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Abstract. Using molecular-dynamics simulation, we study the processes occurring after impact of clus-
ters on a rigid wall. Comparing the impact of model clusters consisting of 13 atoms, or of 13 diatomic
molecules with varied bond strength, the systematics in the results of the collision process are investigated.
Four regimes of impact-induced cluster fragmentation are identified: intact reflection, shattering into large
fragments, complete fragmentation, and molecule dissociation. The effect of the number of degrees of
freedom activated in the collision on the translational and internal energies of the reflected fragments is
discussed in detail. As a rule, with increasing number of degrees of freedom which can be activated in the
collision, the translational energy sinks. On the other hand, for weak intramolecular bonding, intramolec-
ular vibrations are easily excited at small impact energies, reducing the resulting translational energy. The
presence of even a very weak attractive well €, at the surface has a major influence on the sticking behavior
of the clusters — and hence also on the absolute reflected energies — even at impact energies Fo > €.

PACS. 68.49.Fg Cluster scattering from surfaces — 36.40.-c Atomic and molecular clusters — 79.20.Ap

Theory of impact phenomena; numerical simulation

1 Introduction

The interaction of hyperthermal clusters impinging on
solid surfaces has received increased attention in the recent
past. From a fundamental point of view, processes such as
the short-time extreme local densities, pressures and ki-
netic temperatures reached [1] or the induced electronic
excitations [2] were investigated. From an applied point
of view, controlled cluster deposition [3] (soft landing) [4]
or surface cleaning by cluster impact [5] give promising
prospects. In the field of cluster-impact chemistry, a num-
ber of intriguing experiments on the cluster fragmenta-
tion, the collisional energy loss, collision-induced dissoci-
ation and even impact-induced chemical reactions have
been performed and accompanied by molecular-dynamics
simulations [6].

The field of thermal and also hyperthermal atom-
surface collisions has been well covered in the past and
reached a mature understanding [7,8]. Here, the proper-
ties of the reflected atoms can be parameterized in terms
of the atom energy (or gas temperature), the surface tem-
perature, the mass ratio of projectile and surface atoms,
and the depth of the attractive well. From the theoret-
ical point of view, quite early the so-called soft- and
hard-cube models have been developed to describe these
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collisions [7,9,10]. While the field of thermal atom- and
molecule-surface interaction have been investigated quite
thoroughly in the past decades, the experimental and the-
oretical progress in the hyperthermal velocity regime has
not yet reached comparable maturity [11].

If a cluster collides with a surface, besides the param-
eters mentioned above, a considerable number of further
parameters enter, such as the number of cluster atoms,
the intermolecular bonding in the cluster, and also the in-
tramolecular bonding in case the cluster consists of molec-
ular constituents. Hence it appears impossible to perform
a systematic study of the generic aspects of cluster-surface
interaction, such as it is possible in hyperthermal atom-
surface scattering. Thus, many existing simulational stud-
ies of cluster-surface interaction modelled concrete specific
cases, often in combination with experiments performed in
the same group [12-14].

Computer simulations of cluster-surface interaction
have been performed repeatedly in the past. Simula-
tions [1,14-19] of the impact of rare-gas clusters on sur-
faces have demonstrated the extensive or even complete
fragmentation of the impinging cluster occurring at higher
impact velocities. Also, simulations of specific molecular
clusters such as (NH3),LH+ and also of mixed species such
as IzAr, and (CHgl), have been performed [19-21]. In
these studies, as a rule only the rotational degrees of
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freedom of the molecules were included. In another in-
teresting study [14], Christen et al. showed in a combined
experimental and simulational approach that at low clus-
ter velocities a regime of ‘deep inelastic scattering’ occurs
where the clusters lose most of their initial kinetic en-
ergy upon scattering off the surface. In earlier papers [18,
22], Raz et al. used a maximum-entropy argument to show
that the transition from (low-energy) evaporation of a few
atoms to (high-energy) shattering into many fragments
shows a rather sharp transition as a function of the impact
energy. This transition was termed ‘shattering transition’
and occurs when the cluster energy per atom exceeds the
bond energy, or in other words, the cluster temperature
exceeds the ‘boiling temperature’.

