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Using a three-dimensional molecular dynamics (MD) simulation, we investigated the atomic scale rear-
rangement that occurs on a Pd(0 0 1) surface after energetic bombardment by Ar at room temperature.
High energy Ar bombardment provoked the significant rearrangement of Pd atoms in a ballistic manner
with a fourfold symmetric lateral distribution aligned along the h1 1 0i direction. The MD simulation of
uniform Ar bombardment at normal incidence on a Pd surface reproduced the experimentally observed
fourfold symmetric nano-scale surface structure. The present result supports that the ballistic rearrange-
ment of the substrate atoms plays an important role in the ion induced surface structure evolution.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Self-organized nanostructures of either dots, holes or ripples
produced by bombardment of energetic ions have drawn much
attention, since the ordered structures of nanoscale can be pro-
duced by relatively simple and thus cheap processes [1–6]. Con-
ventional understanding of these phenomena is based on the
Bradley–Harper model [7]. In this model, the pattern formation is
mainly governed by two competing processes: the erosion of the
substrate atoms which is proportional to the total energy depos-
ited at each position as prescribed by the Sigmund theory of sput-
ter erosion [8] and the structure relaxation via surface diffusion
that can be enhanced by the ion bombardment.

Recently, it was suggested from experimental observation and
molecular dynamics (MD) simulations [9–14] that diverse surface
reactions other than the sputter erosion and surface diffusion are
provoked by ion bombardment, and significantly contribute to the
morphological evolution of the bombarded surface. An example is
the MD simulations of Ar bombardment on Si surface reported by
Kalyanasundaram et al. [13]. They revealed that atoms in the bom-
barded region are not simply sputtered away, but major part of them
are either displaced or redeposited around the region, thus forming
All rights reserved.
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large craters at the point of impact and a heap of atoms nearby. This
cascade induced rearrangement of the substrate atoms can be dis-
tinguished from the thermally activated surface diffusion in long
time scale since it increases the surface area of the bombarded re-
gion and it occurs in a ballistic manner that can be simulated in typ-
ical MD time scale (a few tens ps). The MD simulations prompt the
development of a new multi-scale kinetic model, which uses the
‘crater function’ obtained by the simulation of the ion bombardment
[15–17]. These models excluded the assumption that surface height
change is proportional to the net energy deposited by the ion, but
considered both the sputter erosion and the rearrangement by the
ion bombardment. It was reported that the new kinetic model ex-
plains key experimental observations such as the stability of smooth
surface during ion bombardment and the model quantitatively
agrees with the ripple amplitude saturation [16,17]. The formalism
also reproduced the classical Bradley–Harper results under the
appropriate simplifying assumptions [16].

Analysis of the rearranged substrate atoms such as its spatial
distribution and quantitative yield per ion would be thus signifi-
cant to understand the surface structure evolution by the energetic
ion bombardment. In the present work, we focused on the rear-
rangement behavior of the substrate atoms when energetic Ar
bombards a Pd(1 0 0) surface at room temperature using an empir-
ical MD simulation technique. One of the motivations of the pres-
ent work was the experimental observations by Kim et al. showing
that 500 eV Ar bombardment on a Pd(1 0 0) surface resulted in a
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fourfold symmetric surface nanostructure that cannot be described
by the conventional kinetic models [18]. The statistical analysis of
1000 single bombardment events showed that the distribution of
the rearranged atom was found to be along h1 1 0i directions,
resulting in the square-like distribution around the region of the
bombardment. Randomly superposing the ballistic rearrangement
generated the fourfold symmetric surface structures in agreement
with the experimental observation.
Fig. 2. (a) A snapshot of the Pd(0 0 1) surface at 2.3 ps after the commencement of
normal incidence bombardment of 2.0 keV Ar at 300 K (color online). (b) Ratio of
the rearrangement yield to the sputter erosion yield for various values of polar
angle and the kinetic energy of Ar.
2. Simulation procedure

