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COMPUTER SIMULATION OF ATOMIC COLLISION PROCESSES IN SOLIDS

Mark T. Robinson
Solid Stale Division, Oak Ridge National Laboratory, Post Office Box 2008, Oak Ridge,
Tennessee 37831-6032

ABSTRACT

Computer simulation is a major tool for studying the interactions of swift ions with solids
which underlie processes such as particle backscattering, ion implantation, radiation damage,
and sputtering. Numerical models are classed as molecular dynamics or binary collision
models, along with some intermediate types. Binary collision models are divided into those for
crysialline targets and those for structureless ones. The foundations of such models are
reviewed, including interatonic potentials, electron excitations, and relationships among the
various types of codes. Some topics of current interest are summarized.

INTRODUCTION

The .possibility of using digital computers for the numerical simulation of assemblies of
atoms occurred'independently to several groups in the late 1950s [1-6]. Some early
calculations were two-dimensional and all used simplified interatomic forces or approximate
treatments of atomic scattering, but from such modest beginnings came the field of the
computer simulation of the interactions of energetic aioms with solids, Most eariy work was
supported by the old Uniied Slates Atomic Energy Commission and, indeed, much of it was
inspired by the many new research results then being obtained on the effects of neutron
irradiation on the properties of matter, by the needs of the emerging nuclear fission power
technologies, or by the more speculative ones of fusion power development. In part because of
computational efforts in this field, ion beams came to be widely used as probes of condensed
mailer and as means of altering the composition, geometry, and properties of solids. Such uses,
in turn, inspired more elaboraie computer models. Enormous advances in computer hardware
and in software methods facilitated these developments. The hardware-limited calculations of
35 years ago, using programs written in assembly language or even in native numerical
machine language, were replaced by programs written in FORTRAN or C, executing at least
1000 times faster on relatively inexpensive workstations. With the recent introduction of
massively parallel computer systems, further advances of similar magnitude may be 3
anticipated. -s

The interactions of swift atomic particles with condensed mailer underlie physical ^
processes such as particle backscattering and penetration, ion implantation, radiation damage, •"*
and sputtering, which are important to technologies like electromagnetic and laser isotope g>
separation, controlled fission and fusion power generation, semiconductor device manufacture, o"
plasma processing, and others. They are also the basis for the use of ion beams in secondary 3 '
ion mass spectroscopy, surface structure determination, the location and identification of o
defects and impurities in solids, and so on. The methods of computational physics are used for
the direct simulation of experiments and supply tools for testing the assumptions of analytical
theory. In addition, the computational physicist has an almost unlimiied access to the atomistic
details which link the initial disturbances to experimental observables. The study of such
mechanisms is an important objective of computer simulation.

This paper discusses the computer models used to simulate the interactions of swift ions
with solids and outlines the main ideas on which they are based. The subject has been
reviewed from a variety of viewpoints [7-20]. These reviews provide a comprehensive
summary of the literature up to mid-1992. Sputtering or radiation damage caused by electron —'
excitation will not be discussed here: these interesting and important topics are treated
elsewhere [21,22].



COMPUTER SIMULATION MODELS

Two main types of numerical model are used to simulate atomic collision processes in
solids. One integrates the classical equations of motion of many atoms simultaneously, a
method termed molecular dynamics (MD). The other uses the binary collision approximation
(BCA) to represent the trajectories of swift particles as series of discrete collisions.

