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Fragmentation and energy loss in grazing scattering of copper clusters Cu,
from a single-crystal Al(111) surface
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By performing a molecular dynamics simulation, fragmentation and energy losses of neutral copper clusters
Cu, in grazing incidence on a single-crystal Al(111) surface under various azimuthal angles were studied. The
interactions among copper atoms were modeled by tight-binding potential, and the position of each copper atom
at each time step was calculated by integrating the Newton equations of motion. The percentage of unfragmented
clusters as a function of incident energies, incident angles, and cluster sizes was found to be almost independent of
the influence of surface structure. The regular-sized clusters without icosahedral structure appear to be less stable.
The energy spectra of reflected particles for 30-keV copper clusters Cu,47 grazing scattering were measured under
three incident angles, and some additional peaks appearing on the left side of the first peak were observed for

large grazing angles of incidence.
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I. INTRODUCTION

Owing to their specific mechanical, electronic, catalytic,
and magnetic properties, clusters have attracted much attention
in the past decade [1-5], and recently, in particular, metal
clusters are expected to be highly important in a variety of
applied processes, such as deposition, growth of high-quality
ultrathin films without damaging the substrate surface geom-
etry, and creating nanoscale materials [6,7]. One important
way to study cluster is to scatter it from an insulator or
metal surface under a grazing angle of incidence. In the
majority of cases cluster-surface interactions accompanied by
inelastic processes, such as excitation of cluster and electronic
energy loss, can be favorably studied using channeling effect
[8,9]. When a cluster reaches a metal surface under grazing
incidence, it would not penetrate into the surface, but reflect
specularly from the surface without destruction of its geometry
or dissociating into small fragments. Therefore, information on
the stability of clusters, even the fragmentation pattern, can be
obtained by looking at the outgoing fragments.

From former available studies performed with projectile
energies of typically hundreds of eV to some keV, and a
large angle to grazing impact, details on the fragmentation of
clusters [10,11] and kinetic energy loss [10,12] were widely
revealed. In order to investigate the fragmentation of clusters,
four sizes of fullerenes were used as projectiles in previous
surface-impact research, and the fragmentation of the four
sizes of fullerenes impacting on the surface as a function
of impact energy per carbon atom was shown by Chancey
et al. [11]. However, most of these studies, e.g., studies
performed in Refs. [7,13], did not pay attention to the influence
of the target, especially the target with a detailed description
of surface structure. The clusters have been proved to be
easily dissociated into fragments during cluster—ion-surface
collisions. When clusters are used as projectiles, interesting
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aspects may arise with respect to fragmentation phenomena,
as compared to single atomic or ionic projectiles.
Furthermore, information on the stability of various clusters
also can be obtained by measuring the energy loss of
projectiles, which is traditionally divided into two components
of nuclear stopping and electronic stopping. The energy losses
of Hy™ and H;3™ ions passing through carbon foils without
fragmentation were reported by Susuki et al. [12], and the
energy losses were well explained in terms of electronic
stopping power. Although both nuclear and electronic energy
losses are expected to be almost completely suppressed under
grazing scattering, rather large energy losses of Cgo " ions graz-
ing scattering from an insulator surface under three different
angles of incidence were still observed [13]. The anomalous
energy losses were attributed to the internal excitations, which
cause the observed fragmentation of Cgyt ions. Nevertheless,
the fragmentation of Cgo™ ions occurs for energy-loss mea-
surement in all cases, leading to the ambiguous evidence on
the existence of critical impact energy of fragmentation.
Motivated by these previous studies, we go further by using
larger copper clusters Cu,, with energies ranging from some
keV to thousands of keV grazing scattering from a single-
crystal AI(111) surface. The copper clusters were modeled
as the collections of the point atoms subjected to the tight-
binding interaction potential. The percentage of clusters that
remain unfragmented was measured as a function of incident
energies, incident angles, and different investigated cluster
sizes. Furthermore, the energy losses of copper cluster Cuj47
grazing scattering from crystal surface were measured under
different conditions, producing no fragmentation or intensive
atomization of the cluster. The organization of the paper is
as follows. In the following sections, the simulation models
including the motion of clusters, fragmentation determination,
and energy loss are presented, and then the calculation results
are discussed. A short conclusion can be found in Sec. IV.