We simulated the bombardment of neutral energetic Ar on
Pd(0 0 1) at 300 K for a variety of angles of incidence. Even if ionic
Ar was used in most experiments, we assumed that the ionic Ar
can be treated as neutral energetic Ar in MD simulation because free
electrons on the Pd surface will significantly diminish the ionic con-
tribution of the reaction. The kinetic energy of the Ar atoms ranged
from 0.5 to 2.0 keV. Embedded atom method (EAM) potential was
employed for Pd after benchmarking the potential parameters
[19,20]. Strong repulsion between Pd atoms can be induced by the
energetic Ar bombardment. We thus combined the EAM potential
with the Ziegler, Biersack and Littmark (ZBL) potential [21] using a
switching function [20]. The interaction between Ar and Pd was de-
scribed by the ZBL potential. For Ar–Ar interactions, the Born-Mayer
type potential was employed [22]. Fig. 1 shows the geometry of the
Ar-beam and the substrate orientation. The direction of the Ar-beam
is defined by the polar angle h with respect to the surface normal,
and the azimuthal angle u between the projection of the ion-beam
on the surface and the h1 0 0i direction of the substrate. Polar angle
ranged from 0� to 75� with two azimuthal angles, 45� and 22.5�. The
size of the substrate was 30� 30� 30a3

o , where ao is the lattice con-
stant of Pd (0.389 nm). A periodic boundary condition was adopted
in both the x and y directions. The atomic positions of the bottom
three layers were fixed to simulate a thick substrate. The tempera-
ture of the bottom half of the remaining layers was fixed at 300 K
to play the role of a thermal bath during the Ar bombardment. All
the other atoms were completely unconstrained. We used very short
time step, 0.01 fs, for the first 3 ps after the Ar bombardment, be-
cause the substrate atoms would move considerably fast in the early
period after the bombardment. The time step was 0.1 fs for the next
10 ps and 1.0 fs for the final 10 ps. This approach produces a suffi-
ciently accurate description of the dynamic behavior with efficiency
in the simulation. Large-scale Atomic/Molecular Massively Parallel-
ized Simulator (LAMMPS) was used for all the simulations [23].
3. Results and discussion

Fig. 2(a) shows the typical morphology of the Pd(0 0 1) sub-
strate after bombardment by 2.0 keV Ar at normal incidence. Color
Fig. 1. The geometry of the Ar beam and the substrate orientation.

Fig. 3. The total energy change of the system and mean square displacement of the
rearranged Pd atoms during the simulation of 0.5 keV Ar bombardment on the
Pd(0 0 1) surface.
of the atom represents the height of the atomic position. As the
energetic Ar dissipates its energy to the substrate, local melting fol-
lowed by micro-explosion and rapid relaxation of the lattice atoms
occurs. This surface reaction results in both the sputter-erosion
and the rearrangement of the substrate atoms that generates a
crater at the bombarding position and an atomic heap around



Fig. 4. The lateral distribution of the rearranged and eroded Pd atoms for Ar ions of 0.5 keV bombarding a Pd(0 0 1) surface: the lateral distribution of (a) the rearrangement
for normal incidence of Ar and (b) the eroded atom position in the crater for normal incidence of Ar.

Fig. 5. The lateral distribution of the rearranged Pd atoms for Ar ions of 0.5 keV bombarding a Pd(0 0 1) surface: the lateral distribution of the rearrangement for (a) h = 45�
and u = 45�, (b) h = 60� and u = 45�, (c) h = 45� and u = 22.5� and (d) h = 60� and u = 22.5�.
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the crater as indicated by an arrow in Fig. 2(a). The present obser-
vation agrees with the previous MD simulations that reported the
details of the surface reaction during high-energy ion bombard-
ment [10–13]. In this paper, we defined the rearranged atoms as
those located above the initial surface after finishing the surface
reaction or after 23 ps from the Ar bombardment as will be dis-
cussed in Fig. 3. Fig. 2(b) shows the ratio of the rearrangement
yield to the sputtering yield for various polar angles and incidence
energies of Ar. The ratio was almost independent of the incidence
energy within uncertainty of the calculated yields but gradually
decreased from about 3.0 to 2.0 as the polar angle increased. This
result shows that the rearrangement of the substrate occurs two
or three times more in abundance than the sputter erosion.

