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Abstract

Molecular dynamics simulations implementing the thermal spike model for sputtering by energetic particle bom-
bardment are performed for a gold target represented with a many-body embedded atom method (EAM) potential.
A linear dependence of sputtering yield on the effective energy deposition is observed over a broad range of sufficiently
high excitation energies, suggesting that the conclusions of earlier simulations performed with pair potentials have a
general character and are not sensitive to the choice of interatomic potential. At the same time, significant differences
in cluster ejection are observed between the simulations performed with EAM and pair potentials. Clusters constitute a
much larger fraction of the total yield in the EAM simulations, which is related to the environmental dependence of the
interatomic interaction in metals that is correctly reproduced by EAM potential. An apparent disagreement between the
analytical thermal spike model and its implementation in MD simulations cannot be attributed to the choice of inter-
atomic potential but reflects a difference in the ejection mechanisms. Thermally activated evaporation from the surface
is assumed in the analytical thermal spike model, whereas prompt ejection from a relatively deep part of the excited
region and fast non-diffusive cooling of the spike region takes place in MD simulations.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Irradiation of a solid by energetic particles can
generate tracks of electronic or collisional excita-
tions and can lead to the ejection (or sputtering)

" Corresponding author. of atoms and clusters from the irradiated sur-
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phenomena, from sputtering of icy surfaces of the
moons of Jupiter [1] to fast ion bombardment un-
der well-controlled laboratory conditions for
material characterization [2]. A number of analyt-
ical models have been proposed to describe the
sputtering process and predict the dependence of
the number of ejected particles (sputtering yield
Y) on the effective energy deposition (dE/dx) by
an incoming projectile. In particular, the thermal
spike model has been introduced to describe the
sputtering process at high excitation densities,
when atomic collisions lead to the formation of
an energized cylindrical region in the target. In
the thermal spike model a diffusive energy redistri-
bution from the initial energetic cylindrical region
is considered and thermally-activated evaporation
from the surface is responsible for atomic ejection.
Calculations of the sputtering yield, performed
within the spike model by integration of the
thermal evaporation over time and surface area,
predict a roughly quadratic dependence on the
deposited energy, ¥ o (dE/dx)? [3.,4]. A large num-
ber of laboratory observations for different targets
can be relatively well described by this quadratic
dependence [5,6]. This was initially thought to sup-
port the underlying physical picture.

In order to better constrain free parameters in
the thermal spike model, a series of molecular
dynamics (MD) simulations were carried out [7-
10]. Surprisingly, both the physical processes lead-
ing to the material ejection and the dependence of
the sputtering yield on the deposited energy ap-
peared to be rather different from that in the con-
ventional thermal spike model. Instead of thermal
evaporation from the surface, at high energy den-
sities MD simulations showed an explosive disrup-
tion of the excited region, leading to the ejection of
both individual atoms and clusters of different
sizes. The sputtering yield for the cylindrically
energized region of a fixed radius was found to
have a steep power-law dependence at small (dE/
dx), Yo (dE/dx)" with n>2, and nearly linear
dependence at high (dE/dx), Y oc (dE/dx)" with
n=1.0-1.2 [8]. The weaker, as compared to the
prediction of the analytical thermal spike model,
dependence of the sputtering yield at high (dE/
dx) suggests that additional energy dissipation
channels are activated in the high-energy regime.

It has been suggested based on MD simulations
[7] and supported by continuum hydrodynamics
calculations [11,12], that the elastic wave driven
by the relaxation of the high pressure created with-
in the initial spike can carry away a significant
fraction of the deposited energy. Moreover, in
the process of thermal and mechanical relaxation
of the excited region a significant part of the ther-
mal energy can be transformed to the potential en-
ergy of melting, structural changes and cavitation,
leading to the fast non-diffusive cooling and lower-
ing the sputtering yield.