In the present paper, we wish to employ molecular-
dynamics simulation to shed light on systematic effects
of cluster-surface interaction such as the fragmentation,
the sticking, and the energy redistribution channels after
reflection. In particular, we want to investigate the basic
issue in how far the scattering of a molecular cluster dif-
fers from that of an atomic cluster. We wish to shed light
on this question by exploring an idealized but exemplary
model situation. While modelling a specific case, viz. the
collision of a 13-molecule cluster off a rigid wall, we want to
answer a general question, i.e., in how far the intramolec-
ular degrees of freedom are important in determining the
outcome of the collision. We shall answer this question by
comparing the collision of three clusters with a wall: an
atomic cluster, a strongly-bonded molecular cluster, and
a weakly-bonded molecular cluster, and show that indeed
the molecular or atomic nature of the cluster leads to sen-
sitive changes in the distribution of the cluster fragments,
such as for example the translational energy.

2 System

2.1 Clusters

In this study, we wish to compare the reflection of vari-
ous icosahedral clusters, containing 13 atoms or molecules,
from a rigid wall. Three different clusters are employed:

1. a molecular cluster, consisting of 13 No molecules. The
intramolecular bonding has been chosen as a Morse
potential,

Vintra(r) = D [6—2(7“—7'0)//\ _ 26—(7‘—7“0)/)\} . ()

with parameters D = 9.99 eV, ro = 1.0977 A, and
A = 0.2696 A; the mass of an N atom is m =
14 amu [23,24]. This bond is so stiff that vibrational
excitation is negligible; the bond can be considered
rigid. The intermolecular interaction potential, acting
between atoms belonging to different molecules only, is
chosen as an atomic pairwise Lennard-Jones potential

Vol = e |(2) - (2)] @
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with parameters ¢ = 3.212 meV and ¢ = 3.31 A
[25,26]. The total intermolecular binding energy of the
cold cluster will be denoted by ¢ and amounts to

@ =439 meV; (3)

2. an atomic cluster, denoted by Ai3, with a Lennard-
Jones interatomic interaction potential, equation (2),
with the same value of the length scale o, but an in-
creased energy scale €4 = 3.09¢, which was chosen such
as to obtain the same binding energy for the ground
state 13-atom cluster, @, as the intermolecular energy
of the Ny cluster, equation (3). Also, the mass of this
atom has been chosen twice the mass of a nitrogen
atom, M4 = 2m;

3. since Ny molecules are very stiff, we also studied a hy-
pothetical reference cluster, in which the intramolec-
ular bonding D was softened by a factor 100, while
all other parameters of the inter- and intramolecular
bonding have been kept unchanged. This cluster will
be denoted in the following as (¢2)13. We made sure
that this cluster has the same ground-state geometry
as the Ny cluster and hence the same ground-state en-
ergy @, equation (3).

In choosing these energy parameters, we are able to ob-
tain a clear distinction in energy scales between the inter-
molecular bond (3 meV), the weak intramolecular bond
(100 meV) and the strong intramolecular bond (10 eV).
All potentials have been cut off at r¢y = 3.50 = 11.585 A.
The ground state of the atomic cluster is an icosahe-
dron [27], cf. Figure 1a. The corresponding molecular clus-
ters are shown in Figure 1b. The centers of mass of the
molecules are again organized as an icosahedron, but the
molecular orientations had to be found by an energy min-
imization routine.

2.2 Wall

The rigid, uncorrugated wall considered in this study is
modelled by an external potential, which acts on each
cluster atom and depends only on the perpendicular dis-
tance z of the atom to the wall. We study both a purely
repulsive potential,

12 6
4ey [(U—w> — (U—w> ] + €w, 2 < 2Y/8q,,
z

0, z > 21/6aw,

(4)

Viean (2) =

Wi

and a weakly attractive potential,

e = (2) - ()] ©

z

The potential parameters €, and o, are chosen to have
the same values as for the intermolecular interaction of
the Na-molecules, equation (2).
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Fig. 1. (Color online) Perspective view of the atomic (a) and
the molecular (b) cluster. Several of the interatomic bonds are
indicated in (a) to help visualize the structure; these are omit-
ted in (b), where only the intramolecular bonds are plotted
in red. The color of the atoms helps to visualize the three-
dimensional structure of the clusters.

2.3 Simulation

The molecular-dynamics code is standard [28]. It employs
the velocity Verlet integrator to solve Newtons’s equations
of motion. In order to resolve the vibrational motion in the
molecular systems, the time step is chosen rather small,
0.1 fs.

In the simulation, the cluster is initially positioned at a
distance z > 7.yt in front of the wall such that the cluster
has no interaction with it. The cluster is at temperature
zero, it does not vibrate or rotate. Each simulation has
been performed with two cluster orientations: (i) with an
atom/molecule pointing towards the surface (tip geome-
try), and (ii) with a cluster face pointing towards the sur-
face (face geometry). Since the differences in the results
of these two orientations are only minor, in the follow-
ing only the averages over these two orientations will be
discussed.