Molecular Dynamics Models

Molecular dynamics is widely used in physics and chemistry [23-25], It was first applied
to radiation damage studies by Vineyard et al. [4] and to sputtering by Harrison et a3.
[10,13,26]. The basic idea is to set up a numerical crystallite whose atoms interact through a
potential energy function. A disturbance is introduced, involving the sudden displacement of
an atom of the crystallite with a substantial kinetic energy or the injection into the system of a
swift atom from an external source. The equations of motion are integrated until the added
energy is sufficiently dissipated or until other conditions are met. Various sorts of boundary
conditions are used: cyclic, dissipative, fixed, free, and combinations of these. A common
choice is a free boundary to represent the surface of a target irradiated by an ion beam and
cyclic boundary conditions on other surfaces of the crystallite to simulate its embedding in a
larger matrix. Energy dissipation is often used at these internal surfaces as part of the
embedding process. The numerical crystallite must be large enough to contain the collision
cascade resulting from the disturbance and to dissipate the added energy. If the crystallite is so
small that the disturbance approaches the internal boundaries before the desired final state is
reached, computational artifacts may appear because of scattering from fixed boundaries or
interactions between the collision cascade in the crystallite arid its cyclic mirror images.

In addition to the forces from the interatomic potential, external forces may be applied to
atoms in the crystallite boundary. These are needed in some cases to represent the elastic
constants properly. They may also be used to define the desired thermodynamjc constraints. A
frictional force may be included in M p models to simulate electron excitation and the electron-
phonon interaction. The interatomic potential and the electron excitation model are the
defining aspects of MD simulations.

Early MD models could study only small numbers of events with initial kinetic energies
< ~ 0.5 keV in crystallites of -lO^ atoms [4]. Advances in computer hardware have relaxed the
constraints so that MD codes can now follow collision cascades involving 104 or 105 atoms for
simulated limes of a few picoseconds or statistically significant numbers of events under more
limited conditions. Further major advances may be expected with the new massively parallel
machines. Nevertheless, there will long be computations too large for widespread study by
MD, where swifter, but more approximate, computational methods will be useful. Such
applications include achieving precise statistics, where large numbers of events must be
evaluated; studies of complex materials, such as noncubic compounds, where it is difficult to
determine reliable potentials; and high energy cascade studies. Moreover, the interpretation of
experimental data in surface physics and ion implantation, as well as rapid surveys of new
topics, will continue to benefit from faster computational methods. On the other hand, in
highly symmetrical crystals containing atoms of very different masses, such as Cu-Au alloys or
UO2, cascade studies will require MD methods to simulate accurately such processes as linear
collision sequences along mixed atomic rows.

Binary Collision Approximation Models

The BCA has a long history in analytical theories of the slowing down of swift atoms in
matter [27], as well as uses in the kinetic theory of gases and other areas of statistical physics
[28,29]. It was first used for an atomic collision simulation by Bredov et al. [2], but was
employed independently by others [3,5,6]. The principal assumption of the BCA is that the
trajectories of swift atoms may be divided into distinct two-body encounters: changes in the
relative energy of the interacting atoms must be confined to the immediate vicinity of the target
atoms, so that deflection of the projectiles is completed on a scale smaller than interatomic
distances in the crystal. This is accurate at high kinetic energies, but breaks down at low ones,
whore scattering lengths become large. A detailed discussion of the BCA is given elsewhere



[30,31], including methods of evaluating atomic scattering. As in MD models, a potential
energy function describes the interactions of the atoms in BCA codes and inelastic (electron
excitation) energy losses may also be used. Atoms in BCA models must also often surmount a
binding energy before actually escaping from their initial sites. Such binding energies can
depend on the detailed nature of the encounter or on the proximity of a target surface.

BCA codes may be classified by the structure of the solid target. In one case, as in MD
codes, the target has a definite crystal structure: these are termed BC models [32], Besides
conserving energy and momentum in single collisions, such codes also conserve particles (as
do MD codes), since vacant target sites are clearly identified. Crystallographic data are used to
locate target atoms in BC models. BC models may provide an approximate treatment of
overlapping collisions which occur at nearly the same lime, designed to preserve the crystal
symmetry which often accompanies them. The principal example of BC codes is MARLOWE
[30,31,33.34].