II. MODELING

Motivated by grazing ion-surface scattering, the trajecto-

ries of an atom “i” in a copper cluster are predominantly
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determined by the interatomic interaction potential between
the atom i and the lattice atoms. In addition, its trajectories are
also affected by the interactions among copper atoms. In the
present study, the second moment tight-binding approximation
(TB-SMA) was employed for the description of Cu-Cu
interatomic interactions [14,15]. Previous works have proved
that the TB-SMA potential is accurate and convenient in the
description of interatomic interactions [4,16,17]. Therefore,
for an atom i among copper clusters at a distance R away from
the crystal surface, the position of this atom at each time step
is subjected to two forces:

Fi(R) =Y F(ry)+ Y Fim(R), (1)
i#]

where the first item is the sum of interatomic Cu-Cu forces
depending on the potential energy of the atom i. For the
atom i, the total potential energy, which is composed of two
components written as E 1’; and E’, respectively, is given by the
following equations:

Econ = Z (E;, + E;)»

i#j
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where E} is an attractive energy; E! is the repulsive energy
which is described by a pair potential energy of the Born-
Mayer form; r;; represents the distance between atoms i and
Ji 1y is the first-neighbor distance in a copper cluster; £ is
an effective hopping integral and ¢ describes its dependence
on the relative interatomic distance; and p is related to the
compressibility of bulk metal. These potential parameters
associated with Cu-Cu atoms were given in Ref. [18].

The second term in Eq. (1) is the sum of the forces
experienced by the atom i in a copper cluster from all target
atoms. Correspondingly, the force experienced by the atom i
from a target atom can be given by

- d
Frem(R) = d_R[WTFM(R)]v 3)

where the Wrpy(R) is the Coulomb potential between the atom
i and a target atom. The interaction potential for atomic species
with atomic numbers Z; and Z, separated by a distance r can
be approximated by a screened Coulomb potential of this type:

YAVY)

r

¢(r/ar), “4)

Wrem =
where ¢(r/ar) is an interatomic “screening function.” In our

simulation, we adopted the Thomas-Fermi-Moliere screening
function as follows:

¢(r/ar) =)y a; exp(~bir/ar), ©)
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in which a; = {0.35,0.55,0.1}, b; = {0.3,1.2,6.0}, and the
screening length

0.8854
ap = ——— (©)

[ 23 23
Z\"+ Z;

In order to simplify the calculation, when the copper
atom i-surface distances R > 5.0 a.u., the interaction potential
between the copper atom i and target atoms is approximated
by a continuum potential [19]

a;
> Wasn(R) = 2wn.Z1 Zoar ) o exp(=biR/ar), (7)

where n; is the number of surface atoms per unit area.
According to Eq. (7), the continuum potential depends only
on the distance R normal to the surface plane.

The structure and stability of Cu, clusters consisting of
10-10000 atoms are sensitive to the number of atoms. In the
present work, the so-called magic-numbered clusters [20,21],
which are based on icosahedral geometry, were mainly adopted
as projectiles. The number of atoms in a magic-sized Cu,
can be obtained by the relationship N, = (10k> + 15k> +
11k + 3)/3, with Ny being the number of atoms and k the
layers of the icosahedral clusters. Such clusters have been
found for N, = 13,55,147,309,561, ... corresponding to the
formation of the first, the second, the third, the fourth, and the
fifth Mackay icosahedral [21]. The icosahedral cluster growth
pattern is generally multilayered icosahedral or layer by layer
growth, from the one-shell Mackey icosahedral Cu;; to the
two-shell icosahedral Cuss and then to the 147-atom structure,
which is the third Mackey icosahedron [21]. Moreover, the
random-sized Cu, clusters can be derived from the already
known one with n — 1/n + 1 atoms by simply adding or
removing one atom.

At the beginning of each event, the copper clusters were
initially placed at a sufficiently large distance above the crystal
surface, and therefore the Coulomb interaction potential
between the cluster and the lattice atoms could be ignored.
Thus, if the copper cluster is outside the range of Coulomb
potential, it remains in its static equilibrium geometry with all
atoms assigned a uniform velocity to the surface and consistent
with the desired incident energy. The present work used a
single-crystal aluminum target with a clean and flat surface, in
which the surface channels were displayed along the directions
of [1,0,1] and [0,1,1], etc., presented in Fig. 1. The origin
coordinate system was put at the center of the crystal surface
(the intersection of lines with arrow) with the x and y axes
parallel to the surface and the z axis perpendicular to the
surface. According to the Debye model, thermal vibrations
were included by calculating random displacements of the
target atoms with the surface Debye temperature, and the
Debye temperature of 390 K was taken for two dimensions
of the surface plane.

