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We conduct molecular dynamics simulations of the collision of atomic clusters with a weakly attractive
surface. We focus on an intermediate regime, between soft landing and fragmentation, where the cluster
undergoes deformation on impact but remains largely intact and will either adhere to the surface (and possibly
slide) or be reflected. We find that the outcome of the collision is determined by the Weber number We, i.e., the
ratio of the kinetic energy to the adhesion energy, with a transition between adhesion and reflection occurring
as We passes through unity. We also identify two distinct collision regimes: in one regime, the collision is
largely elastic and deformation of the cluster is relatively small, but in the second regime, the deformation is
large and the adhesion energy starts to depend on the kinetic energy. If the transition between these two
regimes occurs at a similar kinetic energy to that of the transition between reflection and adhesion, then we find
that the probability of adhesion for a cluster can be bimodal. In addition, we investigate the effects of the angle
of incidence on adhesion and reflection. Finally, we compare our findings both with recent experimental results

and with macroscopic theories of particle collisions.
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I. INTRODUCTION

The controlled self-assembly of atomic clusters is a very
exciting approach to the construction of nanoscale electronic
and photonic devices."> Some techniques exploit the tenden-
cies of deposited atoms to aggregate into cluster-based nano-
structures, such as the wirelike chains of clusters that can
form on the naturally occurring step edges on graphite.>*
However, many techniques involve the deposition onto a
substrate of clusters that are first prepared in the gas phase.
For this reason, the collision of clusters with surfaces has
been studied by many groups.®> Once on the substrate, surface
diffusion of clusters can lead to aggregation or pinning by
surface defects.>*%7 However, since the position of these
surface defects or aggregates is usually random, the place-
ment of the structures cannot be controlled. In contrast, by
using lithographically defined V grooves on passivated Si
surfaces as templates,8 a transition from adhesion to reflec-
tion can be exploited to form clean wirelike structures in the
V groove, if the deposition velocity is such that clusters
bounce when they land away from the template and stick (or
slide) only in the V groove.

Although the possibility of cluster reflection from hard
surfaces has been postulated some time ago (see the “phase”
diagrams in Refs. 5 and 9), many early studies focused on
other effects such as implantation'®!! or fragmentation'?!3 at
high energies or soft landing at low energies.'* At sufficiently
high kinetic energies, one enters either the fragmentation re-

1098-0121/2007/76(11)/115437(11)

115437-1

PACS number(s): 68.35.Np, 61.46.Df, 62.20.Fe, 68.49.Fg

gime where the cluster fragments'? or undergoes significant
evaporation upon impact,' or the implantation regime where
the cluster buries itself in the surface.!' In the soft-landing
regime, the incident kinetic energy is generally insufficient to
overcome the adhesion between the surface and the cluster,
resulting in collisions that always lead to adhesion. Only
recently has an intermediate regime been identified where
antimony and bismuth clusters were observed to undergo a
transition from adhesion to reflection (while remaining sub-
stantially intact) as the kinetic energy was increased.® This
transition has now been exploited to assemble nanowires on
a variety of patterned substrates.

While the study of collisions of solid bodies stretches
back at least as far as Newton’s treatment in the Principia, it
is not clear to what extent the macroscopic theory of colli-
sions applies to the collision of nanoscale bodies. An impor-
tant quantity in macroscale collisions is Newton’s coefficient
of restitution e, which is the ratio of the reflected to incident
velocity and which effectively measures the degree of inelas-
ticity of a collision. Although the coefficient of restitution is
often regarded as a material constant, it is known to depend
on both the incident velocity and the degree of adhesion
between the solid objects.'® Although inelastic collisions
have been studied extensively for collisions of micro- or mil-
liscale particles,!”"'” much less is known about the collision
of nanoscale objects such as atomic clusters where adhesive
forces will be much more important and mechanisms for
deformation will depend on size. At the macroscale, the
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weakly inelastic collision regime is frequently described us-
ing Hertzian contact mechanics.!® It is of interest to ask
whether this theory applies at the nanoscale and whether it
can be used to describe cluster deposition.

Here, we report on a detailed molecular dynamics study
of the reflection of clusters with kinetic energies that lie be-
tween the soft-landing and fragmentation regimes on sur-
faces with a weak attraction to the cluster. The resulting col-
lisions span a range from weakly to strongly inelastic,
resulting in little to substantial deformation of the cluster.
Previously, we reported on a reentrant adhesion transition
that occurred in the strong deformation regime for normal
collisions.?’ For a certain range of the cluster-surface inter-
action strength, we found that the probability of adhesion
was bimodal as a function of impact velocity. In this paper,
we will study the transition between adhesion and reflection
for a much wider range of cluster-surface interaction
strengths, including but not restricted to the previous regime
of interest where we observed the reentrant transition. We
will also consider collisions at non-normal angles of inci-
dence, as these are obviously of interest for the cluster as-
sembly process described in Ref. 8. However, the main goal
of this paper will be to make a comparison with macroscale
theories of collision and to consider previous experimental
results®!> in light of this comparison.