The cluster is given a kinetic center-of-mass energy FEj
with a momentum directed perpendicular to the surface.

425

We study energies Ey ranging from 1 meV to 20 eV; the
corresponding center-of-mass velocities of the clusters are
between 23 m/s and 3.3 km/s. The simulation proceeds
until the cluster has been totally reflected from the sur-
face, i.e., until all cluster atoms are again outside the in-
teraction potential with the wall. Depending on FEjy, this
may take a time between 5 and 100 ps. In the case of an
attractive wall, fragments may remain adsorbed in the at-
tractive potential well; also in this case, we terminate the
simulation after 100 ps at most.

As a consequence of the interaction of the cluster with
the wall, the cluster may break up. We shall denote as
‘fragmentation’ the process where the cluster dissolves
into its (molecular) constituents, and as ‘dissociation’ the
breaking of the intramolecular bond. In the case of the
atomic cluster Ai3, only fragmentation, but no dissocia-
tion can occur; in the case of the (Ng)i3-cluster no disso-
ciation was observed.

3 Results: reflection from a repulsive wall
3.1 Fragmentation

After reflection, we identify the cluster fragments using
a cluster-detection algorithm [29]. This algorithm subdi-
vides all atoms into disjoint sets; the atoms in any such set
have zero interaction energy with the atoms of the other
sets, but non-zero interaction with at least one other atom
of the same set. We identify these disjoint sets with the
cluster fragments produced by the collision with the wall.

At each bombarding energy, a different fragment dis-
tribution results from the collision. Figures 2a—2d show
several characteristics of this distribution: the number of
fragments produced, Ny, the average fragment size, (m),
the size of the largest fragment, myax, and the number of
monomers produced, Npono. The latter quantity is shown
for an enlarged energy range in Figure 2e. In Figure 2f,
we additionally show the number of dissociated molecules;
this is relevant only for the case of (¢2)13, since for the
other clusters, no dissociation occurs.

Figure 2a shows that to a first approximation, quite
irrespective of the internal structure of the cluster
constituents — atoms or weakly- or strongly-bonded
molecules —, the average number of fragments produced,
Npg, increases in a very analogous way as a function of
projectile energy. This shows that it is basically the in-
termolecular bond energy which governs fragmentation.
Note that at higher projectile energies, Fy 2 1 eV, the
atomic cluster appears to be more stable than the molec-
ular cluster.

An inspection of the various characteristics of the frag-
mentation patterns shown in Figures 2a—2f may be sum-
marized as follows: Four regimes of fragmentation patterns
can be found for all three cluster types studied here:

(i) for small impact energies Ey < 0.2 eV, the cluster is re-
flected intact. Interestingly, for molecular clusters, this
regime is extended towards larger impact energies; this
is due to the fact that the intramolecular bond gives
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Fig. 2. (Color online) Fragmentation behavior of the clus-
ter after collision with a repulsive wall: (a) average number
of fragments, N¢, (b) average fragment size, (m), (c) size of
the largest fragment, mmax, (d) and (e) average number of
monomers, Nmono, (f) average number of dissociated molecules,
Nuiss [only shown for (12)13].

rise to additional degrees of freedom — in particular
frustrated rotations — which are able to store an ad-
ditional amount of energy, analogous to the increased
heat capacity of molecules with respect to atoms;
(ii) partial fragmentation, in which the cluster is decom-
posed into a number of daughter fragments:
(a) large fragments and only very few monomers are
seen in an energy regime which extends from 0.3 eV
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Fig. 3. Schematics of fragmentation regimes in cluster-surface
scattering.

up to 0.6 eV for Ny; this regime corresponds to
the evaporation of a few monomers off the major
remaining daughter fragment cluster,

a long regime of continuously increasing fragment
numbers ensues; this regime has occasionally be
called cluster shattering. Note that still dimers or
occasionally a trimer survive as the largest con-
stituent among the fragments;

(iii) complete fragmentation into individual monomers.
Interestingly, this regime starts earlier for molecular
clusters (5 ¢V) than for the atomic cluster (10 eV).
Evidently, the energy stored in the intramolecular de-
grees of freedom now has a detrimental effect on the
cluster fragment stability; note that the intermolecu-
lar bond is only 3 meV, which is easily overcome by
(frustrated) rotational excitation of the molecular con-
stituents of a dimer or trimer;

full molecular dissociation is only observed for the
1o cluster with its intramolecular bond strength of
100 meV. Figure 2f shows that molecule dissociation
starts at around 4 eV; as noted above, at 20 eV all
molecules have been destroyed.

