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Abstract. Molecular dynamics (MD) simulations of single argon, CO2 and O2 cluster impacts on dia-
mond (100) and (111) surfaces are performed in order to investigate the surface erosion process. The
transient crater on the (100) surface seems rather unpherical and skew compared to the typical hemispher-
ical crater appeared on the (111) surface due to the orientation-dependent hardness. Argon cluster impacts
on the diamond (100) surface resulted in a slightly higher erosion rate than on the (111) surface while it is
lowered on the (111) surface for CO2 cluster impacts. The difference in the susceptibility to the physical
erosion appears in the rim or the crater.

PACS. 79.20.Rf Atomic, molecular, and ion beam impact and interactions with surfaces – 31.15.Qg Molec-
ular dynamics and other numerical methods

1 Introduction

Highly accelerated ionized cluster beams may be applied
as a physical as well as chemical erodant for micro- and
nano-scale surface structuring [1–4], where clusters con-
sisting of about 1000 CO2 molecules are accelerated to up
to 100 keV/cluster and continuously impact on surfaces
of diamond, silicon, glass, and Teflon films. The reactive
enhancement of the surface erosion was clearly shown in
the difference in the erosion rates between CO2 and ar-
gon cluster impacts, with a factor of 3.63 in the case
of synthetic diamond, while the eroded surface was re-
markably smoother for the argon cluster impact [3]. The
differences in the erosion effect or roughness of eroded
surfaces between natural diamond and synthetic diamond
(Monodite) were also indicated.

The authors have also performed molecular dynamics
(MD) simulations of single Arn, (CO2)n, fictious (C3)n,
and (O2)m (n � 960, m = 960, 1440) cluster impacts
on a diamond (111) surface [5–8]. For single argon and
CO2 cluster impacts with an acceleration energy Ea of
100 keV/cluster, the formation of a hemispherical crater
and induced shockwaves were observed at the early stage
of the impact process. Rebounding hot fluidized carbon
material was then seen to replenish the transient crater
very quickly until 2 ps, with a central peak appearing as
a long time phenomenon only for a CO2 cluster impact.
The reactive enhancement of the surface erosion via the
CO2 cluster impact was only achieved for Ea ≥ 75 keV
where the difference in the erosion effect between argon
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and CO2 cluster impacts became remarkable, whereas the
surface of the relaxed crater was more densely packed and
smoother for the argon cluster impact [6]. Unlike these
impacts, the (O2)1440 cluster impact induced a significant
effect from a lower impact energy Ea of 30 keV on, and the
erosion rate increased almost linearly with the increase of
the impact energy [8]. These differences were ascribed to
the reactive emission pattern via the production of CO
and CO2 molecules. In addition, the comparison between
(O2)1440 and (O2)960 impacts indicated that the erosion
rate per molecule seemed to be expressed as a linear func-
tion of the impact velocity minus a threshold velocity in-
dependent of the cluster size for the (O2) cluster impacts.

In this report, MD simulations of argon, CO2,
and O2 cluster impacts on a diamond (100) surface
are performed with the acceleration energy Ea up to
100 keV/cluster, and compared with impacts on a dia-
mond (111) surface regarding the erosion rate and surface
structure.

2 Simulation method

The simulation methods applied are almost the same
as in our previous reports [5–8]. Briefly the empirical
potential function proposed by Brenner [9] is adopted
for the interaction among carbon atoms with a slight
simplification, while the interaction potentials of C–O
and O–O are derived appropriately from Brenner’s for-
mula [6]. Lennard-Jones potentials are adopted for C–Ar
and Ar–Ar interactions. A cylindrical single crystal is ap-
plied as the impact target of a diamond (100) surface
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Fig. 1. Comparison of the snapshots of the Ar961 cluster impacts on the (100) (upper) and (111) (lower) diamond surfaces with
the acceleration energy Ea of 100 keV (/cluster) until 2 ps after the impact. A cross-section parallel to the impact direction
with a thickness of 10 Å is shown, and carbon atoms with larger velocity have darker shade.

which consists of 1,997,307 carbon atoms. Both the depth
parallel to the impact direction and the radius of the cylin-
der are about 153 Å, and the system size is about 17%
smaller in the length scale than that for the simulation
on the (111) surface in which the number of carbon atoms
was reduced by applying a technique considering the crys-
tal symmetry [5–8]. However, the smaller region size is not
crucial in the sense that unlike in the case of the (111) sur-
face, there is no reflected shockwave directly returning
back to the impact point for the (100) surface because
there is no shockwave propagation direction parallel to
the impact direction of (100) [6,7]. The temperature is
kept fixed at 300 K near the outer boundary with the
Langevin method. The impacting argon and CO2 clusters
contain about 1000 molecules (Ar961, (CO2)960), in accor-
dance with the experiment [1–3], while (O2)1440 cluster is
adopted for the comparison so that the total number of
atoms in the impacting cluster is the same. The size effect
for the O2 cluster impact has already been examined in a
previous report [8].