We begin by discussing the methodology used in the
simulations. We then discuss several individual collisions be-
fore looking at the behavior averaged over many cluster ori-
entations (in Ref. 21, we examined the effect of cluster ori-
entation). We investigate the probability of reflection and
adhesion as a function of the cluster size, the cluster-surface
interaction strength, and the angle of incidence. At the mac-
roscale, the weakly inelastic collision regime is frequently
described using Hertzian contact mechanics.'® We will com-
pare our results to both this existing theory and recent finite-
element simulations of strongly plastic collisions at the
milliscale.'®?? Finally, we consider the experimental data in
Refs. 8 and 15 in light of the understanding that we develop
from the simulations. In particular, we attempt to estimate
the velocity for the reflection-adhesion transition in the ex-
perimental systems.

II. SIMULATION MODEL AND METHODOLOGY

The interaction between atoms separated by a distance r
is modeled using a modified form of the Lennard-Jones

potential:??
wo=a (22 0

for r<r,, where r, is a cutoff chosen here to be 6 (o is the
Lennard-Jones diameter and ¢ is the depth of potential well).
The large cutoff distance was chosen to ensure convergence
both of the adhesion energy and of the probability of reflec-
tion. For our system, the parameters e and o are the same for
all atoms, although the constant C, which is applied as a
scaling factor to the attractive part of the potential, is varied
to control the attraction between surface and cluster atoms,
while the atoms within the cluster and within the surface
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interact via the standard Lennard-Jones potential with C
=1.0. Here, we will consider collisions for values of C be-
tween 0.2 and 0.7. Simulations using similar parameters have
shown that varying C between 0.5 to 1.0 leads to transitions
from nonwetting to wetting behavior for a liquid droplet on a
solid substrate.?? In Sec. III A, we discuss the effect of C on
contact angle in our system.

We have simulated the collisions of various sizes of
closed-shell Mackay icosahedra with a (111)-terminated fcc
surface slab. The Mackay icosahedra are made up of 20 tet-
rahedrally shaped fcc units which share a common vertex.
The (111)-terminated 7680-atom surface slab consists of a
fixed bottom layer and 15 layers of dynamic atoms with
dimensions of 11.70X 11.30X 10.30. Newtonian dynamics
is applied to the central region of the slab, while the outer
region follows Langevin dynamics®* at a specified tempera-
ture 7. The friction parameter in the Langevin thermostat is
varied linearly from 0.0 at the Langevin-Newtonian interface
to 2.0 at the boundary of the simulation cell.”> This block of
5846 Langevin atoms regulates the temperature of the 1344
Newtonian atoms and absorbs energy from the cluster im-
pact. The surface computational cell is repeated periodically
in the two dimensions parallel to the (111) surface plane,
with no periodic boundary conditions applied in the z direc-
tion. This arrangement of atoms was selected after carefully
checking the convergence of the energetics and probability
of reflection of the collisions.

Both the Newton and Langevin equations of motion are
integrated with a velocity Verlet scheme, with a time step
6t=0.017, where 7 is the corresponding atomic time scale
(22)" I we were to use the Lennard-Jones parameters for
argon (0=3.40 A, €=1.65X 1072 J),2° our unit time corre-
sponds to 7=2.17 ps. However, in the rest of this paper, un-
less noted otherwise, all quantities are expressed in Lennard-
Jones reduced units using o, €, and 7 as length, energy, and
time scales, respectively.

The solid clusters and the surface slab were equilibrated
at temperatures of 0.13;> and 0.2;, respectively, for 10*
time steps to allow them to adopt relaxed configurations. The
melting point of the clusters was determined by constructing
caloric curves?’ with the melting temperature of the 147-
atom cluster found to be 0.33;—3. Thus, the simulations are
conducted at temperatures well below the cluster melting
point. At each size and velocity investigated, we typically
performed 50-100 impact simulations by varying the cluster
orientation randomly.

III. RESULTS

In this section, we present the results from a large number
of simulated collisions for a range of parameters including
the initial cluster velocity v, (in reduced units), the angle of
incidence, the cluster-surface interaction C, and the cluster
size. We begin by looking at the effect of C on the wetting of
the surface by the cluster. We then discuss several collisions
in detail at fixed cluster orientation and cluster-surface adhe-
sion strength. We then examine a large number of collisions
averaged over cluster orientation for C=0.35 where we focus
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FIG. 1. Snapshots showing a selection of 147-atom clusters after
equilibration on surfaces with various C values. The solid clusters
(top row) were equilibrated at T"=0.27.

on the reentrant adhesion transition. Next, we examine the
effect of varying C between 0.2 and 0.7. For values of C
< 0.5, we find a transition between adhesion and reflection
that takes place at low velocities (v,<<0.5). For values of C
between 0.3 and 0.4, we observe a reentrant transition from
reflection to adhesion at intermediate velocities (0.5< vg
< 1.5) followed once more by a transition to reflection. This
reentrant transition occurs at the onset of a large deformation
regime, which increases the cluster contact area with the sur-
face and thereby increases the adhesion energy. Finally, we
look at collisions at non-normal incidence. We find that col-
lisions at non-normal incidence follow a very similar behav-
ior if one analyzes the results in terms of the normal velocity
component.