(iv)

Figure 3 gives a schematic overview over the fragmenta-
tion regimes observed. We note that, while the existence
of several of the regimes discussed — such as in particu-
lar that of intact reflection (also known as ‘deep inelastic
regime’) — has been known before [14], the dependence
of the regimes on the internal degrees of freedom available
in the cluster is novel.

The order of magnitude of the energies necessary for
breaking the inter- and intramolecular bonds, respectively,
can be estimated via an adiabaticity argument [30]. Vibra-
tions are not excited, and hence bonds are not broken, if
the collision time t. = o,,/v is larger than the vibration
period T' = 27 /w. Here v = 1/ Ey/13m is the translational
velocity of the cluster, and o, is the length scale of the
wall potential. For the Morse potential, the vibrational
frequency is w = (2/A)y/D/m and hence intramolecular
vibrations are only excited when Ey > 2000 eV (20 V)
for the Ny (1)) cluster; for the Lennard-Jones potential,
itis w = 12 x 2’1/6\/e/m02, and hence impact ener-
gies Ey > 120 meV are needed to excite intermolecular



S. Zimmermann and H.M. Urbassek: Hyperthermal cluster-surface scattering

vibrations. These numbers are all in the correct order of
magnitude for the thresholds depicted in Figures 2 and 3.

Our results of the fragmentation behavior of clusters
colliding with a repulsive wall can hence be summarized
to indicate that the existence of intramolecular degrees of
freedom narrows the regime of partial fragmentation and
favors that of intact reflection and complete fragmenta-
tion.

3.2 Energy redistribution: atomic cluster

After collision from a repulsive wall, the total impact en-
ergy Ey is found again in the ensemble of cluster frag-
ments reflected off the wall, and the assignment of the
energy channels is relatively straightforward, in particu-
lar for the atomic cluster. Here, the impact energy can be
used for cluster fragmentation, internal fragment excita-
tion, and in the translational energy of clusters moving
away from the surface. We proceed as follows.

Let us call N the number of fragments produced. For
each fragment k, we calculate the center-of-mass energy
Eem . and call

N

Etrans: § Ecm,rc
k=1

the translational energy. Note that these center-of-mass
energies Eon, , are observable in experiment by time-of-
flight techniques.

In accordance with the potentials, equations (1) and
(2), which fulfill V(r — o0) = 0, all potential energies
given below refer to the reference state of a completely
fragmented cluster. We shall call

(6)

Emt = Z Vinter(1ij) + @

i<j

(7)

the increase in potential energy due to (partial) fragmen-
tation of the parent cluster and internal excitation of the
fragments.

For the atomic cluster, we employ the summed inter-
nal kinetic energy of the fragments, EXI' as a measure
for the internal fragment excitation (‘temperature’), while
the fragment potential energy, Ei’;:t, as introduced above
includes both the energy spent in fragmentation and the

internal potential energies. We have the energy balance

(®)

which is shown in Figure 4 both as absolute energies and
relative to the impact energy Ej.

As discussed above, for Eg 2 0.5 eV, an almost fixed
part of the impact energy is used for cluster break-up.
Accordingly, beyond this energy, no cluster excitation oc-
curs. For Ey — 0, the cluster is reflected elastically from
the wall, and all bombarding energy is transferred to the
translational energy of the reflected cluster; this corre-
sponds to the adiabatic limit discussed above. With in-
creasing impact energy in the regime of intact reflection,

EO = Etrans + E'kin + EPOt

int int
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Fig. 4. Energy redistribution in an A3 cluster after reflection
from a repulsive wall; (a) absolute energies F, (b) energies
relative to impact energy FEo.

the relative contribution of the translational energy grad-
ually decreases in favor of the excitation of the internal
degrees of freedom of the reflected cluster. Internal kinetic
and potential energy are equally populated. This trend is
reversed in the partial fragmentation regime, where now
an ever larger contribution is given to the translational en-
ergy. Concomitantly with the decline of larger clusters in
the fragment distribution (cf. Fig. 2¢), i.e., in the regime
of small fragments, the internal kinetic energy becomes
vanishingly small. The constant remainder of the inter-
nal potential energy is due to cluster break-up and as-
sumes a fixed value @ for large Ey. Thus, we conclude that
the regimes found in the fragmentation behavior are well
reflected in the energy redistribution pattern of atomic
clusters.