Compared with the size of incident Cuj4; clusters, the
target normally used in experiment, e.g., a sample with the
size of 8 x 10 mm?, is far larger and consequently seems to
have infinite surface area. Thus, a target with infinite surface
plane is needed in the present molecular dynamics (MD)
simulation. At the very beginning, based on the single-crystal
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FIG. 1. The schematic diagram of single-crystal Al(111) surface
structure.

Al(111) surface structure displayed in Fig. 1, a large target
consisting of 2307 atoms distributed evenly in three layers
was generated, and its size was much larger than that of copper
clusters, even if the Cuy4;5 clusters were used as projectiles.
A schematic diagram for copper cluster grazing scattering is
shown in Fig. 2 by applying the target with all 2307 atoms.
However, the consumption of computer resources is enormous
when cluster-surface distances R < 5.0 a.u., because all target
atoms will be involved in the calculation of the interaction
potential between the copper atom i and target atoms at each
time step. Actually, the calculation of the interaction potential
between the copper atom i and the crystal surface can be
well approximated by considering only the nearest 75 target
atoms.

Generally, the target with 2307 atoms was only used for
two purposes: (i) obtaining the schematic diagram of copper
cluster grazing scattering and (ii) providing the coordination
noted as xmig(7) and ypmiq(?) of the target atom which is closest
to the copper atom i. Therefore, during Cu, cluster grazing
scattering, n targets, i.e., target (1), target (2), ... target
(i), ... target (n), consisting of 75 atoms were generated and
their coordinate system centers were put exactly on xp;q(i)
and ynia(7). Then, the position of target (i) along the surface
dimension of x,y directions is adjusted frequently as if the
copper atom i interacts with an infinite surface plane. This
technology was used in our previous work [22] and will
be described in detail in our future paper. By using this
method, the simulation of large copper clusters interacting with
virtual infinite surface can be performed within an acceptable
computation time.

The characteristics of incident cluster beams, such as energy
spectra and angular distribution, etc., were modeled as a
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Gaussian line shape. In addition, the interaction interface
was described as a vacuum-surrounded area to meet the real
experimental conditions as much as possible. Based on the
fact that the tight-binding (TB) potential has a finite distance
cutoff, a fragment was defined as a group of atoms, each of
which has a nonzero interaction with some other members of
the group, and the fragmentation of the copper cluster was
determined from the atomic positions at the end of simulation.
By using the above modeling and time step of 1 a.u., the copper
cluster’s motion was simulated by a stepwise integration of
the Newton equations of motion. Fragmentation statistics or
energy losses at each time were analyzed from sets of 1000
trajectories. The process including trajectory calculation and
fragment determination was carried out using a molecular
dynamics program developed by our group. The running time
of each simulated event was 5 ps, covering both the collision
and the relaxation phases.

The energy loss that copper atom i experiences along its
trajectory can be interpreted as a sum of two components:
(1) elastic energy loss and (ii) inelastic energy loss.

Elastic energy loss. The elastic energy loss can be easily
calculated from the binary collisions between copper atoms
and lattice atoms as follows [23]:

2 _ gin2 2
(u? — sin 9)) ]’ ®)

(cosG:I:
14+ un

where E( denotes the initial kinetic energy of projectiles, 6 is
the scattering angle, and i = m,/m, (m, and m, are the mass
of projectiles and lattice atoms). The plus sign is applied for
m, < m;, otherwise, the minus sign is chosen.

Inelastic energy loss. In our previous work [22], the inelastic
energy loss coming from three sources for highly charged ion
(HCI) grazing on metallic surface was discussed. Since neutral
copper clusters are used as projectiles in the present work,
only when the cluster is close enough to reach electron gas
of the metallic surface (R < 5.0 a.u), the electron energy-loss
process begins and its values can be obtained by integrating
the position-dependent stopping power [24]

AEq = Eo[l -

1
S.(R) = 2k% — / kdk[o, ()12 H (k.2Z)), 9)
Vr Jo

where R is the distance from the top surface layer, z; = R —
rq, rg =2.99 a.u. is the average atomic radius of the aluminum
target, and kr = vy is the Fermi wave number. According to
the Brandt-Kitagawa (BK) model [25],

q(R) + (2kkr A)?
1 4+ QkkpA)?