Targets in the other type of BCA model are structureless: there are no correlations among
target sites, except those imposed by the density of the substance. Aleatory (stochastic)
methods are used to locate potential target atoms or lo select impact parameters, flight
distances, scattering angles, and so on. In general, such Monte Carlo (MC) codes conserve
energy and momentum in single collisions, but do not conserve the number of particles since
there are no definite sites to identify the origins of atoms. The principal examples of such MC
programs are the family of TRIM codes [12,35].

There is confusion in the literature between the BC and MC classes of model, originating in
the practice of some authors of referring to MARLOWE as a "Monte Carlo" code, which it is
not. This term should be used only for codes like TRIM [12,35] and ACAT [36], which use
aleatory techniques in a fundamental way. In several respects BC codes are closer in spirit lo
MD codes than to MC codes. See, for example, the results of a recent round-robin
collaboration on'sputtering simulation [32].

BCA.codes usually ignore the temporal development of cascades, but the times of
collisions can be evaluated explicitly [30], a fact used to modify MARLOWE so that collisions
are ordered correctly in lime [31,33]. It is also usual for BCA codes to consider only
encounters in which the target atoms are initially at rest. When collisions are ordered in time, it
is possible to remove this restriction, although no strict BCA code seems to have done so.
Collisions between moving particles are included in some of the intermediate codes.

Models of Intermediate Types

Many intermediate types of model can be defined, combining aspects of MD models with
those of BCA models. Yamamura describes models of this kind which include collisions
between moving projectiles and keep proper track of the time. At each encounter, if only one
target atom is found, the BCA is applied with modifications for moving target atoms, but if
several targets are found, the equations of motion of all particles are integrated, ignoring the
interactions of (he targets with each other. These ideas are embodied in the "dynamic" codes 2F
DYACAT [37-39] and DYACOCT [40], based on the MC code ACAT [36] and the BC code £
ACOCT [44], respectively. These "dynamic" codes are able to deal with many problems where -i
MD codes were previously required. For example, DYACAT was used to study cluster ion
bombardments [38]. o

Another recent intermediate code is QDYN [26], much closer to full MD models than are 2!
Yamamura's. The motion of an atom is ignored until it is struck by an already moving atom 5
with a force exceeding a preset minimum, a feature resembling the energy criteria used in some §
older intermediate codes [42-45]. In all cases, completeness of the model is surrendered to
achieve speed and significant limits are imposed on the range of possible problems.

INTERATOMIC POTENTIALS

Two groups of interatomic potentials are used in simulations of atomic collisions in solids.
In close encounters, the potential energy is determined primarily by the positions of two atoms, to
the other atoms of the target being mere spectators. In such encounters, a spherically
symmetrical pairwise repulsive potential is appropriate, reflecting the essentially atomic
distribution of electrons about the nuclei. Most BCA models use only these potentials. As —



distances approach or exceed ihe normal separations of atoms in crystals, however, several
atoms contribute significantly to the potential energy and the electron distributions reflect the
binding of the atoms in the target. Such binding effects may be supplied by boundary
conditions on a numerical crystallite, by spherically symmetrical potentials with attractive
regions, by many-body potentials, or by combinations of these.

Potentials for Close Encounters

Pairwise potentials for close encounters are often taken as the internuclear Coulomb
repulsion, screened by a function describing the distribution of atomic electrons about the two
nuclei. The very difficult problem of accurately evaluating the screening function must be
approximated in various ways. Dynamical effects on the electrons of the relative motion of the
nuclei are neglected: this is the familiar Born-Oppenheimer approximation, failure of which
probably cannot be told from electron promotion occurring during the encounter. One approach
assumes that the atomic electron densities may simply be superposed [46,47], with corrections
to the kinetic energies of the electrons, as well as corrections for electron exchange and
correlation, based on the properties of a uniform gas of free electrons of the same local density.
The atomic electron distributions may be taken from the statistical model of the atom [46] or
accurate wavefunctions may be used [47]. When two atoms approach each other slowly,
however, molecular states may form: see [48,49] for discussions of bonding effects in slow
encounters. Ab initio methods may be used to analyze these situations.