Fig. 3 shows the change in specimen temperature and the mean
square displacement of the rearranged atoms when 500 eV Ar
bombarded on Pd(0 0 1) surface. By depositing kinetic energy to
the substrate, high temperature spike dissipated rapidly (for less
than 1 ps) followed by the gradual decrease in the temperature
of the specimen. The mean square displacement of the rearranged
atoms showed that the rearrangement finished within 2.5 ps.
Hence, it can be inferred that most of the surface processes were
completed within about 2.5 ps after the Ar bombardment. After



Fig. 6. (a) A snapshot of the Pd(0 0 1) surface after 4200 Ar atoms of 0.5 keV were
bombarded at normal incidence at 300 K (color online). (b) The autocorrelation
function of the surface shown in (a).
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the MD simulation for 23 ps, kinetic Monte Carlo (kMC) simulation
was applied to investigate the surface diffusion in long time scale.
It was hardly observed for the surface diffusion to occur at 300 K
after the ballistic rearrangement.

Fig. 4(a) shows the lateral distribution of the rearranged atoms
for normal incidence Ar of kinetic energy of 0.5 keV bombarding a
Pd(0 0 1) surface. The distribution was obtained by collecting the
distributions of 1000 independent bombardment events. The
intensity of each data points is proportional to the number of the
rearranged atoms. It is noted that the rearranged atoms tend to
align along the h1 1 0i directions, resulting in a fourfold symmetric
distribution. This behavior is in contrast to the rearrangement on Si
(0 0 1) surface that shows an isotropic lateral distribution without
resemblance to the symmetry of the substrate [13]. The difference
between Pd and Si would originate from the fact that the region
around the impact point of Si substrate becomes amorphous, while
the metallic substrate swiftly recovers its crystallinity after each
bombardment of energetic particle. It tells that the ballistic rear-
rangement in Pd is guided by the crystallinity of the substrate.
Fig. 4(b) shows the collected distribution of the initial position of
eroded atoms. In contrast to the distribution of the rearranged
atoms, that of eroded atoms seems less regular, suggesting that
the bond breaking and thus the distribution of the eroded atoms
did not reflect the symmetry of the substrate. Instead, the rear-
ranged atoms, approaching equilibrium to the substrate and losing
their initial high kinetic energies, would diffuse preferentially
along the close packed directions where the diffusion barrier is
minimal, before they are stabilized to display fourfold symmetric
distribution with edges along h1 1 0i. This behavior would be also
determined by the excess energy of the surface atoms. Since the
atoms are mostly packed along h1 1 0i directions, the rearranged
atoms aligned along h1 1 0i directions would have the lowest ex-
cess energy.

It must be noted that local incidence angle to the surface can be
different from the macroscopic incidence angle as the rough surface
in nanometer scale evolves. It is thus required to investigate the lat-
eral distribution with various incidence conditions. Figs. 5(a) and
(b) are the lateral distributions of the rearranged atoms when Ar
bombards the surface at h = 45� and 60� respectively with u = 45�
(parallel to the h1 0 0i direction). The arrows show the projected
beam directions on the surface and the y axis of the graph is in
h0 1 0i direction. Similar fourfold symmetry was observed for
h = 45�, although more atoms are displaced to the front of the ion
beam. As h increased to be 60� or with the more glancing incidence,
a large fraction of the rearranged atoms were located alongside the
beam direction while the number on the front and the rear sides of
the incidence beam direction decreased (see Fig. 5(b)). High grazing
incidence along h1 1 0i direction resulted in the distribution
proximate to twofold symmetry, although the characteristics of
square-like distribution still remained.