where Z; is the atomic number of projectiles, A is a screening

length, and g(R) is the position-dependent ionization degree.
When R > r,4, the position-dependent ionization degree can
be expressed as

R — 7z
fI(R)=qOeXP[—eXP<— 2 )} (11)

where g is the initial ionization degree and L is a characteristic
length, z; = L In(T'gL /v,) with v, being the perpendicular
velocity and Iy a typical resonant ionization rate, but for
R < r4, an empirical model based on the velocity-dependent

on(k) = Z, (10)
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electron-stripping criterion in which the ionization degree
shows a good agreement with experiment values for heavy
ions is adopted as

g» = 1 —exp (0.803y"* — 1.3167y"° — 0.381 57y,
—0.008983y;), (12)

where y, = v, /Zf/3 , with v, being the ion velocity relative to
the target-electron velocity, as defined in Ref. [24]. In Eq. (9),
the detailed expressions for H (k,z;,) was given in Refs. [24,26].
The electron energy loss d E experienced by copper atom i
moving d L distance is calculated as follows:

dE = S,(R)L, (13)

where S.(R) characterizes the position-dependent stopping
power, d L is the effective ion—atom-surface interaction length,
i.e., the part of the trajectory in which copper atom i interacts
efficiently with surface electron gas. Because the electron-
energy-loss process is switched on only when the copper atom
i is close enough to the metallic surface, the effective trajectory
length is computed only when R < 5.0 a.u.

III. RESULTS AND DISCUSSION

Figure 2 shows a schematic diagram from copper clusters
grazing on a single-crystal Al(111) surface under a random
azimuthal angle with respect to the [1,0,1] direction of
the target surface. Interatomic interaction potentials between
copper clusters and surface atoms lead to the forces normal
to the surface, introducing the reflection of copper atoms. The
snapshots shown below for Cu;4; cluster grazing scattering
are taken at the distance of 20 a.u. away from the surface in
the collision phase, the distances of closest approach, and the
distance of 20 a.u. away from the surface in the relaxation
phase, respectively. For the case of the upper one of Fig. 2,
even though the incident energy is far larger than the binding
energies of individual atoms, e.g., the incident energy of Cu,4;
clusters is 30 keV, which is far larger than the binding energy
per atom of the 3.388 eV/atom, the Cuj4; clusters could
still be reflected from the surface without destruction of its
icosahedral structure, and therefore no fragmentation takes
place. However, fragmentation of Cu, 47 clusters will take place
at higher incident energy, shown in the bottom one of Fig. 2,

&
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indicating the existence of a critical energy at which the copper
clusters Cuj47 begin to shatter into a number of fragments.

One way to characterize the stability of clusters grazing on
a surface is to measure the percentage of clusters that remain
unfragmented at the final step of the simulation. The number
of copper atoms in the original incidence clusters is denoted
as Ny. Then, the percentage of copper clusters that remain
unfragmented can be obtained by Ny/Ny, where Ny stands
for the number of atoms in the largest fragment at the end of
grazing scattering. It should be noted that this largest fragment,
which is able to be considered as the reflected particle, is the
specific one preserving the properties of the original incident
clusters as much as possible. If the Cuy47 copper clusters would
be reflected from the surface without fragmentation, N is
equal to the parameter Ny. As aresult, the percentage of copper
clusters that remain unfragmented will be equal to 1.

Figure 3(a) shows the percentage of clusters that remain
unfragmented as a function of incidence energy. For suffi-
ciently small incident energies, the copper clusters will be
specularly reflected from the surface without fragmentation
and the corresponding percentage of clusters that remain
unfragmented will be equal to 1. In contrast, with the
increase of incident energies, the copper cluster appears to
be less stable when the incident energies are larger than a
critical value ~47 keV. Then, fragmentation occurs and the
percentage of unfragmented clusters decreases dramatically
with the increase of incident energy. As shown in Fig. 3(b),
the fragmentation yield obtained by 1— N;/Ny suddenly
increases at incident energies slightly larger than the critical
energy.