Firsov [50] and Lindhard et al. [51] used the statistical model as a basis for developing
approximate interatomic potentials. They expressed^ their results compactly using the atomic
Thomas-Fermi screening function [46] with screening lengths depending on Zj, the atomic
numbers qf the'tolliding atoms. At present, because of its computational efficiency, the
Moliere approximation [52] to the Thomas-Fermi screening function is often used with one of
these screening lengths or with values based on fitting procedures.

Ziegler et al. [53] used a local density model based on self-consistent Hartree-Fock atomic
wavefunctions to evaluate interatomic potentials. The results should describe rather accurately
the interactions of isolated pairs of atoms in their ground slates. These potentials were
used to fit a "universal" (ZBL) potential. Like the Moliere screening function, the ZBL
screening function is a sum of exponentials. The ZBL screening length depends more weakly
on the Zj than do either the Firsov or Lindhard parameters.

Nakagawa and Yamamura [49,54] made similar calculations, but used atomic wave-
functions with relativistic corrections, which may be significant in the heavier elements. The
atoms were confined to Wigner-Seilz cells defined by the densities of the corresponding solids.
A so-called average modified Lenz-Jensen (AMLJ) function was used to describe the
screening. This potential is not universal, since the screening function contains three
parameters with different Z dependences, representing different corrections to the potentiaJ
energy. Figure 1 compares the ZBL and AMLJ screening functions for Al, Cu, and Au pairs.
They agTee well for small separations, but differ significantly at separations approaching the
nearest neighbor distances in the crystals, especially in the lighter elements. These differences
probably originate mainly in electron kinetic energy corrections resulting from confinement of
the atoms in Wigner-Seilz cells. Evidently relativistic corrections are small.

There have been several attempts to establish interatomic potentials using ab initio
methods. A recent example [55] is a potential for Ar^-Cu interactions at separations from -40
to -140 pm. Figure 2 compares a screening function derived from this potential with those for
the ZBL potential and a Moliere potential with an empirical screening length [56]. The three
potentials agree closely, supporting the use of the ZBL potential and validating the strategy
of using the screening length in the Moliere potential as a fitting parameter. The minimum
separation in this Ar+-Cu calculation was set by an avoided energy level crossing within which
the model became unphysical. Other level crossings were also observed in this system. These
signal that changes in the ground state of the system must be expected and that electrons are
likely to be promoted to excited states during an encounter [57]. Further discussion of ab initio
potentials is given elsewhere [19].

The methods described here are limited to atoms in their electronic ground stales. There is
ample evidence [58-61] of inelasticity in sputtering as well as in gas phase collisions. Excited
,-itoms emerging from such encounters have altered electron densities and will interact
according to a more repulsive potential energy function in later collisions. Such effects are
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most important for high energy particles and will not affect the large number of low energy
particles in a collision cascade to a significant degree.

Many-Body Potentials

Until recently, MD simulations of atomic collisions were performed with pair potentials;
models of this type are still used. Some use a repulsive potential of the Born-Mayer type wilh
crystal (me(a)stability supplied by truncating the potential or by using boundary constrainis
(see [62-72] for recent examples). In others, the potentials are typically Morse functions
[ 10,13], splined to a Moliere or Born-Mayer core (see [73-S9] for recent examples).

For some purposes, pair-potential models are satisfactory; they are, moreover, more
efficient computationally than niore elaborate potentials. There are, however, many drawbacks
[90,91]. Purely repulsive models always lead to close-packed structures and so are restricted to
fee metals or to simulated times too short for structural rearrangement of the numerical
crystallite. The proper relationships of the clastic constants can be achieved in pair-potential
models only through boundary conditions on the numerical crysiallite. These can extend
calculations to bec metals, but are not entirely satisfactory, especially if the target has a free
surface. Moreover, pair-potential models are not able to give a good account of selvage effects
(relaxations, reconstructions), potentially important in sputtering, or of other defect properties,
important in cascade studies and in more general solid-state contexts. Empirical many-body
potentials have been developed to better represent the properties of solids.