3 Results and discussions

Figure 1 shows the comparison of the snapshots of the
Ar961 cluster impacts on the (100) and (111) diamond sur-
faces with the acceleration energy Ea of 100 keV (/clus-
ter) until 2 ps after the impact. A cross-section paral-
lel to the impact direction with a thickness of 10 Å is
shown, and carbon atoms with larger velocity have darker
shade. The cluster crushes into the diamond surface [Fig. 1
(a1, b1)] and a transient crater structure develops until
about 0.7 ps after the impact [Fig. 1 (a2, b2)]. The crater
on the (100) surface seems rather unspherical and skew
compared to the typical hemispherical crater appearing
on the (111) surface presumably due to the orientation-
dependent hardness which also induces the unspherical
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Fig. 2. Comparison of diamond (100) and (111) surfaces in
the net number of emitted carbon atoms Nout

C calculated as
the offset from the initial value for single Ar961, (CO2)960
and (O2)1440 cluster impacts at 10 ≤ Ea ≤ 100 keV.

shockwave propagation described below. The crater is
however immediately filled up with the fluidized hot car-
bon material compressed around the impact crater due
to the elastic recovery in both cases [Fig. 1 (a3, b3)] and
there remains no apparent crater already about 2.0 ps af-
ter the impact [Fig. 1 (a4, b4)]. As mentioned in Section 2,
the impact induced shockwaves propagate in specific di-
rections, i.e., (1̄1̄1̄), (11̄1̄), (1̄11̄) and (1̄1̄1) directions for
the (111) surface, and (1̄11), (1̄11̄), (1̄1̄1) and (1̄1̄1̄) di-
rections for the (100) surface, thus no reflected shockwave
directly returning back to the impact point can be seen in
the case of the (100) surface.

Figure 2 denotes the comparison of diamond (100)
and (111) surfaces in the net number of emitted carbon
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Fig. 3. Comparison of the enlarged snapshots of the relaxed crater at 30 ps after single impacts of Ar961, (CO2)960,
and (O2)1440 clusters on diamond (100) and (111) surfaces at Ea = 100 keV.

atoms N out
C calculated as the offset from the initial value

(see Ref. [6]) for single Ar961, (CO2)960 and (O2)1440 clus-
ter impacts at 10 ≤ Ea ≤ 100 keV. Concerning the
Ar961 impact, the erosion rate is higher for the (100) sur-
face for Ea ≥ 75 keV, and this difference is ascribed to the
surface property that the (100) surface is more susceptible
to the physical erosion than the (111) surface. This sus-
ceptiblilty is also related to the difference in the surface
roughness [3] or the friction [4] observed in the experi-
ment, or the rather skew structure of the transient crater
shown in Figure 1 (a1, a2). On the contrary, the erosion
rate for the (CO2)960 is always lower on the (100) sur-
face. Considering that the erosion effect for the (O2)1440
on both surfaces are almost the same, the carbon atoms
in the impacting CO2 cluster may easier be deposited on
the (100) surface, and that results in the lower net erosion
effect.

Figure 3 exhibits the comparison of the enlarged snap-
shots of the relaxed crater at 30 ps after the single im-
pact of Ar961, (CO2)960, and (O2)1440 clusters on dia-
mond (100) and (111) surfaces at Ea = 100 keV. The
relaxed crater was densely packed and smoother for the
argon cluster impact on both (100) and (111) surfaces
[Fig. 3 (a1, b1)], while the rim of the crater seems slightly
larger on the (100) surface indicating the higher suscepti-
bility to the physical erosion. Interestingly, the roughness
or hillock seems more remarkable for CO2 cluster impacts
than for O2 especially near the center of the impact point.
Considering that the central peak is the residue of the flu-
idized hot carbon material formed in the intense upward
flow during the crater recovery, ample oxygen supply via
the O2 cluster impact may easily terminate the dangling
bonds and decompose the fluidized carbon material into
inactive CO or CO2 leading to a less residue.

4 Conclusions

MD simulations of single argon, CO2 and O2 cluster im-
pacts on diamond (111) and (100) surfaces are performed
in order to investigate the surface erosion process. The
transient crater on the (100) surface seems rather unspher-
ical and skew compared to the typical hemispherical crater
appearing on the (111) surface due to the orientation-
dependent hardness. The argon cluster impacts on the
diamond (100) surface resulted in a slightly higher ero-
sion rate than on the (111) surface while it is lowered on
the (111) surface for the CO2 cluster. The difference in
the susceptibility to the physical erosion is evident in the
rim or the crater.
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4. R. Krämer, Y. Yamaguchi, J. Gspann, Eur. Phys. J. D 34,
235 (2005)

5. Y. Yamaguchi, J. Gspann, Eur. Phys. J. D 16, 105 (2001)
6. Y. Yamaguchi, J. Gspann, Phys. Rev. B 66, 155408 (2002)
7. Y. Yamaguchi, J. Gspann, Eur. Phys. J. D 24, 315 (2003)
8. Y. Yamaguchi, J. Gspann, Nucl. Instr. Meth. Phys. Res. B

228, 309 (2005)
9. D.W. Brenner, Phys. Rev. B 42, 9458 (1992)