A. Relationship between C and cluster contact angle

Figure 1 shows a selection of snapshots of solid 147-atom
clusters after equilibration on the (111) surface for 5X 10°
time steps for various values of C. Clearly, at C=0.7, the
cluster can be regarded as “wetting” the surface. To estimate
the contact angle, we fitted a spherical cap to the positions of
the cluster’s surface atoms and at C=0.7, and the contact
angle 6,, was found to be 88°. We note that for C<0.5, the
solid clusters effectively do not wet the surface at all over the
relaxation times examined here. Interestingly, although they
remain bound, we observe significant diffusion of the cluster
on the surface for C<0.5 for both the liquid and solid clus-
ters.

In their experiments, Partridge et al.® estimated contact
angles of 6~ 120° for Sb and 30° for Bi on SiO, using
scanning electron microscopy (SEM) imaging. However, as
is possible that some of the clusters were molten prior to
deposition, or even melted during the collision but later so-
lidified as they cooled on the substrate, only tentative esti-
mates of the adhesion energies for Sb and Bi on SiO, can be
made based on these contact angles. Furthermore, it is likely
that the impact of the clusters leads to spreading of the clus-
ter on the surface. Of course, the purpose of this study is not
to precisely simulate the system in Ref. 8 but rather to gain a
general understanding of the reflection-adhesion transition.
In Sec. IV, we will consider the relationship between the
simulated and experimental collisions in more detail.

B. Sample of individual collisions

Here, we examine three collisions of the solid 147-atom
icosahedral cluster, oriented edge-on to the surface as shown
in Fig. 2, at low, medium, and high velocities with the
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FIG. 2. The initial configuration for the collisions studied at
vy=0.4, 1.6, and 2.6 (top). The lighter surface atoms follow New-
tonian dynamics, and the darker surface atoms follow Langevin
dynamics. Snapshots of the 147-atom cluster colliding with the sub-
strate with C=0.35 with initial velocities vg=0.4, 1.6, and 2.6, re-
spectively, at time 1"=9 (bottom).

cluster-surface interaction strength fixed at C=0.35. This will
allow us to introduce the quantities we will later use to ana-
lyze a larger number of collisions as parameters are varied.
Figure 3 plots the evolution of the velocities of the cluster
center of mass for clusters with initial velocities v3:0.4, 1.6,
and 2.6. Interestingly, we observe that the clusters with initial
velocities of vé=0.4 and 2.6 escape, while the cluster that
had initial velocity v;=1.6 is bound and its velocity oscil-
lates about zero. We will see in subsequent sections that this
propensity for clusters to stick at intermediate velocities is
typical for C=0.35. Note the slight acceleration and decel-
eration of the cluster in each case just before and just after
the collision due to the attraction between the cluster and the
surface. For this reason, we define the coefficient of restitu-
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FIG. 3. The z component of velocity of the center of mass v: of
the 147-atom icosahedron plotted versus time for initial velocities
v3=0.4, 1.6, and 2.6. The coefficient of restitution e is defined here
as the ratio of the maximum velocity after the collision v; to the
maximum velocity before the collision v;.
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FIG. 4. The evolution of the z component of the radius of gy-
ration R, of the 147-atom cluster colliding with the substrate with
C=0.35 for initial velocities US=0.4, 1.6, and 2.6.

tion for the collision e as the ratio of the peak velocity after
collision to that before the collision as shown in the figure,
ie., e=-v f/ v;. This is a convenient choice for the definition
for e in the presence of a significant adhesive interaction
between the cluster and the surface. A more conventional
choice would define e to be the ratio of the initial and final
velocities, but this leads to e=0 for clusters that adhere to the
surface. In our simulations, where clusters frequently adhere
to the surface, our definition of e provides a measure of the
reflected kinetic energy ‘“available” for escape. In what fol-
lows, we refer to quantities evaluated at the moment of peak
velocity after collision (the “pull-off”) with a subscript f.
To examine the deformation of the cluster during the col-
lision (illustrated in Fig. 2 by snapshots of the collisions
taken at 1*=9, which is close to the moment of maximum
deformatlon) we use the radius of gyration R%= (R2+R2
+R2)12/ \2, where, for example, R, is defined as

1/2
( 2 (0 =xg,) + (7 - yf.m)z) - (2)

Figure 4 shows the evolution of R, for the three collisions. In
all three cases, R, increases sharply at the collision. At v,
=0.4, the deformation is small and reversible, suggesting that
the deformation is largely elastic. Both of the higher velocity
collisions show evidence of irreversible (plastic) deforma-
tion. For instance, at vgz 1.6, while some of the initial defor-
mation relaxes, there is strong permanent (plastic) deforma-
tion. For 0322.6, the cluster bounces and the radius of
gyration increases by about 30% but eventually settles down
to a value below that of the cluster that adhered to the surface
at v,=1.6.