There are two main classes of empirical many-body potential for use in studies of transition
metals and semiconductors. The underlying theory and the relationships between them are
reviewed by Carlsson [91]. The basic idea is to express the configurational energy of a solid as
the sum of two terms, one a pair potential depending on the positions of two atoms only, the
other an environmental energy depending on the positions of several atoms. The pair potential
is often taken as an exponential (Born-Mayer) repulsion, but any of ihe potentials discussed in
the previous section could be used. There is some arbitrariness in the division of the
coufigurational energy between the pair potential and the environmental term: any term in the
latter which is linear in the environmental parameters can be described by a pair potential.
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One class of many-body potential is based on a light-binding (TB) analysis [92,93], When
a solid is formed, (he partly-filled valence orbitals broaden into bands: the broadening supplies
the attractive part of the interaction. The density of valence band electronic slates on a
particular site is made up of radial contributions from the neighboring atoms. The
environmental energy is expressed in terms of ihc moments of the density of states. Since ihc
first moment vanishes [91], the simplest approximation limits the model to the second moment,
which becomes the environmental parameter, describing the width of the band, but not its
shape. Various angular terms can be included in the interaction if higher moments are added to
aTB model.

The other class of many-body poiential uses the embedded atom method (EAM) [94). The
solid is regarded as assembled one atom at a time: the binding is the energy gained by
embedding each atom in the background electron density of the other atoms. This density is
the environmental parameter in the EAM. To make the treatment tractable for simulations, the
binding energy associated with a particular atom is determined by the local background
electron density at its site. This density is constructed as a superposition of radial functions
centered on the other atoms. Angular terms can be added to EAM potentials by including
gradients and higher derivatives of the electron density. The substantial formal similarities
between the EAM and TB approaches [91] often makes a distinction between them
unnecessary or even impossible [95).

Both potentials are parameterized and the parameters are fit to experimental data such as
lattice constants, cohesive energy, bulk modulus, elastic constants, vacancy formation energy,
properties of the diatomic molecule, and surface properties. It is not possible to fit all
experimental data with great precision and compromise is necessary, tailored to the needs of
ihe particular simulations. Furthermore, fitting the parameters of many-body potentials to
elastic constant data in crystals without inversion symmetry poses special problems because of
the effects of inhomogeneous strains [96], See [97-99] for typical recent examples of EAM
potentials and [100-102J for typical TB potentials. Like the pair potentials, both EAM and TB
potentials may be combined with one of the repulsive core potentials discussed earlier. Hsieh
et al. [103] use a cubic spline to connect a Moliere core to the two-body part of an EAM
potential and smoothly remove the many-body part over the same range of separation. EAM
potentials were used to simulate low-energy hydrogen atom reflection from metals [104],
sputtering [97,102,105-110], collision cascade development [111-114], and cluster impacts on
surfaces [103].

Angular forces are required to stabilize structures with strongly directed chemical bonds,
such as the diamond lattice semiconductors. A TB analysis [91] can be used to show how
inclusion of third- and fourth-moments in the configurational energy leads to terms depending
on the positions of three or four atoms and thus introduces forces depending on the angles
between the bonds. However, most simulations use not only empirically fitted parameters, but
also empirically derived dependencies on bond angles. Several potentials of this sort have been
proposed for Si [115-123], C [122,124], and GaAs [125]. Several studies, summarized by
Carlsson [91], examined reconstructions of Si surfaces using the potentials cited, with mixed
success. Thus, concern must be expressed that the assumed angular dependencies are not s
accurate near surfaces and may not be well adapted to simulations of sputtering. Nevertheless, *
several simulations of sputtering [126-129] and of cluster ion impacts [130,131] have used -H
such potentials.

c r
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INELASTIC ENERGY LOSSES 5
o