A characteristic dependence of the sputtering
yield on the excitation energy, with an initial steep
increase followed by a linear dependence that
holds over a broad range of energies, have been
consistently reported in a number of MD simula-
tions performed for model materials of different
densities, binding energies and structures [7-10].
In particular, Lennard—Jones (LJ) and Morse
interatomic potentials parameterized for Ar, O,
and Cu have been used in the simulations, and
both crystalline and amorphous structures of the
target material have been considered. Neverthe-
less, the question on the applicability of the con-
clusions obtained in MD simulations to real
materials still remains. All the simulations aimed
at reproducing the thermal spike conditions have
been performed with pair interatomic potentials,
mainly LJ. This potential provides a good descrip-
tion of van der Waals interaction in inert gases and
molecular systems [13] and is often used, along
with other pair potentials, in “generic’” MD simu-
lations where the objective is to model a general
class of effects and the only requirement is to have
a physically reasonable potential with an attractive
and a repulsive parts. However, a direct extrapola-
tion of the simulation results to metals, for which
most of the laboratory results on sputtering are
being reported [5,6,14], is not possible even at a
qualitative level.

Although there have been attempts to parame-
terize LJ [15] and, with somewhat better results,
Morse [16] potentials for metals, in general, pair
potentials provide a rather poor description of
the metallic bonding. The strength of “individual
bonds” in metals has a strong dependence on the
local environment. It decreases as the local envi-
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ronment becomes too crowded due to the Pauli’s
principle and increases near surfaces and in small
clusters due to the localization of the electron den-
sity. Pair potentials do not depend on the environ-
ment and, as a result, cannot reproduce some of
the characteristic properties of metals. In particu-
lar, pair potentials significantly, up to 2-3 times,
underestimate the ratio between the cohesive en-
ergy and the melting temperature of metals and
cannot account for a much stronger bonding of
atoms near surfaces or in small clusters. Another
consequence of the environmental dependence of
the interatomic bonding in metals is a significantly
lower vapor pressure characteristic of liquid metals
as compared to molecular systems or Lennard-
Jonesium. Sputtering in the high-energy regime is
defined by a complex interplay of thermal evapo-
ration, melting and hydrodynamic motion of the
liquid region, ejection of clusters of different sizes,
and mechanical relaxation of the material around
the thermal spike. Therefore, the inability of pair
potentials to correctly describe the melting and
evaporation processes, the energy and stability of
clusters, as well as the surface energy in metals
does not allow one to directly extrapolate the sim-
ulation results obtained with pair potentials to
metals.

In this paper we report the results of a series of
MD simulations of thermal spike sputtering from
a Au target performed with a many-body embed-
ded atom method (EAM) interatomic potential
[17,18], which provides a computationally efficient
yet rather realistic description of the behavior and
properties of metals. A brief description of the
computational model used in the simulations is
given next, in Section 2. The results of the simu-
lations are presented and related to earlier calcula-
tions performed with Lennard—Jones and Morse
pair potentials in Section 3. A summary on the
general and material-specific characteristics of
the thermal spike sputtering process is given in
Section 4.

2. Computational model

Implementation of the thermal spike model in
MD simulations presented in this paper is similar

to the one used in earlier works performed with
pair potentials [7-10]. The thermal spike is mod-
eled by assigning velocities in random directions
to all atoms located within a cylindrical region
with radius R,y located in the center of a rectangu-
lar computational cell. The values of the velocities
correspond to kinetic energy FE.,., which can be re-
lated to the effective stopping power of the incident
ion, dE/dx = NeoEexe/d = nTcnglEexc, where Nexe
is the average number of excited atoms per layer,
d is the separation distance between the atomic
layers, and # is the number density of the target
matcerial. All simulations are performed for Ry =
10 A, whereas the excitation energy, E.., 1S varied
between 2.5 eV and 15 ¢V. The cohesive energy of
the model EAM Au material is U =3.93 eV, and
the range of the excitation energies is chosen to
include the two regimes that have been identi-
fied in earlier simulations [7], the low-energy re-
gime (E..< U) and the high-energy regime
(Eexc > U)

The initial MD computational cell used in this
work is a slab with an FCC crystal structure and
periodic boundary conditions applied in the lateral
directions, parallel to (100) free surfaces. Simula-
tions are performed for slabs of two different sizes,
20.4 % 20.4 x 16.3 nm (400,000 atoms) and 16.3 x
16.3x12.2nm (192,000 atoms), with smaller
dimension being normal to the free surfaces. No
statistically significant difference is observed be-
tween the results obtained for the two systems
and the results presented in the next section are
averages of the two series of simulations. Each
simulation of the thermal spike results in the ejec-
tions of atoms from the “top” and “bottom” sur-
faces of the slab. Most of the atoms are ejected
from ~1.5 nm deep surface regions of the sample
with the maximum depth of origin of an atom
ejected in the simulation at the highest excitation
energy of 5.5 nm, smaller than a half of the thick-
ness of the smaller slab used in the simulations,
6.1 nm. The ejection processes from the two sur-
faces of the slab are, therefore, independent from
each other and are treated as such in the analysis
of the results. Interatomic interaction in the model
is described by the embedded-atom method
(EAM) with a functional form and parameteriza-
tion suggested in [18].
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3. Results and discussion