Figs. 5(c) and (d) show the distribution when the azimuthal an-
gle of the incident Ar beam is in the less symmetric direction,
h2 1 0i which corresponds to u = 22.5�. The projection of the Ar
beam trajectory on the surface is indicated by arrows in the figures.
The distribution of the rearranged atoms preferentially aligned
along the h1 1 0i direction, giving square-like patterns of the distri-
bution as shown in Fig. 5(c) and (d). However, the rearrangement
density is enhanced, most notably on the front edge of square pat-
tern, and the maximum of the distribution is rotated from h1 1 0i
to the incidence direction. Especially when h = 60�, the distribution
with u = 22.5� (Fig. 5(d)) is closer to the square-like one than that
with u = 45� (Fig. 5(b)). This enhancement seems to be caused by
the fact that the incident Ar along h2 1 0i has shorter channeling
distance than that along h1 1 0i, and more energy dissipation of
the incident Ar occurs near surface region. Similar behaviors were
observed for the higher kinetic energies of the incidence Ar.
The statistical analysis of the simulations showed that the lat-
eral distribution of the rearranged Pd atoms has a strong tendency
to be aligned along the h1 1 0i direction, irrespective of the incident
Ar direction. This result means that the fourfold symmetric lateral
rearrangement will be retained even if the energetic Ar at macro-
scopically normal incidence has a different local incidence angle
on a roughened surface. It should be thus interesting to examine
if the local fourfold symmetric distribution of the rearranged atoms
can lead to the fourfold symmetric surface nanostructures as ob-
served in the experiment [18]. To answer the question, we simu-
lated the morphological evolution of a Pd(0 0 1) surface at 300 K
by bombarding 4200 Ar atoms of 0.5 keV at normal incidence.



S.-P. Kim et al. / Nuclear Instruments and Methods in Physics Research B 269 (2011) 2605–2609 2609
The surface area of the substrate composed of 48,000 Pd atoms was
40� 40a2

o . We adopted an acceleration method to realize the sim-
ulation because ion bombardment on the surface of area 40� 40a2

o

is very rare in MD time scale under the real experimental condi-
tion. Simulation of the surface reaction at the experimental flux
is thus impractical in terms of computation time. Each Ar atom
was thus consecutively incident to the surface every 23 ps around
which we found no further mass transport near the surface as
shown in Fig. 3. Because no more significant surface reaction is ex-
pected after 23 ps from Ar bombardment, the present MD simula-
tion would mimic the phenomena in real situation. Under this
acceleration scheme, the flux was equivalent to 1.80 � 1022/cm2 s
and the fluence was set to 1.74 � 1015/cm2. We rescaled the tem-
perature of the system to 300 K prior to the projection of each Ar
atom. Therefore, surface diffusion over long time scale was not
considered in this simulation as tested by the kinetic MC simula-
tion at room temperature. The (x, y) position of Ar incidence was
randomly selected to mimic uniform Ar irradiation.

Fig. 6(a) shows the Pd surface after the bombardment of 4200
Ar atoms. Color of the surface atom represents the height of the po-
sition according to the color index bar. The snapshot of Fig. 6(a)
showed that many Pd atoms are placed above the initial surface
even after 4200 Ar bombardment (indicated by white arrows).
The only way for the Pd atoms to be placed above the initial surface
is the ballistic rearrangement caused by the energetic Ar bombard-
ment. In the early stage of the surface structure evolution, surface
nano dots are formed by the (red colored) Pd atoms agglomerated
above the initial surface surrounded by the eroded region. There-
fore, the present snapshot shows that the ballistic rearrangement
plays a significant role in the surface structure evolution.
Fig. 6(b) shows the autocorrelation function of the surface shown
in Fig. 6(a). Despite the statistical noise due to the small substrate
size and the low fluence, the surface features are aligned along the
h1 1 0i direction with fourfold symmetry. This correlation function
is comparable with the experimental results of Kim et al. who ob-
served a fourfold symmetric nano-dot pattern on an Ar+ ion-sput-
tered Pd(0 0 1) surface for normal incidence at 300 K [18], where
the dots are aligned along the h1 1 0i direction.

4. Conclusions

We investigated the atomic scale rearrangement that occurs on
a Pd(0 0 1) surface during the energetic Ar bombardment at room
temperature using molecular dynamics simulation. It was ob-
served in wide range of the incidence angles of energetic Ar beam
that the rearrangement of Pd atoms occurs in a ballistic manner
with a fourfold symmetric distribution aligned along the h1 1 0i
direction. This result shows that the fourfold symmetry of the rear-
rangement can be maintained even when the local incidence angle
varies with the surface structure evolution. The simulated Pd sur-
face structure evolved by the uniform Ar beam bombardment of
normal incidence was comparable with that of the experimentally
observed fourfold symmetric nano-dots, which exposed the impor-
tant contribution of the ballistic rearrangement to the surface
structure evolution.
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