The total cluster potential energy per atom EP' is the sum
of cluster internal energy per atom E° and cluster-surface
interaction energy per atom E“ (the adhesion energy can be
defined as E“=-E®). As seen in Fig. 5(a), E® at first de-
creases (i.e., the adhesive energy increases) as the cluster
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FIG. 5. The evolution of (a) the cluster-surface potential energy
E, (b) the cluster potential energy E¢, and (c) the thermal kinetic
energy Ef,wrma, of the 147-atom cluster (equilibrated initially at 7™
=0.13) colliding with the substrate with C=0.35 for initial veloci-
ties v,=0.4, 1.6, and 2.6.

approaches the surface due to the attraction between the clus-
ter and surface. During the collision, E increases as the clus-
ter is deformed by the impact. At vS=0.4, E° returns to its
precollision value [Fig. 5(b)], confirming that the collision is
elastic (as was indicated by the deformation in Fig. 4). Like-
wise, for the two more energetic collisions, the change in E¢
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is permanent, confirming that the collision is largely plastic.
In the case of the collision at v;= 1.6, which results in adhe-
sion, we see that there is a subsequent relaxation of £ as the
cluster begins to equilibrate with the surface. We note that
the plastic deformation of the clusters during impact leads to
a corresponding increase in cluster temperature as shown in
Fig. 5(c). Further, at both vS: 1.6 and 2.6, the clusters reach
temperatures above the free cluster melting point (Tj.=0.33).
An inspection of snapshots of the clusters after impact
strongly suggests that indeed the clusters have melted.

Finally, the ratios of the kinetic energy to the adhesion
energy of the clusters at the pull-off (which is the point of
zero net center of mass force), EJ’f/E“, are 1.04, 0.67, and
1.68 for the v,=0.4, 1.6, and 2.6 collisions, respectively. As
expected, if £/ E‘;-< 1, the cluster will adhere to the surface,
whereas if Ef / E;> 1, the cluster will be reflected. We note
that for a spherical droplet, this ratio is equivalent to the
Weber number We often used in fluid mechanics. In the rest
of this paper, we will define the Weber number to be We
=E}</ EJ’? following Ref. 28, where it was used to analyze the
bouncing of liquid droplets.

C. Probability of adhesion averaged over cluster orientation
for C=0.35

Here, the collision of the 147-, 309-, and 561-atom icosa-
hedral clusters with (111)-terminated surface slab is exam-
ined at a fixed cluster-surface interaction strength of C
=0.35 and for initial cluster velocities between 0.2 and 3.2
incident at 90° to the surface. For each cluster size and ve-
locity, 50-100 trials were performed, but between each trial,
the cluster was randomly reoriented prior to the collision.
The effects of cluster orientation are reported in detail in Ref.
21. There we identified three characteristic orientations that
lead to distinct collision behavior: vertex-first, edge-first, and
facet-first. At low velocities, the collision depends strongly
on cluster orientation with vertex-first collisions more likely
to lead to reflection and edge-first collisions more likely to
result in adhesion. At high velocities, the collisions depended
only weakly on orientation. In what follows, we average out
the effect of cluster orientation on the collision probability.

Figure 6 shows that the probability of adhesion as a func-
tion of incident velocity is bimodal for the solid clusters of
each size (as reported in Ref. 20). Clusters adhere to the
surface at very low velocities (v,<0.3) but start bouncing at
intermediate velocities 0.3>v,>0.5. At higher velocities,
v:';>0.5, the adhesion probability increases but once more
starts to decrease for v,>1.5. As we will show in more
detail below, this is because there are essentially two defor-
mation regimes. For v;<0.3—0.4, little deformation occurs,
so that the area of contact (and hence the adhesion energy)
depends only weakly on the incident velocity. At higher ve-
locities, i.e., for v;>0.5, the deformation starts to grow sub-
stantially, leading to an increase in contact area (and adhe-
sion energy), which depends strongly on velocity. In this
strong deformation regime (v,>0.5), the adhesion energy
initially dominates the reflected kinetic energy as the defor-
mation produces a larger contact area. This is evidenced by
the increase in adhesion probability between 0.5<v$< L.5.
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FIG. 6. The probability of adhesion versus the initial velocity vg
averaged over 100 trials with random orientations with C=0.35 for
the three different cluster sizes incident on the flat surface.

Eventually, the reflected kinetic energy begins to dominate
adhesion (v,>1.5) and the probability of adhesion de-
creases. All three cluster sizes display this bimodality, al-
though the larger clusters are less likely to adhere to the
substrate in general.

The deformation can be studied by examining how the
change in the radius of gyration depends on velocity. Figure
7 shows the relative change in radius of gyration, AR;?/ RS, at
the moment of peak reflected velocity as a function of inci-
dent velocity. There are clearly two regimes: at small veloci-
ties, v;<0.5, ARf/Rg is effectively zero, while for v,>0.5,
this relative deformation grows quadratically with v,. Note
that the relative deformation is only weakly dependent on
cluster size.