Besides energy lost in scattering from the target atoms, swift particles lose energy by
exciting electrons, both their own and those of the medium. In metals and semiconductors, the
inelastic energy loss is often calculated from the dynamic response of a uniform electron gas to
the passage of a charged particle [132]. The theory accounts very well for the stopping of
protons in matter over a wide range of kinetic energy, from a few keV to many MeV. Effective
charge theory [133] allows this treatment to be extended to other particles. At low projectile
kinetic energies, however, experimental data do not exist for testing a theory of electronic
stopping and the situation is ambiguous. Al the lowest energies, allowance must be made for o>
the electron-phonon interaction, which is mainly responsible for accommodating a disturbed
region in a metal to its surroundings [134].



Inelastic energy losses are often related to the local density of electrons in the stopping
medium, but there are problems with this idea. Such losses involve target electrons that arc not
local to the projectile track: that is, one would expect to integrate the excitations over the target
electron density in a region surrounding the trajectory, with a weighting function to describe
the losses as a function of the distance to the electrons in question. The inelastic losses aJso
involve excitations of the projectile electrons: again an integral over the excitations is required,
using the electron density distribution in the projectile. Thus, reservations must be expressed
about formulations that restrict themselves to the local density (see [135,136]).

Inelastic Energy Losses in BCA Models

In some BCA models, inelastic energy losses depend on the kinetic energy of the projectile
and the pathlength it traverses, but not on the environment of the trajectory. There are no
correlations between the elastic and inelastic energy losses. Such models are said to be
"nonlocal", since no properties local to the path segment enter the calculation. At low energies,
the nonlocal inelastic stopping cross section usually takes the form

Sc(E) = kE'/2 (1)

where E is the projectile kinetic energy and the parameter k is derived from experiment, from
the well-known LSS theory [51,137], or otherwise.

Alternatively, the inelastic energy loss in a collision may depend on how closely two atoms
approach each other [138], providing a correlation between the elastic and inelastic energy
losses in individual encounters. Such inelastic losses are termed "local", since they depend on
parameters of the'encounier. Firsov assumed the relative energy in the collision to be so high
that the projectile was undeflected and used an asymptotic Thomas-Fermi screening function
[46] to describe the electron distributions in the atoms. His model may be corrected
approximately for scattering by replacing the impact parameter p with R(p,E), the apsis in the
encounter [34]. Since R(p,E) > p for repulsive potentials, the inelastic loss is reduced,
especially at low energy. The asymptotic screening function may be replaced by an
exponential function, which has a more realistic behavior at large distances [139]. The
resulting inelastic energy loss in a collision is

Q(p,E) = kE'/2 (y2/2na2) exp[-yR(p,E)/a] (2)

where a is a screening length and y is a parameter. The stopping cross section is

(3)
o

o(e) = / u exp[-(y/a)R(au/y,e)]du (4)
o

£ = (a/ZiZ2e2) m2 E/(mj +1112) (5)

where Z\t and Z2e are the nuclear charges of the colliding atoms and m\ and 1112 are their
masses. Under the conditions of the impulse approximation, the deflection function o(e) = 1
and Eq. (3) reduces to Eq. (1), but at lower energies, SC(H) falls more rapidly than predicted by
Eq. (1). Figure 3 shows o(e) for the Moliere potential for several values of y. This model cuts
off inelastic energy losses at low projectile velocities in a plausible manner. The effects on
inelastic stopping of the impact parameter cutoff used in BCA codes is discussed elsewhere
[31,139].

The statistics of inelastic energy losses are usually neglected in simulation codes. In a
nonlocal stopping model, fluctuations in electronic losses can be evaluated as described by
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Fig. 3. The deflection factor in a local inelastic energy loss model [139],
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Bohr [27]. Jn a local model, there are two sources of fluctuations. First, the correlation
between elastic and inelastic energy loss introduces a fluctuation associated with impact
parameter fluctuations over many collisions. This effect is automatically included in BCA
codes. Second, even at a given impact parameter, there are fluctuations of the inelastic energy
loss. These have usually been ignored by theorists, but there are recent attempts to evaluate
them [140-142]. Inclusion of such fluctuations could improve the agreement between
calculated and experimental range distributions.