3.3 Energy redistribution: molecular cluster

If a molecular cluster has been completely fragmented and
also totally dissociated to its atomic constituents, the en-
ergy 13D has been dispensed in breaking the intramolec-
ular bonds, and @ to fragment the cluster; hence it is
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FEirans = Eo — @ — 13D. However, if molecules or clus-
ters survived the reflection process, further internal (po-
tential and kinetic) energy forms are present. Due to the
possibility of inter- and intramolecular energy couplings,
their analysis is not so straightforward. We will proceed
as follows:

1. for the strongly-bound molecular cluster, (N2)i3, no
molecular dissociation, and (almost) no vibrational ex-
citation occur. Hence, the only new energy channel is
the rotation energy FE,q of the free molecules. We sub-
tract this energy from the internal kinetic energy EXiI.
Thus the energy balance reads

EO = Eirans + E'kin + E'pOt + Erot;

int int

(9)

2. for the weakly-bound molecular cluster, (12)13, vibra-
tional excitation and molecular dissociation may oc-
cur. For a number Ny, of surviving free molecules,
we count a vibrational energy

Nmol
Buy =Y [S0h? + B3] (10)
j=1

where vJ” is the projection of the relative velocity of

the two atomic constituents of molecule j on the bond
axis, p is the reduced mass and Eﬁﬁia is the intramolec-
ular potential excitation energy in the potential, equa-
tion (1). The dissociation energy is simply given as

Egiss = (13 — Nyo1)D. (11)

Thus we have the following energy balance

EO = Etrans + Elknl{l + Elfl”f;t + Elf;otia + Erot + EVib + EdiSS‘
(12)
The three energy terms EX?, EP%' and EP%' measure

the internal energy of clusters while E,ot and Fyi, de-
note the internal energy of free molecules.

Figure 5 shows these contributions for the case of the Ny
cluster. Here, virtually no vibrational excitation occurs;
the largest value is measured at Ey = 20 eV and amounts
to Eyip, = 2 meV, corresponding to a fraction of 10™% of
the impact energy, Ey. The partitioning between inter-
nal excitation and fragmentation is similar to the case of
the atomic cluster. At energies of Ey between 1 eV and
6 eV, a considerable amount of intermolecular excitation
energy, FXI® is found in the fragments; this is in contrast
to the case of the atomic cluster. However, with increas-
ing bombarding energy, the contribution of the rotational
energy becomes increasingly larger. Note that at the high-
est impact energies considered, the cluster has fragmented
mainly to individual monomers. Figure 5c shows the ro-
tational excitation of isolated molecules relative to their
translational energies. It shows an interesting behaviour.
The first free molecules are generated at Ey = 0.3 eV. Up
to an energy of Ey = 1 eV, these molecules have been gen-
erated in the partial fragmentation regime, in which the
major fraction of the impact energy is transformed into
‘temperature’, i.e., internal kinetic and potential energy
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Fig. 5. (a) and (b) Analogous for (N2)13. (c) Ratio of ro-

tational energy of isolated monomers to their translational
energy.

and hence also rotational excitation. Above 1 eV, the ma-
jor fraction of the impact energy goes into translational
motion of the fragments. At this point the rotational en-
ergy of molecules amounts only to around 10—15% of the
translational energy. This fraction steadily increases with
impact energy and reaches around 20% at Ey = 20 eV.
This ratio is far away from that holding in thermodynamic
equilibrium which is governed by the activated degrees
of freedom and would be 2/3; this gives evidence of the
strongly non-equilibrium nature of the monomer forma-
tion process.

Figure 6 shows the most complex case, the soft clus-
ter (¢2)13. Here, in addition to all the energy channels
discussed above, also vibrational excitation of the )
molecules and their dissociation are found. Vibrational
excitation starts at around Ey = 1 eV, somewhat later
than when also rotational excitation begins. Both reach
maximum values at around Ey = 3—4 eV; for larger im-
pact energies, these contributions become smaller due to
the increasing dissociation of molecules.