The deformation at the pull-off also affects the adhesion
energy. Figure 8(a) shows the adhesion energy per atom of
the cluster at the moment of peak reflected velocity, E;i:

—a— N=147
i --4A-- N=309
0.2

AR¢/ R

0.1

N O = IR BRI SRR RN S|
0.0 0.5 1.0 15, 3.0
VO

FIG. 7. The maximum deformation of the cluster at the moment
of peak reflected velocity (the pull-off) v '+ versus impact velocity v,
for different size clusters.
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FIG. 8. For C=0.35 (a) the adhesion energy per atom Ej at
pull-off as a function of impact velocity, (b) E“ as a functlon of
ARg/Ré and (c) E;’N”2 as a function of 1mpact velocity for the
three different cluster sizes. From (c), we observe that the total
adhesion energy (NX Ef) scales as N'/? in the small deformation
regime.
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FIG. 9. The coefficient of restitution e for the three different
cluster sizes on the flat surface as a function of initial velocity at
C=0.35 for normal incidence.

—E“, versus impact velocity. E is roughly constant at low
velocmes v,<0.5, where, as noted above, there is little de-
formation during impact. However, for velocities v0>05
where there is strong deformation, Ef~ (v, 0507 "ag shown
in Fig. 8(a). Figure 8(b) shows the dependence of E} on the
relative deformation (ARg /R8) of the cluster at the moment
of peak reflected ve1001ty In Fig. 8(c), EYN 12 is plotted as a
function of velocity for all three cluster s1zes to illustrate the
dependence of E‘; on N. From this figure, we note that at low
velocities (v;<0 5), in the elastic regime, EJ? ~N72 as is
shown by the coincidence of the values of EaN”2 for all
cluster sizes. For UO>0 5, in the strong deformatlon regime,
the dependence on N is weaker and scales more like N~!/3,
This is consistent with a “pancaking” of the cluster on the
surface (see the snapshots in Fig. 2).

Figure 9 shows the variation of coefficient of restitution e
with the impact velocity. Each data point shown in the figure
represents an average over 100 trials for each cluster size.
The data show a rough trend for e to decrease as the cluster
size increases. e is approximately constant for low velocities
but shows a strong dependence on velocity at v;> 0.5. In this
strong deformation regime, the dependence of e on velocity
varies as e ~ (v;)‘o'6 for the 147-, 309-, and 561-atom icosa-
hedra. This dependence on velocity is much stronger than
that predicted by small deformation contact mechanics,'®
which predicts a (v,)™"% decay in the coefficient of restitu-
tion. However, it is close to the (v(*)/ v")™03 dependence of e
found by finite-element simulations of strongly plastic
collisions."”

Thus, we have clearly identified two collision regimes by
looking at the cluster at the pull-off point: a low-deformation
regime, with a constant coefficient of restitution and adhe-
sion energy, and a strong deformation regime, where both e
and Ej‘ﬁ depend strongly on the initial velocity. To understand
how this affects the probability of adhesion, we have plotted
the Weber number We at the moment of peak reflected ve-
locity in Fig. 10. We note that We correlates well with the
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FIG. 10. The ratio of the reflected kinetic energy E;{ to E;’ or
Weber number We at the point of peak reflected velocity for the
different size clusters with C=0.35.

probability of reflection. As the average value of We ap-
proaches and then exceeds 1, the number of clusters being
reflected dramatically increases. From this plot, we can iden-
tify several collision regimes for the solid clusters. At low
velocities (v;<0.5), the clusters undergo little deformation,
and both the adhesion energy and coefficient of restitution
are approximately constant. In this low-deformation regime,
the reflected kinetic energy grows to dominate the adhesion,
and, consequently, the probability of adhesion decreases with
impact velocity. However, for vg>0.5, we begin to see sub-
stantial deformation of the cluster where both the coefficient
of restitution and the adhesion energy depend on the velocity.
Initially, the adhesion energy dominates, leading to an in-
crease in adhesion probability. However, at high velocities,
the reflected kinetic energy begins to dominate again and the
probability of adhesion decreases once more.

D. Effect of varying C

Figure 11 illustrates the effects of varying the strength of
cluster-surface attraction C, showing the adhesion probabil-
ity of the 147-atom icosahedron as a function of the impact
velocity. It is seen that the adhesion probability strongly de-
pends on C, and the transition from adhesion to reflection of
the cluster is observed as the value of C is decreased from
C=0.7 to C=0.2. The bimodal behavior of adhesion prob-
ability is evident at C=0.3-0.4 but disappears outside this
range as either the reflected kinetic energy dominates at
small C or the adhesion energy dominates at large C. We
note that the difference in reflection probability for surfaces
with different adhesion energies has been exploited for de-
vice fabrication.'