Inelastic Energy Losses in MD Models

Inelastic energy losses can be included in MD models by adding to the equations of motion
a frictional term based on Eq. (1):

Mx = F - px (6)

where M is the mass of an atom, F represents the conservative forces, P = nk(M/2)J#, and n is
the target density. The relaxation time for inelastic energy losses, WP, is typically -0.5 ps,
assuming ihc LSS theory for k. The frictional losses in Eq. (6) arc either local or nonlocaJ,
depending on whether P depends on local conditions. Only a few programs [143-145] have
included nonlocal inelastic energy losses, mainly because they were regarded as insignificant at
the low energies of most MD calculations.

Cnro and Victoria (CV) [146] describe an MD model for metals with local electronic
effects. They identify two regimes: at relatively high energies, there are inelastic energy losses
described by Eq. (6) wiih p depending on the local electron density; at low energies there are
interactions between slowly moving atoms ("phonons") and conduction electrons which
equilibrate the excess kinetic energy of the atoms with the electrons and permil the ordinary
metallic heat conductivity to carry energy away from the cascade region (see [134]). The
elcctron-phonon interaction is modeled by Langevin's equation in the form

O

O
3

Mx =F-p* (7)

where ii(t) is a random force and P now measures the strength of the coupling of the atomic
system to the heat bath represented by the electrons. Each component of rj(t) obeys a Gaussian
distribution with mean value zero and variance 2pkjjT, where kg is Boltzmann's constant and T
is the temperature of the reservoir. In the clectron-phonon regime, M/p is the relaxation time
for electronic heat conduction, -10 ps. Thus, p in this regime is much smaller than in the
electronic stopping regime. CV unify the two regions by setting P = A ln(o.p'/3 + b), where p
is the local electron density and A, a, and b are parameters. The electron density is derived

CO



from the interaction potential used for the conservative forces. The CV model provides an
empirical treatment of electronic effects in cascade simulations somewhat in the same spirit
that empirical many-body potentials do for the conservative forces. It is used in the
MOLDYCASK code [111,113,114].

The Effects of Inelastic Energy Losses on Cascades

It has long been realized that the LSS model [51,147] implies substantial losses of energy to
electron excitation, even at very low kinetic energies. It was pointed out [148] (hat the so-
called modified Kinchin-Pease (or NRT) model [149] incorrectly discounts electronic energy
losses below the cascade multiplication threshold and that the correction can amouni jo 20% or
more. Several claims were also made that nonlocal inelastic energy losses play a major role in
determining sputtering yields [13,143,144,150-153]. While an artifact in one case [150] was
partially responsible for this conclusion [19], it appears to be correct within the framework of
LSS nonlocal losses. On the other hand, both the local stopping model and the CY model
imply that electronic losses at the lowest energies are much lower than predicted by the LSS
model. What is needed is a detailed theoretical analysis of the transition between the electronic
stopping regime and the electron-phonon regime. This remains one of the most difficult and
obscure problems in particle-solid interactions at the present time.

COMPARISONS OF SIMULATION MODELS

A few recent investigations compare simulation models. These are useful for
understanding the"relationships among the different models. A brief account of some of them
follows: see [39] for other examples and more details.

Chang et al. [154] compared three methods of simulating the interaction of a beam of Ne
ions with Rh surfaces. A full MD treatment was compared with a model [155] in which the
interactions of the target atoms with each other were ignored and with a BCA calculation in
which the Ne ions interacted with only the nearest Rh atoms. Close agreement of the first two
models was found, but deviations appeared at low energies (100 eV Ne on Rh {001}). Large
differences were reponed for the BCA model, depending in a complex way on the surface and
the incidence conditions. This shows the severe limitations of BCA models without corrections
for nearly simultaneous encounters of projectiles with several target atoms. Comparisons using
the MARLOWE approximations [19,30,156] coujd further illuminate this issue.