Three different azimuthal angles with respect to the low-
index [1,0,1] direction of the Al(111) surface were adopted to
observe whether or not the surface structure has an influence
on fragmentation outcomes. Inspired by ion—atom-surface
grazing [22], it is reasonable to believe that if the azimuthal
angle of the plane of incidence coincides with a low-index
direction on the crystal surface plane, grazing can occur along
strings of surface atoms in the regime of “axial channeling.”
For instance, axial channeling happens when copper clusters
graze under azimuthal angles of & = 0° or & = 60°. Otherwise,
“planar channeling” happens if the clusters graze along
random directions, e.g., under azimuthal angle ® = 10°.
According to the present results, the percentage of clusters
that remain unfragmented almost has no change when cluster

FIG. 2. (Color online) Simulated fragmentation collisions of copper clusters Cuy4; grazing under the incidence angle 6;, = 3° on a
single-crystal Al(111) surface at the incident energies of 30 (upper) and 80 keV (bottom). From left to right: before, during, and after grazing

on an Al(111) surface.
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FIG. 3. (Color online) (a) Percentage of clusters that remain
unfragmented as a function of incident energy for Cu4; clusters
grazing on the Al(111) surface under a grazing angle of incidence
0in = 3°. The azimuthal angles of incident beams with respect to the
low-index ([1,0,1]) direction are chosen as ® = 10°, & = 0°, and
® = 60°. (b) Fragmentation yield around incident energy E = 47
keV. The lines are drawn to guide the eyes.

beams are changed from planar to axial surface grazing
scattering.

As shown in Fig. 4(a), the percentage of clusters that remain
unfragmented decreases dramatically when the incident angles
i, are larger than the critical value ;, = ~3.8°. For sufficiently
small incident angles, the clusters are reflected from the crystal
surface without destruction of its geometry, and therefore no
fragmentation takes place. In Fig. 4(b), the fragmentation yield
suddenly increases when the angles of incidence are slightly
larger than the critical value, which is similar to the tendency
shown in Fig. 3(b). Reference [11] reported that the threshold
impact energy of ~2.5 eV /atom does exist for Cgy impacting
on a structureless wall. However, the fragmentation of Cgo™
ions occurs via a sequential C,-loss process for energy-loss
measurement [13], even if the perpendicular energy is far
smaller than the threshold impact energy. From the present
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FIG. 4. (Color online) (a) Percentage of clusters that remain
unfragmented as a function of angles of incidence for 30 keV Cu,47
clusters grazing on an Al(111) surface. The azimuthal angles of
incident beams with respect to the low-index ([1,0, 1]) direction also
are chosen as ® = 10°, & = 0°, and & = 60°. (b) Fragmentation
yield around the angle of incidence 6;, = 3.8°. The lines are drawn to
guide the eyes.

results, the critical energy of the fragmentation of Cujs;
clusters does exist under grazing scattering condition.

In Ref. [13], the effect of internal excitation was investi-
gated experimentally for the insulator target under suppressing
nuclear and electronic stopping, which can be achieved by
using grazing scattering geometry. In order to estimate the
internal energy of the scattered fullerenes, simulations of
fragment spectra using an Arrhenius representation of rates
for delayed C, loss and electron emission for parameters
from Concina et al. [29] had been performed [30,31]. Their
simulations reproduce the trends generally but underestimate
the internal excitation, especially for small angles of inci-
dence. In the present work, copper clusters were modeled as
collections of point atoms subject to the TB potential, so that
the description of the electronic system of projectiles was not
accurate enough. Then, the study of the internal excitation of
scattered clusters is beyond reach.
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Accordingto £, = Ej sin?(6;,), the defined vertical energy
E, were achieved by combining the incident angles 6;, and
initial incident energies E(. Accordingly, the vertical energy
E ) normal with respect to the surface always increases with
the increase of incidence angle 6;, or initial incident energies
Ey. For the above two cases of Figs. 3(b) and 4(b), the vertical
energies at which incident Cuj47 clusters begin to shatter are
128.8 and 131.7 eV, respectively. For Cu,, clusters with greater
vertical energies, the distances of closest approach are closer
to the crystal surface, and consequently the surface potential
has a greater influence on the incident clusters and leads to
more intensive fragmentation.

In the previous work [22], we showed that the surface
structure has a great influence on SHCI (slow highly charged
ion)-surface interaction due to the fact that the effective
trajectory length can be prolonged by the axial channeling
along the very axis (low-index directions). However, as shown
in Figs. 3(a) and 4(a), the surface structure almost has no
effect on the fragmentation outcomes for copper clusters Cu47
grazing on the AI(111) surface.