E. Effect of the angle of incidence

Finally, we have considered the adhesion of the 147-atom
cluster at non-normal angles of incidence for C=0.35. In Fig.
12, we have plotted the probability of adhesion versus the
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P(stick)

FIG. 11. The adhesion probability versus initial velocity (v;) of
the 147-atom icosahedral cluster on the flat substrate for different C
values.

normal velocity component (v,,) at angles from 30° to 90°
(again, the cluster was randomly reoriented between each
trial). Note that the probability of adhesion as a function of
the normal velocity component for the non-normal collisions
is very similar to that of the normal collisions in Fig. 6. Thus,
the probability of adhesion is largely determined by the nor-
mal component of the incident velocity, and hence for the
oblique collisions, we define the coefficient of restitution as
the ratio of normal velocity components after and before im-
pact: e:—v;Z/ v; With this definition, we found that the
magnitude and dependence on velocity of the coefficient of
restitution in the oblique case were very similar to that seen
in the normal incidence case. Indeed, this is consistent with
the analysis of the angular momentum of the reflected clus-
ters, which shows that they do not gain significant amounts
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FIG. 12. The probability of adhesion versus the normal compo-
nent of the initial velocity vzz averaged over 50 trials with C
=0.35 for non-normal incidence of the 147-atom icosahedron on the
substrate. The lines shown are to guide the eye.
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FIG. 13. The final velocity component parallel to the substrate
of clusters that are captured by the substrate as a function of the
initial velocity component parallel to the substrate v(*), for C=0.35
(a) and C=0.55 (b). The clusters slide easily for C=0.35 as indi-
cated by the linear dependence of the final velocity on the initial
velocity component, but for C=0.55, there is a threshold incident
angle to the surface before sliding takes place.

of rotational kinetic energy after the collisions (typically 1%
of the translational kinetic energy) even after impacts at
highly oblique angles. However, we would expect the con-
version of translational to rotational kinetic energy during
collisions to be more important at larger cluster sizes.
Figure 13 shows the velocity component parallel to the
surface at the end of the simulation averaged over the clus-
ters that adhere to the surface at (a) C=0.35 and (b) C
=0.55. At C=0.35, it can be seen that this velocity compo-
nent is approximately conserved during the collision (the
slope of the fitting line is 0.8), so that clusters landing and
adhering with velocity components parallel to the surface
may be characterized as sliding rather than sticking (al-
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though these clusters are still counted as adhering in Fig. 12).
At C=0.55, we see a quite different type of behavior, where
there seems to be a threshold velocity for sliding that de-
pends on the angle of incidence. Thus, for stronger cluster-
surface adhesions, clusters striking the surface away from the
normal will stick at low velocities and slide at high velocities
(see Ref. 8).

IV. DISCUSSION

In this section, we compare our simulated results with the
experimental data for collisions of Sb, Bi,® and Cu (Ref. 15)
clusters with SiO, surfaces. However, as we have not di-
rectly simulated a metal/SiO, system, and the particle sizes
here are smaller than those investigated experimentally, we
need to be somewhat circumspect in making this compari-
son. Thus, to gain an understanding of how much of the
behavior observed is an artifact of the Lennard-Jones model
used here, it is useful to draw on knowledge of bulk colli-
sions. In addition, a comparison of our results with bulk
collisions is an interesting end in its own right.

We have investigated a collision regime with typical ve-
locities v~ (e/m)"?. For Ar, with £=1.65X107?' J/atom,
this characteristic velocity is v ~150 m s~!. As noted in the
Introduction, the collision of Ar clusters with surfaces has
been studied previously, both by experiment'*?’ and by mo-
lecular dynamics simulation,’® but at velocities at least an
order of magnitude or more larger than those studied here.
Similarly, using the binding energies for Sb, Bi, and Cu, we
find characteristic velocities of 510, 340, and 780 ms~',
respectively. In Ref. 15, it was estimated that their R
=12.5 nm Sb and Bi clusters had impact velocities of 65 and
45 ms™!, respectively, and that their R=5 nm Cu clusters
had velocities of approximately 230 m s~!. Thus, as a frac-
tion of their cohesive energies, the kinetic energies of the
clusters in the experimental deposition of Sb, Bi, and Cu
clusters are an order of magnitude or more below the scales
studied here.

However, from a macroscopic point of view, the outcome
of a collision (reflection or adhesion) will be determined by
the Weber number We=E’/f-/ E?, which depends not only on
velocity but also on cluster size and the cluster-substrate in-
teraction strength. Indeed, this is certainly the case in our
simulations as discussed in the previous section. Further-
more, our simulations show that the way in which We de-
pends on these parameters, in turn, depends on whether the
collisions are in the weak or the strong deformation regime.
Again, this is to be expected based on macroscopic
considerations.'® Thus, to best compare the experiments and
our simulations, we must compare Weber numbers, and to do
this, we need to know whether the collisions in the experi-
mental system are in the weak or strong deformation regime.
In what follows, we will focus on estimating the Weber num-
ber for R=12.5 nm Sb clusters with estimated deposition ve-
locities of 65 m s,

A. Transition between the weak and strong
deformation regimes

Dimensional analysis suggests that the onset velocity for
strong plastic deformation v' should scale as vf~ (Y/p)!”?,
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where Y is the yield stress and p is the density of the particle.
Indeed, finite-element simulations of collisions in bulk
systems!>?? suggest that a transition between elastoplastic
and fully plastic deformations occurs at velocities v*~0.1
—0.04 (Y/p)"2. In bulk polycrystalline solids, Y is typically
smaller by a factor of 1073-1072 than G, the shear
modulus.?® For Sb, by assuming that the yield stress is
roughly 1073-1072 of the bulk shear modulus, we estimate
that vT~9-30 m s™'. Thus, based on the use of bulk mate-
rial parameters, it seems likely that the Sb collisions in Ref.
8 occurred in a strongly plastic, large deformation regime.

