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Abstract

Molecular Dynamics simulation are used to investigate the velocity distributions of a graphite lattice after being struck by
carbon molecules. A temperature profile can be inferred from this velocity distribution and the ‘‘cooling’’ down time of the
ensuing thermal spike has been investigated. A range of molecule shapes and sizes for different impact energies is
investigated. The kinetic energy from the impacts is seen to spread across the surface much faster than into the material in
line with the properties of the thermal diffusivity of graphite. A rapid phonon transport mechanism is seen to propagate out
from the impact site. The velocity of the wave is found to be independent of the molecule size, shape and energy but the
amplitude and start time is dependent on all of these parameters.  1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction delivered energy is removed from the impact site is
important in determining the probability of rearrangement

The interaction of energetic clusters with solid surfaces of the area. If the particles in the region remain in motion
is a subject of growing interest due to the increasing use of for only a short time then displacements caused by the
cluster beams in ion implantation [1] and in ion beam initial impact may be ‘‘frozen in’’ to the lattice. If they
analysis [2]. There has been a great deal of work in this remain in motion for a long time, however, the lattice may
area in recent years, both experimentally [3] and with the have time to repair itself.
use of computer simulation tools [4]. Clusters also provide A number of papers have considered this in the past
a method increasing the energy density of the deposition at [5,6] but have normally only looked at the effect of the
the surface region of the target way beyond that which is cooling of a thermal spike caused by dumping all of the
possible by single ion interactions. This makes it possible impacting energy uniformly spread over an ill-defined
to produce high energy density, non-linear cascades with volume. The study here will use Molecular Dynamics
ion-target combinations that do not normally experience computer simulations to simulate the full collision cascade
these. and observe the subsequent dissipation of the deposited

The impact of a fast moving particle with a solid surface energy.
causes the transfer of the particle’s kinetic energy to the
atoms of the target material. This transfer of energy can
result in changes in the bonding configuration of the target 2. The simulation model
material. In graphite targets this can lead to amorphisation

2 3as well as promoting changes from sp to sp bonding. The Molecular Dynamics simulation model used in this
Models of the changes made to graphitic targets by study has been described in detail in other publications
impacting particles depend very heavily upon the mecha- [7,8] and so only a brief description will be given here.
nisms of this energy transfer and the resulting energy The program uses the Brenner many-body potentials [9] to
propagation through the target. The rate at which the model the C–C and C–H interactions. For the dynamic

systems used here these potentials are known to give both
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description of the multimer properties of carbon and the simulated region even at quite long times. We, therefore,
correct mechanical properties of graphite and diamond. follow Colla et al. [11] and take a local volume around

˚The target used in this study is a graphite lattice of each particle in the simulation (a 5 A radius was chosen,
˚ ˚dimension 100 A by 100 A, consisting of 13 atomic layers. although increasing this has little effect on the results

This contains approximately 50 000 atoms. The initial presented here). The mean square velocity of the particles
temperature of the lattice is 0 K. Free boundaries are used inside this volume is then calculated and hence a local
in conjunction with a large lattice to avoid reflection of ‘‘temperature’’ can be inferred. This enables us to visualise
energy back from the sides of the simulated micro crys- the energy spreading through the target as a function of
tallite. This limits the total time that can be simulated as time.
the energy in the system is not bled away from the micro
crystal. However, the main conclusions of this work occur
with in a safe time period of the simulation, before much 3. Results and discussion
of the energy has reached the sides of the simulated
volume. Simulations of a variety of projectiles have been run,

The simulation solves the equations of motion simul- including C , C and C H for different initial impact60 100 2 4

taneously for each particle and stores information on energies. Each simulation has been analysed according to
position, velocity and energy states at different time steps. the aforementioned methods.
From the kinetic energies of the particles it is possible to Figure 2 shows a typical impact of a C molecule on a60

calculate a mean square velocity of the simulated target graphite surface. The example shown has an initial energy
region. From this one could be tempted to infer a mean of 4 keV viewed at 120 fs after the impact with the surface.
temperature for the region. This has been done successfully As the molecule is large and spherical there is little
in the past for metal cluster on metal substrates [10,11]. In difference in the propagation of the energy for impacts at
the first of these, Betz et al. [10], showed that a small different positions on the surface or different orientations
region of the target arrives at thermal dynamic equilibrium of the molecule [13,14]. In this figure each particle is
within the first few 100 fs after the impact and a the shaded according to the mean square velocity of those