Two facts would be expected to be responsible for the
differences between HCI and cluster grazing scattering from
the surface. (i) The influence of channeling effect is not
obvious when the projectiles are far away from the surface.
For instance, if the distance of closest approach is larger
than 3 a.u. for the neutral Ar atom grazing on the Al(111)
surface, the closest approach distance would not change
significantly when incident beams are changed from planar
to axial surface scattering. (ii)) When the copper atom i is
not close enough to the surface, other atoms in this Cujy;
cluster make more of a contribution to the motion of copper
atom i than the target atoms. For incident angle 6;, = 10°,
the distances of closest approach for Cuj4; clusters grazing
under ® = 10°, ® = 0°, and ® = 60° are ~3.04, ~3.06, and
~3.04 a.u., respectively, and therefore there is almost no
influence from surface structure. These results indicate that
the stability of clusters impacting or grazing on surface can
be studied by simply adjusting the incident angles or energies
without having to consider the influence of the surface structure
on fragmentation outcomes. On the other hand, for large angles
of incidence, fragmentation of incident clusters with large
vertical energy E, is intensive no matter which direction
the clusters would initially graze along. This phenomenon
indicates that it is inappropriate to detect the information on
surface structure by looking at the fragmentation outcomes for
cluster grazing scattering from crystal surface.

Figure 5 shows the percentage of four sizes of clusters
that remain unfragmented as a function of the incident energy
per atom. As is seen above, the clusters with icosahedral
structure, such as Cuyy;, Cuse;, and Cuyys clusters, appear
more stable with respect to fragmentation outcomes than
regular-sized cluster Cujgg. Nevertheless, the tendency of
Cu o fragmentation is similar to that of the other investigated
clusters. Moreover, from the present results, the percentage
of clusters that remain unfragmented is not equal to 0 at
high incident energies range. For instance, the unfragmented
percentage is not equal to O even when the cluster is at full
atomization, e.g., ~1/147 for full atomization. This feature
is greatly different from the results of Chancey et al. [11],
in which they did not show clearly the way to define the
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FIG. 5. (Color online) Percentage of clusters that remain unfrag-
mented as a function of the incident energy per atom for Cuy g, Cuyy7,
Cusg;, and Cuyyys clusters grazing on an Al(111) surface under the
incidence angle of 6;, = 3°.

parameter of unfragmented percentage. On the other hand,
if larger clusters are used as projectiles, the opportunities of
the recombination of outgoing small fragments into bigger
ones is greater in the relaxation phase, and therefore there are
more atoms in the largest fragment.

Based on the results from Fig. 4(a), two incidence angles
of 6;, = 4°, 5° at which any fragmentation occurs but without
leading to full atomization of Cu, clusters were adopted to
observe the distribution of fragmentation outcomes. The frag-
ment distributions from the grazing scattering of Cu47 clusters
on the AI(111) surface are shown in Fig. 6. The raw data are
displayed directly about the total number of fragmentation
outcomes in each size, providing the advantage of showing
an intuitive and clear status of fragments. From Fig. 6(a), the
fragment distribution appears symmetric between the small
and large fragments. However, the fragment distribution shown
in Fig. 6(b) ceases to be symmetric and the intensity of large
fragments decreases down to almost 0, indicating the clusters
undergo further fragmentation compared to that in Fig. 6(a).
The vertical energy E | for clusters Cuj47 grazing under angles
of incidence 6;, = 4°,5° is about 145.98 and 227.88 eV,
respectively. As evident from Fig. 6, the result is consistent
with the fact that the appearance of fragment distribution
depends significantly upon the vertical energy E , and greater
vertical energy E | leads to more intensive fragmentation.

If copper clusters Cuy47 are used as projectiles, the energy-
loss processes begin only when projectiles are close enough
to the metallic surface so that the electron energy-loss process
can switch on. Since the diameter of Cuy47, ~30 a.u. is much
larger than the average aluminum atomic radius r; of 2.99 a.u.,
when a group of atoms in a Cuyy; cluster is close enough to
the metal surface, other groups of atoms are still out of the
range of surface electron gas. In this case, only the former
group of atoms makes a contribution to the electronic stopping.
Furthermore, elastic energy loss which results from energy
transfer in elastic binary collisions from projectiles to lattice
atoms may play a different role in cluster-surface collisions.
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FIG. 6. (Color online) Fragment distributions of 30 keV copper
clusters Cu,47 grazing on a single-crystal Al(111) surface under two
incidence angles of 6;, = 4°,5°.