To compare this analysis with the behavior of our simu-
lated system, we need to estimate Y for our clusters. Recall-
ing Fig. 9, we note that in the small deformation regime, the
coefficient of restitution was constant, whereas in the large
deformation regime, the e exhibits a strong dependence on
velocity: e~ (vy/v")™°. As noted earlier, this is a much
stronger dependence on velocity than that given by Hertzian
contact mechanics'® but is close to the (vy/v")™*° depen-
dence found by the finite-element simulations of strongly
plastic collisions.'® Indeed, the quadratic dependence of the
deformation at pull-off on velocity (Fig. 7) is consistent with
strong plastic deformation, where the kinetic energy is dissi-
pated largely at the cluster yield stress Y, i.e., the plastic
work ~YA(4mR*/3)~4mYR*AR is proportional to the
translational kinetic energy ~4mpR3/ 30(2) so that AR/R
~(p/Y)vy, as is found in Fig. 7. We have found that this
relationship is relatively insensitive to both the values of C
and the cluster sizes examined here.

This now allows us to estimate Y for the clusters studied
here. Instead of the deformation at pull-off (shown in Fig. 7),
we use the maximum deformation during the collision to
estimate Y, which is also found to be proportional to the
initial particle kinetic energy. If we equate the plastic work to
the total kinetic energy, we have AR/ R:Avg, where A
=(p/Y). We can then estimate the constant of proportionality
A, which then gives Y ~7-12 €/ o> for the different cluster
sizes. For a Lennard-Jones bulk solid, G~ 60€/0” (Ref.
31), so we have here that Y ~0.1-0.2G,,;, which is close to
the ideal critical shear stress G/2r. We suspect that there are
several factors that contribute to this relatively large value of
Y. First, the use of pair potentials such as that in Eq. (1) is
known to lead to simulated materials that are “brittle,” in the
sense that the onset of plastic deformation only occurs at
stresses close to the point of fracture.3> We also note that
many body effects will lead to more anisotropic elastic
behavior,?® but in particles of this size, we expect that the
anisotropy of the particle structure itself (i.e., the icosahedral
structure with edges, facets, and vertices) will dominate such
anisotropic elastic effects. Second, the usual mechanisms for
plastic deformation that occur in bulk materials, such as the
nucleation and propagation of dislocations, are unlikely to
operate at the cluster sizes studied here. Indeed, molecular
dynamics simulations of metallic nanowires®* have found
yield stresses and Young’s moduli considerably above those
of the corresponding bulk materials (e.g., Y,y ~ 10Y},; with
failure occurring via amorphization®*). Third, we expect that
Y will be shear rate dependent (again, see Ref. 34) and that
the very large shear rates in our collisions may lead to higher
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values of Y. Finally, our estimate really represents an upper
bound on Y, as significant proportion of the incident energy
will be dissipated by the substrate.

In our simulations, we saw the onset of large plastic de-
formations at vT=0.5(g/m)"? at all sizes. Based on our esti-
mate of Y above, we find that v™~0.1(Y/p)"/?, which is con-
sistent with Refs. 19 and 22. For Sb, as noted earlier, we
estimate that v'~9-30 ms™' using bulk material param-
eters. Nonetheless, if the yield stresses of these Sb particles
are significantly larger than Y, as we found in our simu-
lated clusters, then v¥ could be as large as ~90 m s~!. How-
ever, in what follows, we will proceed with the assumption
that the experimental collisions took place in a large defor-
mation, strongly plastic regime as we expect that Sb clusters
are likely to be considerably more ductile relative to their
binding energies than Lennard-Jones clusters.

B. Transition between adhesion and reflection

Transitions between adhesion and reflection can evidently
occur in either the weak or strong deformation regime or
both (see Fig. 11). In the small deformation regime, Hertz’s
contact law for macroscopic bodies'® suggests that the con-
tact area should scale as R?? so that E~ R~ (since E“ is
the adhesion energy per cluster atom). However, for veloci-
ties v3<0.5 in the small deformation regime, we find that
E*~R73? [see Fig. 8(c)]. Thus, if we take the coefficient of
restitution e to be independent of cluster size, We~v2R>? in
this regime. This is essentially equivalent to the liquid drop-
let model® used in Ref. 8 to explain the transition from
adhesion to reflection in their experiments.

