

nounced.
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late sputter events occurring after 1 ps, which were
outside of our simulation time. This assumption is
corroborated by a data analysis of the temporal
behavior of sputtering in the same way as shown
in Fig. 4.

In proportion to the cohesive energy, also the
Cun cluster binding energies are changed in strong
and weak Cu; we ®nd that the changes are in strict
proportion to the cohesive energy Eb. At 1 ps,
weak Cu produces slightly more large clusters,
and strong Cu less, than natural Cu, as is evi-
denced in Fig. 9 and also by the bound atom frac-
tion and the abundance exponent in Table 1.
However, these changes are not particularly pro-
nounced; they are in fact smaller than the change
resulting from a di�erent form of the potential
(CEM). The cluster post-processing after 1 ps (cf.
Fig. 9b) induces only small changes in the cluster
distribution for strong Cu; since cluster binding
energies are large in this case, fragmentation

Fig. 9. Cluster abundance distribution of Cun-clusters sputtered

from arti®cial Cu targets, the cohesive energy Eb of which was

doubled or halved with respect to that of natural Cu. The ®t

values obtained for the abundance exponent d, Eq. (1), are giv-

en in Table 1.

Fig. 8. (a) Abundance distribution of n-mers sputtered from im-

pact events characterized by low or high individual sputter

yields y (TB-KL code). The abundance exponents d, as de®ned

in Eq. (1), are indicated in the ®gure. (b) Bound atom fraction

in sputter events with individual yield y (TB-KL code). The line

indicates the average over all sputter events.
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occurs relatively rarely. On the other side, the in-
¯uence of fragmentation for weak Cu is quite pro-
nounced.

For the case of weak Cu, dramatic sputter
events could be observed, see Fig. 10. To simulate
these events, it proved necessary both to increase
the size of the target crystallite to around 38 000
atoms, and the simulation time. Large clusters
are emitted very late, typically after about 5 ps.
For such events, at the impact point a deep crater
forms, which only slowly becomes partly ®lled af-
ter 10 ps. In spite of the occurrence of these drastic
sputter events, the surface temperatures from
which clusters have been emitted, do not change
much, if the results of Fig. 11 are compared to
those of Fig. 5. However, we observe a slight ten-
dency that clusters are formed at higher tempera-
tures in weak Cu; this tendency is particularly
pronounced for trimer emission, but occurs also
for larger clusters, and possibly also for dimers.

6. Conclusions

1. Experimental results on the emission of neutral
Cu clusters con®rm earlier data which have
been obtained by a slightly di�erent method.

2. The experiment was accompanied by molecular
dynamics computer simulations. Three di�erent
codes were employed. Two of them used the
same potential; their results agreed well for av-
erage values; for individual trajectories, di�er-
ing results are obtained, due to the intrinsically
chaotic nature of the multiple collision process-
es. The code using DePristo's CEM potential
calculated by almost 50% less dimers and heav-
ier clusters. Nevertheless, even the dimer frac-
tion calculated with this potential is by a
factor of 4 larger than the experimental results.

3. Deviations between experiment and simulation
may be due to uncertainties in the evaluation
of the experimental data; here in particular the
importance of single-photon fragmentation
events in vacuum are unknown. On the other
hand, the bombardment conditions in the simu-
lation di�er in various respects from those in ex-
periment; thus in the simulation ions impinge in
normal direction on an intact (111)-surface, cor-

responding to the static zero-¯uence limit of
bombardment; while in the experiment ions
impinge at 45° and the surface of the polycrys-
talline target is less well de®ned, due to bom-
bardment induced roughening as a
consequence of the high ion ¯uence. These dif-
ferent bombardment conditions will presumably
not only a�ect the total yield, but also cluster
abundances, and may hence be one course for
the deviations between experiment and simula-
tions.

4. The cluster abundance distribution follows a
polynomial law, Yn � nÿd. The abundance expo-
nent d decreases with increasing total sputter
yield. This could be shown in the simulation,
by calculating the abundance of low- and
high-yield events separately.

5. All clusters originate with highest probability
from surface regions which are around the melt-
ing temperature of Cu. A slight increase of the
most probable surface temperature with cluster
size could be observed in the simulation.

6. Large clusters are emitted latest after ion im-
pact.

7. Simulations were also performed for arti®cial
Cu species with decreased and increased cohe-
sive energy. For weak Cu dramatic sputter
events (up to Y� 78) were detected. Here, sput-
tering lasted a longer time. A considerable frac-
tion of large clusters are emitted from hotter
surface regions (T @ 3000 K) as compared to
natural Cu.

Acknowledgements

TJC acknowledges ®nancial support by the De-
utsche Forschungsgemeinschaft.

Appendix A

The codes TB-KL and TB-W are based on the
same physical input (crystal size and geometry,
ion impact points, interatomic potential, boundary
conditions, etc.). As discussed in Section 3, the re-
sults for the average values (sputter yields, abun-
dance distribution) agree very satisfactorily.
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However, when considering the results of individ-
ual trajectories, considerable discrepancies be-
tween the two codes could be detected. 143
(1998) 284±297We show in Fig. 12 the correlation
between the sputter yields calculated for the same
ion impact point with these two codes. The dis-
agreement is astonishingly large. When calculating
the linear correlation coe�cient between these two
data sets, it is only 0.61.

We argue that such a disagreement is due to de-
tails of the integration routine used. Fig. 12(b)
shows the correlation between results obtained
by the same code (TB-W) when the time step in
the integrator is halved (correlation coe�cient
0.86). Note that in spite of the poor correlation,
average results obtained by the two simulations
agree very closely; as an example the sputter yields
obtained are 14.03 and 14.16. Evidently such a de-
tail in the integration routine as the exact choice of
the time step can be responsible for a large part of
the lacking correlation between the TB-KL and
TB-W results. We note that TB-KL used a sec-

ond-order Verlet, while TB-W uses a fourth-order
Gear integration algorithm. Similar discrepancies
can occur, if di�erent forms of the spline between
the low energy and the high energy potential are
used. In contrast to the numerical source of lack-
ing correlation, this constitutes a source based on
lacking physical information on an important part
of the interaction potential.

It must be concluded that ± while agreement be-
tween the averages over a large set of impact data
is found ± the correlation between the results of in-
dividual trajectories calculated with di�erent codes
may be not convincing. The physical cause for this
is the sort of chaos which is intrinsic to a classical
mechanical many-body system in a multiple-colli-
sion situation. This disagreement may stem from
details of the code, such as the integration routine,
which are hardly discussed even between closely
cooperating research groups.

Fig. 12. (a) Correlation between the individual sputter yields as

calculated by the code TB-KL and TB-W for the same impact

points i. (b) Analogous correlation for results of the code TB-

W calculated with the full and the half integration time step.

Fig. 11. Distribution of surface temperatures Tsurf of the surface

regions from which n-mers have been emitted. Calculation re-

sult for arti®cial Cu, in which the cohesive energy has been

halved with respect to that of natural Cu. While for monomers

no clear maximum is visible, but only a rather ¯at distribution

extending up to at least 2000 K, with increasing cluster size

maxima at 2000±3000 K emerge.
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