˚velocity distributions of the particles within the region fit a particles with in a 5 A radius. The colour key ranges from
Maxwell-Boltzmann curve. In the second, Colla et al. [11], white – indicating a ‘‘temperature’’ of more than 750 K
used a method of gliding averages [12] to describe local through to grey at 0 K. It can be seen that from the figure
temperature variations even when thermal dynamic that the impact creates a small crater and a central core
equilibrium had not been reached for the complete region. around the crater of particles with high velocities – ‘‘hot’’.
As we are interested in the propagation of energy through
the target volume we will adopt the latter scheme for this
study. Fig. 1 shows the velocity distributions for the whole
simulated target volume at different time after the impact
of a 4 keV C molecule. It is clear that the target does not60

reach a constant temperature until several picoseconds into
the simulation. In fact the velocity distributions show that
quite quickly the energy of the impacting molecule spreads
out but there is a substantial range of temperatures in the

Fig. 2. ‘‘Temperature’’ profile of graphite surface 50 fs after
Fig. 1. Velocity Distributions for a 4 keV C impact on graphite impact of 4 keV C molecule. Grey scale represents ‘‘tempera-60 60

for different times after impact. ture’’. White represents .750 K.
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Fig. 3. Same plots as Fig. 2 for different times after the impact. (a) 100 fs, (b) 150 fs. Note the break away of wave from ‘‘hot’’ core.

In the example shown the core reaches a maximum hotter particles spreads out across the surface faster than
‘‘temperature’’ after only 20 fs of approximately 260 000 the central core, which remains hot, gradually spreading its
K. In this case the number of particles is so small that energy out on a longer time scale.
really all we have is a region of fast moving atoms and the Detailed investigation using computer animation tech-
temperature concept is unphysical. However, this region niques [15] shows that this hotter region propagates as a
rapidly ‘‘cools’’ and expands to less than 5000 K after 100 planar transverse wave. Particles move away from the

15fs representing a cooling rate of approximately 2310 impact site colliding with atoms around them. The former
K/s, which agrees with the cooling rate obtained by Marks rebound back to their original sites and the latter continue
[6]. the propagation. In this way a small amount of energy is

As the simulation progresses, a distinct band of in- transported across the plane of atoms. In contrast, at longer
creased ‘‘temperature’’ can be seen emanating from the times, an acoustic wave is seen to propagate out from the
impact site, transferring energy away from the central core. site as a longitudinal wave, rippling the surface as it
This is shown in Fig. 3a–b. It can be seen that this band of travels.

Fig. 4. Same plots as Figs. 2 and 3, but sliced through the middle to show the effects for deeper layers. (a) 135 fs, (b) 175 fs. Note the wave
propagates along the layers not across the layers.
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Fig. 5. ‘‘Temperature’’ profiles for 1 keV C H impact on graphite after 120 fs. Note the wave appears to be developing sub surface in this2 4

case.

Fig. 6. Radial ‘‘temperature’’ profiles for a 4 keV C impact on graphite as a function of time after the impact. The break away wave can60

clearly be seen.
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Figure 4a and b show the target sliced through to give 4. Conclusions
an internal view of what is happening. This enables us to
see that the wave spreads along the surface of the target, There is evidence of a fast thermal wave propagating
but not down through the layers. This can be explained by from the centre of a hot spike region after energetic
the differing thermal diffusivity of graphite in plane and molecular bombardment of a graphite surface. This is
between the layers [16]. faster than the acoustic wave seen previously in these

The wave can be clearly seen in the simulation of C H simulations [15]. Indeed the acoustic wave can be seen as a2 4

although it is much weaker than in the case of C . As the physical travelling wave across the surface. The acoustic60

energy per atom increases, the energy is deposited further wave is more pronounced at lower energies of about ,1
into the target. This causes the wave to spread through the keV for C . This faster wave can be seen to be propagat-60

sub-surface layers. Due to the weak inter-layer coupling of ing as a longitudinal wave rather than the transverse
the graphite system, this does not show on the surface – acoustic wave.
see Fig. 5. The cooling rates of the central core of the spike are in

In all the cases simulated on graphite the ‘‘temperature’’ agreement with other work. This allows plenty of time for
profiles have a radial appearance – this is not the case for melting of the impacted region, but much less time for
a diamond target [17], however. In Fig. 6 the surface reordering. The length of time that the core stays hot for
‘‘temperature’’ as a function of radial distance from the can be tailored to a certain extent by changes to the size of
impact site for different times after the impact. This the molecule and initial energy of the particle impact.
particular set is for a 4 keV impact of a C molecule on a As the energy of the molecule is increased the surface60

graphite surface. By measuring the progress of the wave wave can be seen to become sub-surface.
with time a wave velocity can be found. Fig. 7 shows the
progression of this wave for different initial particle
energies and different molecules and sizes. In each case the References4 21wave velocity is the same, 2310 ms for each of the
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