Figure 6¢ shows the energy partitioning in the isolated
monomers created after impact. The rotational energy
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Fig. 6. (a) and (b) Analogous for (¢2)13. (¢) Partitioning of
the energy, Emol, of isolated 12 monomers into their rotational,
vibrational, and translational contributions.

behaves similar as in the case of the Ny cluster, Figure 5c.
However, rotational and vibrational excitation attain sim-
ilar values. This equilibrium reached gives evidence of a
statistical population of the internal molecular degrees of
freedom, in which the two rotational degrees of freedom
attain the same energy as the vibrational degree of free-
dom. From our consideration of the molecule excitations
shown in Figures 5c¢ and 6¢, we hence conclude that the
molecular translation is not in equilibrium with the inter-
nal degrees of freedom, while rotation and vibration are
in equilibrium. This can be understood from a molecule
formation process in the hot, dense collision zone at the
surface, where enough collisions occur to establish an equi-
librium of the internal degrees of freedom, while the trans-
lation is mainly dictated by the impulsive reflection of the
cluster off the surface, and hence does not participate in
the equilibrium. Thus our findings show that the concept
of a temperature, implying thermal equilibration among
the atoms or molecules, and in particular between their
different degrees of freedom, must be used with care. This
applies in particular to the concept of thermal femtosecond
chemistry, as introduced by Schek et al. [20], but also to

@ 2 e i
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Fig. 7. (Color online) Comparison of translational ener-

gies Eltrans of clusters vs. impact energy FEyo after reflection
from a repulsive wall (a) and an attractive wall (b).

statistical approaches such as that by Raz et al. [18], who
employ concepts such as the temperature after impact.

Thus we conclude that besides the obvious possibilities
for intramolecular excitation, the energy redistribution
follows quite generally the trend seen for atomic clusters.
An immediate consequence of the opening of intramolec-
ular energy channels is, however, that less energy is fed
into the translational energies. Since these are most eas-
ily measured in time-of-flight experiments, this effect will
now be discussed in more detail.

For this purpose, Figure 7 compares the translational
energies for the three cases. Due to the occurrence of fur-
ther energy loss channels, the translational energy of the
molecular clusters is (for Ey > 2 eV) always smaller than
that of the atomic cluster. However, the translational en-
ergies of the Ny and v clusters show an interesting de-
pendence on the impact energy Ey: (i) For Ey < 9 eV, the
1y system shows the smallest translational energy. This
can be understood, since for 15, both rotation and vibra-
tion can be excited, and hence the center-of-mass transla-
tional energy of the reflected fragments is decreased, while
in No no vibration can be excited. (ii) For Ey > 9 eV,
Ny has the smallest translational energy. At these impact
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Fig. 8. (Color online) Particle reflection coefficient r after re-
flection of the cluster from an attractive wall.

energies, more and more s molecules will be dissociated
so that no energy channels for internal excitation of the
molecules remain and hence the total impact energy —
besides the fragmentation and dissociation energy — is
fed into center-of-mass motion. For No, however, due to
the strong intramolecular bonding, a considerable frac-
tion of the impact energy goes into molecular rotation, cf.
Figure 5c.

4 Results: reflection from an attractive wall
4.1 Sticking

At an attractive wall, particles may be adsorbed, while for
the purely repulsive wall studied above, always all cluster
fragments are reflected. Thus, even for the extremely small
attraction, €, = 3 meV, sticking of the entire cluster or
of some of its fragments to the wall may occur as a new
feature. Hence here the reflection coefficient r, which is
the number of reflected monomers divided by the num-
ber initially in the cluster, 13, is of prime interest. The
data on the coefficients are assembled in Figure 8, which
shows a complex behaviour. At very small impact ener-
gies, Ey < 0.3 eV, the atomic cluster is almost always
reflected off the surface, thus reproducing the regime of in-
tact reflection discussed above for a repulsive wall. Here,
the passage through the attractive well occurs adiabati-
cally, such that the cluster dynamics is similar to the case
of a purely repulsive potential. Note that at these energies,
the molecular clusters do not reach 100% reflection; here,
the more complex cluster structure allows to transform a
larger fraction of the impact energy into internal kinetic
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energy of the cluster and hence to increase its sticking
probability.

A novel regime occurs for energies up to 0.3—0.4 eV
for the molecular clusters and at around 0.1 eV for the
atomic cluster: Here ‘intact sticking’ occurs. Here, by the
conversion of the impact energy Ej into internal excita-
tion — which can be performed with 80% efficiency in
our cases, see Figures 4-6 — the clusters may lose even
more energy after acceleration in the attracting potential
well of the wall and thus become bound in it. An inspec-
tion of Figure 8 shows that this ‘intact sticking’ is even
more probable for molecular clusters than for the atomic
cluster. This is due to the fact that the intramolecular de-
grees of freedom open up further channels to get rid of the
translational energy of the cluster and hence to adsorb it
at the surface.