Figure 7 shows the energy losses as a function of incident
energy for copper clusters Cuj4; grazing on a single-crystal
Al(111) surface under the incident angle of 6, = 3°. As
shown above, the total energy loss increases apparently with
the increase of cluster energies and nuclear stopping clearly
dominates the dissipation of the kinetic energy of projectiles.
However, compared to the incident energies, the total energy
loss is indeed modest, indicating both nuclear and electronic
stopping are strongly suppressed under grazing scattering from
the surface.

In the previous work, Hu et al. [27] focused their attention
on the energy loss of single atomic ions N9 grazing on the
AI(111) surface. Their results showed that the total energy
loss increases linearly with the incident energy, which is
similar to the present observation. However, what is different
with Ref. [27] is that the nuclear stopping clearly dominates
the stopping process. There is no electronic stopping for
incident energies E = 5,10,15 keV, because projectiles are
still out of the range of surface electron gas. The electronic
stopping plays an increasing role with incident energies, but is
still at a negligible level even at higher energy ranges. For
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FIG. 7. (Color online) The energy losses as a function of
projectile energy for copper clusters Cuy47 grazing on a single-crystal
Al(111) surface under an incident angle of 6, = 3°. Empty square:
summation of elastic and inelastic energy loss, i.e., total energy loss.
Empty reverse triangle: elastic energy loss. The incident beams graze
along random direction ¢ = 10°.

instance, the distance of closest approach is 4.46 a.u. for
incident energy E = 35 keV, and the corresponding inelastic
energy loss is 1.01 eV, much smaller than the total energy
loss of ~48 eV. In addition, since only the largest fragment
represents reflected particles, a part of the kinetic energy
of projectiles will be taken away by other smaller fragment
outcomes. Consequently, the corresponding energy-loss value
cannot represent the realistic energy loss caused by traditional
nuclear and electronic stopping. Thus, the present energy-loss
measurement was done within the energy range at which there
is no fragmentation occurring.

Figure 8 shows the energy spectra of reflected particles
for 30 keV copper clusters Cu47 grazing on a single-crystal
Al(111) surface under three different incident angles of 8;, =
3°,4°,5°. The main features of the obtained energy spectra can
be summarized as follows: For incident angle 6;, = 3°, there
is only one sharp peak at an energy slightly lower than the
incident energy. With the increase of incident angles 6;,, the
first peak shifts toward lower energies and some additional
peaks appear on the left side of the first peak, especially
for the angle of incidence 6, = 5°. The first peak shifts
toward lower energies due to the fact that the energy loss
of the intact reflected Cuy47 clusters increases with incident
angles. This feature is really consistent with the results of Hu
et al. [27] in which the total energy loss increases significantly
if incident angles are larger than 0.9°, provided, e.g., in Fig. 3.
In addition, the number and the intensities of these additional
peaks increase with incident angles 6;,. For instance, compared
to 6, = 3°, it is noted that the second, and even the third peak
appear for 6, = 4°, indicating that fragmentation of Cu4;
clusters occurs. Furthermore, the first peak almost disappears
and the intensities of the additional peaks are much stronger
than that of the first peak for 6;, = 5°. This feature is different
from the already published work of Matsushita ef al. [12],
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FIG. 8. (Color online) The energy spectra of reflected particles
for 30 keV copper clusters Cu,4; grazing on a single-crystal Al(111)
surface under three different incident angles of 6;, = 3°,4°,5°.

in which the first peak is obvious and its intensity remains
the strongest one with the increase of grazing incidence
angles.
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FIG. 9. (Color online) The same as Fig. 6(b), but only the
fragments consisting of 15-147 atoms are considered for the fragment
distributions of 30 keV copper clusters Cu,4; grazing scattering
from a single-crystal Al(111) surface under angle of incidence
Oin = 5°.