A typical snapshot from one of the simulations
is shown in Fig. 1(a). Energy deposition within the
cylindrical spike region induces a range of pro-
cesses, including emission and radial propagation
of a strong pressure wave, fast melting of the ex-
cited region and its immediate surroundings, active
hydrodynamic motion near the two surfaces of the
computational cell, and the emission of atoms and
small clusters from the surfaces. The duration of
the simulations is chosen so that all the processes
that can contribute to the atomic ejection cease
and the ejection yield can be clearly defined.

The dependence of the number of ejected atoms
on the excitation energy, is shown in Fig. 2. In or-
der to obtain reliable data for the EAM Au target,
each MD simulation for Au is repeated several
(2-4) times. Each simulation produces two inde-
pendent yield values, one from the top surface
and another from the bottom surface of the
computational cell.

Similarly to the earlier results from MD simula-
tions performed with pair potentials [7-10], we can
clearly identify two regimes of atomic ejection, a
low-energy regime (E. < U) with a steep yield
dependence on the excitation energy and a high-
energy regime (Ee > U) with a weaker, almost
linear dependence of the yield. Power-law fit of
the data points for Au in the high-energy regime
gives Y oc (dE/dx)" with n=1.3 £0.3. This is in
agreement with the results obtained for pair poten-
tials [9], where a similar linear dependence of the
yield was observed at E..> U, with n=1.1%
0.2. Moreover, fitting the yield to the expression
suggested in [12], ¥~ CX [R.,/U] x [dE/dx] gives
us C~0.19 that is very close to the values ob-
tained with pair potentials, C ~ 0.18 [12].

The overall good quantitative agreement be-
tween the simulation results obtained with EAM
and pair potentials is additionally illustrated by
plotting in Fig. 2 several data points obtained with
LJ pair potential with parameters chosen to repre-
sent Ar. Only one simulation was performed with
LJ potential for each data point but, despite the
statistical uncertainty, a quantitative agreement
between the EAM and LJ results is apparent.
Note, that in order to make a quantitative compar-
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Fig. 1. Snapshots from simulations of thermal spike in Au (a)
and Ar (b) performed at the same scaled excitation energy FEey./
U=2.56 and shown for the same scaled time. The real
excitation energies and times are E.. = 10 eV and ¢ =4 ps for
Au and E.,. = 0.205 eV and ¢ = 15 ps for Ar. Atoms are colored
according to their potential energy, from blue (low energy) to
red (high energy). Only half of the computational cell is shown
to provide a clear view of the spike region. (For interpretation
of the references in color, the reader is referred to the web
version of this article.)
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Fig. 2. Yield of ejected atoms obtained in MD simulations of
thermal spike of Au (gradients) and Ar (black circles) as a
function of the excitation energy. Each point for Au results
from the averaging over 4-8 values of the ejection yield with
error bars showing the standard error of the mean. The solid
line is a power law fit of the data points for Au at excitation
energies Fey. > 0.95U. The dashed line is just a guide to the eye.
The data points for Ar correspond to only one simulation
performed for each excitation energy.

ison of the simulation results, the size of the com-
putational cell and the radius of the excited region
in LJ simulations were scaled by the ratio of the
lattice parameters of Au and Ar, Rfyr, =
R?y‘f(aAu /aa:) = 0.77, whereas the duration of the
LJ simulations was scaled by 7a; = fau(Uad/
Und) A(Mad Ma) ™ Pandand ™ ~ 4.1 X 15y, where
Mp, and M,, are atomic masses of the two
materials.