For larger Ey, in the regime of partial fragmentation
(0.2—10 eV), it is interesting to note that molecular clus-
ters are totally reflected, while some 20% of the atomic
cluster may stick to the wall. This becomes again under-
standable from the intramolecular degrees of freedom of
the molecular clusters, which are strongly excited in the
collision process; their energy can be used to liberate clus-
ter fragments from the attractive wall — note that its
attraction well is only 3 meV.

Another interesting feature is the difference of the re-
flection coefficients of the Ny and the 15 cluster. For large
projectile energies, we note that the o cluster almost
completely dissociates, cf. Figure 2f. Figure 8 now proves
that one or two of these atoms remain bound to the at-
tractive wall for energies Fy > 5 eV. In the case of the Ny
cluster, however, always complete No molecules stick and
no dissociation occurs.

We note that reflection coefficients » < 1 may denote
that (i) the cluster fragmented and some fragments stick to
the wall, while others are reflected; (ii) dissociated atoms
stick to the wall (in the case of 19 only), (iii) a strong
dependence on the cluster orientation occurs; thus, for in-
stance, in the regime of intact reflection, at very small
energies, the cluster remained intact, and was — depend-
ing on the orientation — either reflected or adsorbed in-
tact. Figure 8 displays the average of the two geometries
studied. We note that we found this strong orientation
dependence only for the reflection coefficient of molecu-
lar clusters, but not in the analysis of any other quantity
studied in this paper, and not for atomic clusters.

In conclusion, we see that even a very faint attractive
wall — like the one studied here €,, = 3 meV — exerts a
major influence on the reflection behavior of clusters im-
pacting on a surface. Total sticking of a cluster becomes
possible for low bombarding energies, in the regime where
a repulsive wall shows intact reflection. A distinct differ-
ence between atomic and molecular clusters becomes evi-
dent in that the intramolecular degrees of freedom can (i)
act as an energy sink to bind slow molecules even stronger
to the wall, and (ii) as an energy source to liberate small
cluster fragments, and in particular molecular monomers,
from the wall at higher impact energies. Even the effect
of dissociative bonding is observable in our simple model.
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Fig. 9. Energy redistribution of 12 clusters after reflection
from (a) a repulsive and (b) an attractive wall. Only clusters
impinging in the tip geometry have been considered.

4.2 Energy redistribution

The analysis of energy redistribution in the presence of an
attractive wall is not so straightforward due to 2 effects: (i)
in experiment, only reflected particles are measured and
accordingly we shall only be interested in their properties;
thus, the energy of the adsorbed particles is missing from
our balance — this complicates in particular the analysis
of the intermolecular potential energy. (ii) If part of the
cluster is trapped in the attractive well of the wall, the
remainder of the reflected cluster will gain energy. Hence
we plot in Figure 9 only the energy contributions of re-
flected particles. Furthermore, we restrict our analysis to
clusters impinging on the surface in the tip geometry. In
this case we found that either the entire cluster sticks to
the wall or is reflected; thus the restriction to this case
simplifies our analysis. Since, as noted above, the fragmen-
tation patterns and energy redistribution channels for the
two geometries studied (tip and face geometry) differed
only marginally, we are confident that our energy analysis
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performed here for the tip geometry will give satisfactory
results.

We found the energy distributions of the reflected par-
ticles to be quite similar to those for a repulsive wall. Dif-
ferences occur mainly at very low bombarding energies,
in the regime where the repulsive wall reflects the clus-
ter intact, while the attractive wall can bind the entire
cluster to it. As an example for the different energy redis-
tributions, Figure 9 compares the energy redistribution
for the vy cluster scattered off a repulsive wall with that
scattered from an attractive wall. At very small impact
energies (Fgp = 20—30 meV), the cluster is reflected in-
tact. Reflection off an attractive wall leads to a higher
internal excitation, as measured by EXP and EPS". As a
consequence, only around 15% of the impact energy is
used for center-of-mass motion of the reflected cluster off
the wall; this has to be compared with the reflection off a
repulsive wall, where 55% of Ej is used for translational
motion. For higher impact energies, cluster excitation be-
comes stronger (Fg = 0.2—0.3 eV). In this case the colli-
sion with an attractive wall leads to such a high internal
excitation, that the cluster remains bound to the surface,
and the reflection coefficient is zero. When cluster reflec-
tion sets in, at Ey > 0.3 eV the energy redistribution in
the scattered cluster and its fragments is only very weakly
influenced by the presence of the attractive wall. We note
that at high energies Ejy, the reflected energies are quite
analogous to those for a repulsive wall.