According to Fig. 6(b), the intensity of small fragments
Cu, (n = 1-3) is much stronger than that of other fragment
outcomes. This feature depends on the fact that almost no
intact reflected clusters Cuj4; can be found after scattering
and intensive fragmentation of Cujs; clusters happens in
each event. Thus, in order to explore detailed information on
the reflected fragments Cu, (n > 15), only the intensity of
fragments consisting of 15-147 atoms was shown in Fig. 9.
As shown in Fig. 9, there are the first, second, third, and fourth
peaks appearing around the fragment size Cuj44, Cujog, Cuys,
and Cuyy, respectively. These specific fragment outcomes can
be seen as the clusters dissociation products, which originate
from processes that are roughly described by dissociation
schemes as follows: (i) The fragment Cuj44 originated from
Cuyy; = Cu,(n = 1-3) + - - - + Cuy4, leading to strong in-
tensity of small fragments Cu, (n = 1-3). (ii) The fragment
Cuy44 will undergo further fragmentation Cuyyy — k*Cuss(k =
1,2,3) = Cu;, — Cu,p -+ -~ — Cu, (n = 108,73,40), where
Cu; and Cu,, stand for other small fragments with random
size. Since fragment Cu,44 will undergo further fragmentation,
the intensity of the first peak associated with fragment Cuy4
is weak. For instance, fragment Cujog originates from Cujyq
— Cuzs — Cu; — Cujog, whereas dissociation scheme
Cuygq4 — 3*Cuss — Cu,, (m = 1-39) — Cuyg is accompanied
by small fragments Cu, (m = 1-39), leading to strong
intensity of small fragments marked as black solid squares
in Fig. 9.

In the work of Matsushita et al. [12], if the collision energy
of a Cg" ion impacting on a solid surface is larger than
but not far beyond the threshold energy, fragmentation of
Ceo™ would occur via a sequential C,-loss process. A similar
mechanism has been mentioned by Beck et al. [28] who
studied several fullerenes within the energy range from 150 to
1050 eV. They concluded that at energies near fragmentation
threshold, the fragmentation will involve the ejection of C,
units, but that at higher impact energies, the fullerene seems to
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undergo further fragmentation, resulting in a large number
of smaller fragments. In the present work, regarding the
incident angle 8;, = 5°, the vertical energy E, is 227.88 eV,
which is much beyond the critical energy, and the percentage
of clusters that remain unfragmented can even go down to
0.4. Intensive fragmentation of Cuj4; clusters occurs, and
therefore the possibility of detecting the intact outgoing Cu;47
clusters is really small. Furthermore, the observed peaks are
almost equally separated by ~7.0 keV for incident angle
0in = 5°, which is in agreement with the kinetic energy
carried by fragment Cuss, i.e., ~35/147 of the kinetic energy
of Cuyy7, being ~7.14 keV. The feature indicates that the
fragmentation of Cuj4; occurs via successive “knockouts”
of small fragments in large-angle cluster-surface grazing
scattering.

A structureless wall and efficient program were used in
the work of Chancey et al. [11], promising them to perform
simulation with a modest consumption of computer resources.
However, the structureless wall lacks an atomic structure.
Their results show that there is a threshold impact energy of
~150 eV for fragmentation of Cgy, i.e., the threshold energy
is 2.5 eV/atom. The threshold energy is much smaller than
the binding energy of Cgg, ~7.6 eV. Consequently, the ratio of
threshold energy to binding energy for Cg is 0.32. In our work,
the single-crystal Al(111) target with accurate surface channels
was used. The threshold vertical energy for the fragmentation
of Cuyy7 is ~0.884 eV/atom, and is also smaller than the
binding energy of Cu,47, ~3.388 eV /atom. The copper clusters
appear more easily to dissociate into fragments, compared to
Ceo. In addition, the ratio of threshold energy to binding energy
for Cuyyy is 0.26, and therefore, this qualitative result is not
sensitive to the details of the descriptions of lattice surface
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even if there is a lack of atomic structure or the details of
surface structure description.

IV. CONCLUSION

A molecular dynamics simulation study of the interaction
for copper clusters Cu,, grazing scattering from a single-crystal
Al(111) surface has been presented. The screened Coulomb
potential and tight-binding potential are used to model the
motion of clusters. The copper clusters Cu, with energies
from which no fragmentation occurs to those producing
intensive atomization serve as projectiles. We have found
that the percentage of clusters that remain unfragmented
depends significantly on incident energies, incident angles, and
incident cluster sizes. However, the surface structure almost
has no influence on cluster-surface interaction with respect to
the fragmentation process. Additionally, the clusters without
icosahedral structure appear to be less stable. The multipeak
structures of the obtained energy spectra were found for
large angle of incidence 6;, = 5°, indicating the successive
knockouts feature of small fragments occurs in cluster-surface
grazing scattering.
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