Although the overall dependence of the sputter-
ing yield appears to be not sensitive to the choice
of interatomic potential, we do observe significant
differences in the cluster composition of the ejected
material between the simulations performed with
LJ and EAM potentials. The difference can be no-
ticed in a visual inspection of the snapshots from
the simulations. For example, comparison of Figs.
1(a) and (b), where snapshots from the simulations
performed for the same scaled excitation energy
are shown for the same scaled time, suggests that
more clusters are ejected in the Au simulation.
This conclusion can be supported by quantitative

analysis of cluster contribution to the total yield,
Fig. 3. At the same scaled excitation energy, E.,./
U = 1.28, Figs. 3(a) and (b), contribution of mono-
mers to the total yield is less than 20% for Au and
over 40% for Ar. At the same time, dimers account
for ~35% and ~12% of the total yield in the Au
and Ar simulations respectively. Two largest, 8-
and 15-atoms, clusters ejected in the Au simula-
tion, account for more than 33% of the total yield.
A similar difference between the two materials is
also observed at higher excitation energies. One
can see from Figs. 3(c) and (d) that monomers ac-
count for approximately 60% of the total yield in
the case of Ar and only 38% in the simulation per-
formed for Au.

The tendency for cluster formation in the case
of metals represented with EAM potential is not
surprising and is a reflection of the dependence
of the strength of “individual bonds™ on the local
environment, which results in a stronger bonding
of atoms in small clusters as compared to the bulk,
as briefly discussed in Section 1. What is surprising
is that the ejection of clusters does not appear to
significantly enhance the yield values relative to
the simulations performed with pair potentials
and has no effect on the overall character of the
yield dependence on the excitation energy. The
reason for the apparent lack of sensitivity of
the total yield to the choice of the interatomic
potential may be related to the ejection mecha-
nisms. The atomic ejection appears to be domi-
nated by a prompt ejection from the excited
spike region that coincides with the active collec-
tive motion of the material and fast non-diffusive
cooling of the excited region. We find that almost
all of the ejected atoms are coming from the origi-
nal excited region with ejection depths of ~2.5 nm
below the surface. This scenario observed in MD
simulations is rather different from the one that
would correspond to the thermal evaporation,
when most of the atoms would originate from
the surface of the target.

4. Summary

We performed MD simulations implementing
the thermal spike model with a many-body EAM
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Fig. 3. Contribution of clusters and monomers to the total yield in MD simulations of thermal spike in Au (a,c) and Ar (b,d)
performed at two scaled excitation energies Eo.o/U = 1.28 (a,b) and E/U = 2.56 (c,d).

interatomic potential. For a fixed track radius, the
dependence of the total ejection yield observed in
the simulations appears to be in a good quantita-
tive agreement with earlier results observed in sim-
ulations performed with pair interatomic
potentials. Two regimes are identified in the yield
dependence on the excitation energy, a low-energy
regime with a steep rise of the yield with the energy
and a broad high-energy regime with a nearly lin-
ear energy dependence of the sputtering yield. The
low (dE/dx) regime, in fact, exhibits a dependence
similar to that of the thermal spike model [7,8], but
the high (dE/dx) regime, which was thought ini-
tially to explain a large set of laboratory data [6]
does not.

These simulations provide strong support for a
nearly linear dependence of the sputtering yield at

high (d£/dx) in the MD implementation of a cylin-
drical spike. This result appears to be not sensitive
to the choice of the interatomic potential. At the
same time, significant differences in cluster ejection
are observed between the simulations performed
with EAM and pair potentials. Clusters constitute
a much larger fraction of the total yield in the
EAM simulations, which may be related to the
environmental dependence of the interatomic
interaction described by EAM potential. The envi-
ronmental dependence of interatomic interaction
is characteristic for metals and the conclusions of
this work on cluster ejection are relevant to sput-
tering experiments performed for metals. The
apparent discrepancy between the analytical ther-
mal spike model and its implementation in MD
simulations can not be attributed to the choice of
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interatomic potential but is a reflection of a differ-
ence in the ejection mechanisms. Thermally acti-
vated evaporation from the surface is assumed
in the analytical thermal spike model, whereas
prompt ejection from a relatively deep part of
the excited region and fast non-diffusive cooling
of the spike region takes place in MD simulations.
There exists an extensive set of data for incident
ions impacting gold [5,19]. These results involve a
large range of (dE/dx) in which the effective radius
of the excited region also varies. Having confirmed
the applicability of the linear sputtering model for
this material, we will extend our study to different
radii of the excited region and relate simulation re-
sults to experimental data in a subsequent paper.
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