Finally, in Figure 7b, we display the translational en-
ergies of reflected clusters, and compare to those reflected
from a repulsive surface, Figure 7a. Here again the average
over the tip and the face geometry is shown. Evidently, the
existence of a tiny attraction well such as the one chosen
here, €, = 3 meV, has a major influence on the transla-
tional energies of reflected particles, even at the highest
impact energies simulated, Ey = 20 eV. Note first that
the ordering, in which reflected clusters assume the high-
est translational energy for given Fy, differs strongly from
the results of a repulsive wall. Second, the translational
energies are distinctly smaller than for a purely repulsive
wall; at Ey = 20 eV, this effect may amount up to 2 eV!
The reason for this strong influence lies in the fact that
the reflection coefficient r < 1 for energies up to the high-
est energies simulated, Fy = 20 eV. For instance, in the
case of (N2)13, a single No molecule remains bound with
rather high rotation energy in the attractive well, thus re-
ducing the total measured translational energy. Note that
in the case of the 15 cluster, where the reflection coefli-
cient is almost 1 throughout the range of impact energies
studied, the translational energy curves with and without
attractive well coincide rather well.

5 Conclusions

Using molecular-dynamics simulation, we studied the
processes occurring after impact of clusters containing
13 atoms or molecules on a rigid wall. Both an atomic
cluster and a molecular cluster were investigated; the
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intramolecular bond was chosen (at least) an order of mag-
nitude larger than the intermolecular bond.

1. Four different regimes in the fragmentation behavior
could be identified. In the order of increasing projec-
tile energy they are: (i) intact reflection of an inter-
nally excited cluster — this includes the possibility of
‘intact sticking’ at an attractive wall; (ii) shattering of
the cluster to several large pieces; (iii) complete frag-
mentation to monomers; (iv) dissociation into atoms.

2. At low impact energies Ej, the majority of the impact
energy is converted to internal energy of the cluster,
whereas at high Fy, the energy is used for the trans-
lational center-of-mass energy of the reflected frag-
ments and the ro-vibrational excitation of molecular
monomers.

3. For an attractive wall, the largest sticking coefficient
is observed in the low-energy regime of intact reflec-
tion [item (i) above]|, where the entire cluster sticks
without fragmenting. In the shattering regime, atomic
clusters show a superior sticking as compared to molec-
ular clusters. Even for the weak attractive well studied
here, €,, = 3 meV, the reflection coefficient » < 1, even
for impact energies Ey = 20 eV.

4. The translational center-of-mass energy of reflected
fragments depends sensitively on the details of the
inter- and intramolecular bonding in the cluster. As
a rule, with increasing number of degrees of freedom
which can be activated in the collision, the transla-
tional energy sinks. Thus, the atomic cluster shows
the highest translational energies. On the other hand,
for weak intramolecular bonding, intramolecular vibra-
tions are easily excited at small impact energies, reduc-
ing the resulting translational energy. At high impact
energies the molecular dissociation closes this channel,
and the translational energy increases with respect to
more strongly-bonded molecules.

5. In particular, the regime of intact reflection is extended
to larger bombarding energies for molecular clusters
than for atomic clusters; here, the internal degrees of
freedom help in stabilizing the clusters.

6. For molecular clusters, we find that rotational and vi-
brational degrees of freedom of the fragmented cluster
are in equilibrium, such that the two rotational degrees
of freedom of monomer molecules reach the same en-
ergy as the vibrational degree of freedom. However, the
major fraction of the impact energy goes into transla-
tional motion of the fragments, such that translation
does not participate in thermal equilibrium.

7. Even a tiny attractive surface potential has a major
influence on the translational energies of reflected par-
ticles, even at impact energies that are much higher
than the attractive well.

In this work, we concentrated on a systematic comparison
of atomic vs. molecular clusters colliding with a solid rigid
wall at hyperthermal energy. For this purpose, a (spher-
ical) Lennard-Jones cluster of fixed size (13 monomers)
was chosen. Several routes for extending this study ap-
pear interesting: (i) collision of an ionized cluster: this
could bring the investigation into closer contact with ex-
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periments, where the properties of ionized fragments are
measured; (ii) the study of the influence of the cluster size;
(iii) the influence of an atomically structured wall instead
of the flat rigid wall used in the present paper; and fi-
nally (iv) the effect of a stronger adsorption well at the
scattering wall.

We gratefully acknowledge discussions with W. Christen,
which inspired us to perform this work, and his valuable com-
ments on the manuscript.
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