However, at impact velocities above 0.5(s/m)'?, in the
strong deformation regime, we find that E° scales as R™'.
This is consistent with pancaking of the cluster on the sur-
face. It is likely that in the experimental system, E“ scales as
an inverse power of R with exponent somewhere between the
value of 7/3, which comes from the macroscopic Hertz con-
tact law (which is admittedly only expected to be valid for
small deformations), and the value of 1 seen in the simula-
tions. For the purposes of making a comparison here, we use
the latter value obtained from the simulations. Thus, in the
strong deformation regime, using the macroscopic coefficient
of restitution for strong plastic deformation, e
~ (/v 01 E'~(vy/v)* (see Sec. MIC), and o
~0.1(Y/p)°>, we find that

pRvTZ(vg)O.S RY<06>05
we~ 222 (2] _go1—(2] | 3
T\ r o ®)

a a

where I', is the cluster-substrate adhesion energy per unit
area. Thus, we expect the adhesion-reflection transition to
occur at a velocity v, given by

: r,\?
ol @
v

where We ~ 1. The dimensionless groupings on the left- and
right-hand sides of this expression are quite natural, and we
would expect these to occur in the description of a reflection-
adhesion in any system undergoing plastic deformation.
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However, as noted above, the scaling with R might vary from
system to system, depending on the nature of the adhesive
forces involved. Nonetheless, in what follows, we will use
Eq. (4) to estimate v,.

Assuming that the contact angles measured by SEM im-
aging in Ref. 8 are, in fact, the equilibrium contact angles,
the adhesion energy can be determined using the surface en-
ergy of the metal. The measured contact angle of 6~ 120°
for Sb on SiO, corresponds to an adhesion energy of I',
=0.03 T m™2, where we have used the surface energy for Sb
given in Ref. 36. Thus, in an R=12.5 nm Sb cluster, if we
assume that Y is 1072 of the bulk shear modulus, v,
~6 ms~! on SiO,. This is consistent with the results re-
ported in Ref. 8, where the Sb clusters with deposition ve-
locities of 65 m s~ were reflected from planar surfaces. In
the etched V grooves, the clusters are incident at 35° to the
substrate plane, giving a normal velocity component of
35 m s~!, which should still result in the clusters being re-
flected. However, in the V groove, reflected clusters will al-
most certainly undergo a second impact on the opposite side
of the V groove. This secondary impact is much more likely
to lead to adhesion. Thus, the experimental results for Sb in
Ref. 8 seem best explained by adhesion following secondary
collisions, suggesting that devices can be assembled by de-
positing clusters well above the transition velocity v, lead-
ing to secondary collisions in a V groove which occur below
V.

Finally, we note that there will be at least two critical
velocities for cluster collisions: the velocity v’, which marks
the transition between the weak and strong deformation re-
gimes, and the velocities v., which give We=1. At these
velocities v., which can occur in the both the weak and
strong deformation regimes as seen in Fig. 10, there will be
a transition between reflection and adhesion. In our simu-
lated system, this reentrant transition occurs where v(cl)<vT
<v£2) when C=0.35. Figure 11 shows that a similar situation
arises for 0.3<<C<<0.4. In fact, this reentrant transition oc-
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curs for those values of C where the Weber number is near 1
at the velocity v'. In other words, if the transition to strong
deformation during the collisions occurs at the point where
the low-deformation collisions have just started to overcome
the adhesive forces, particles will begin to adhere once more
to the surface due to the increase in adhesion. From Eq. (3),
we see that We(v") ~0.01RY /T, so that for any particular
cluster-substrate system, reentrant adhesion is possible in
clusters with radii R~ 100I',/Y. In our system, for the clus-
ter sizes we consider, We(v™)~1 when C~0.3-0.4. In Sb
clusters on the SiO, surface, this suggests that We(v™) ~ 1
when, R~ 7 nm [we note that We(v")=2 in the 12.5 nm Sb
clusters according to Eq. (3)]. Thus, it may be possible to
observe a reentrant transition in R ~7 nm Sb clusters.

V. CONCLUSION

Using molecular dynamics simulations of Lennard-Jones
clusters over a range of velocities, we have observed two
collision regimes on weakly attractive substrates in which
cluster reflection can occur. At low velocities, we find an
elastic collision regime, where the cluster progresses from
adhesion to reflection as the reflected kinetic energy of the
cluster overcomes the adhesion energy. At higher velocities,
the cluster begins to deform plastically. Initially, in this plas-
tic regime, the adhesion energy grows faster than the re-
flected kinetic energy leading to an increase in adhesion
probability. However, eventually, the reflected kinetic energy
grows to dominate the adhesion energy and the adhesion
probability decreases once more. As our simulations in this
strong deformation regime are consistent with strongly plas-
tic contact mechanics, we propose an expression for the criti-
cal velocity for the reflection-adhesion transition in this re-
gime. Using bulk material parameters, we estimate the
critical velocity for Sb clusters and find that this is consistent
with recent experiments.
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