Shul'ga et al. [157] examined the trajectories of heavy atoms scattered from diatomic
molecules of lighter atoms with an MD code, using the example of Xe on Cu2. In such cases,
the first atom of the molecule may move ahead of the heavy particle, clearing the way for it by
displacing the other atom before the heavy atom arrives. Comparisons of these trajectories
with others where the interactions of the target atoms with each other were omitted showed the
importance of such effects. Smith and Webb [18] also note the imponance of the proper time
ordering of collisions in BCA models. ^

The most extensive comparison of simulation models is a recent round-robin evaluation of r1

the ejection probability of low-energy atoms near the surfaces of crystals [32]. This work ^
compared six MD codes, four BC codes, and eight MC codes. The task was to calculate the g-
probabilily of ejection of atojns from the surface region of Cu targets as a function of depth ^
within the large, and the initial direction and energy of the recoil. The lattice models, that is, g
the MD and BC codes, agreed reasonably well among themselves, although the neglect or very 3

approximate treatment of many-body effects in the latter caused differences to increase at low
energies. The lattice models differed systematically from the MC models, however. The
former agreed that no ejection occurred from below the second or third layer of the targets
(never from depths > 0.4 mn) for primary energies up to 50 eV, while the MC codes showed
ejection from depths of 0.4 to 0.5 nm, even at energies as low as 10 eV. These differences
result mainly from the statistical nature of the MC models: their rough surfaces and lack of
translational symmetry allow emission from depths greater than is possible in lattices. Thermal
displacements of atoms from their lattice sites could produce similar effects in lattice models. ^

-J



CLUSTER IMPACTS

There is much current interest in the impacts of large cluster ions on solid surfaces. The
incident particles are singly-charged clusters of up to several hundred or even a few thousand
atoms, with initial kinetic energies from < 1 eV/atom to 1 keV/atom or more. The interest in
such particles stems from their potential uses in forming thin films by the ionized cluster beam
technique [158); from claims of nuclear fusion during impacts of large, slow D2O clusters on
dcuterated solid targets [159-161]; and from other impact phenomena [162]. Such impacts
have even been suggested as a means of causing exotic chemical reactions in the clusters [163].
Sigmund [163] discussed some features to be expected in cluster impacts, but MJD simulations
arc especially attractive for studying such events. The atomistic simulation of cluster impacts
is feasible as long as the events can be contained adequately. This suggests limits ~10 eV/atom
for clusters of a few hundred atoms or clusters of a few lens of atoms at 1 keV/alom. For
extremely large clusters, it would surely be more effective to use models based on macroscopic
mechanics [103].

Nearly two dozen papers have been published on cluster impacts in the past five years [38-
39,67-71,83,S6,87,S9,103,130,131,163,165-169]; they arc reviewed in detail elsewhere [19].
Several interesting effects observed in these calculations bear mention. When the cluster atoms
are heavier than the large! atoms, the leaders accelerate some target atoms to speeds greater
than that of the incident atoms, allowing later cluster atoms to penetrate more deeply into the
target before encountering target atoms [66]. The mean energy loss per cluster atom is less
than is experienced by independent atoms. When the cluster atoms are lighter than the target
atoms, their backscattering leads to collisions among cluster atoms which can be viewed as
collision cascades within the clusters [67,70]. Not many sputtered atoms come from the core of
the impact zone, .but instead originate in a ring around it, resembling the splash seen when
heavy objects impact liquids [83,87].

A variety of phenomena occurring during cluster impacts can be organized according to the
kinetic energy per particle in the cluster and the cohesive energies of the cluster and the target
[103]. Depending on these quantities (and others also), a cluster may penetrate the target and
produce radiation damage; it may break up on impact or be reflected from the surface; it may
form a "glob" on the target surface; and so on. A striking example of the reflection of a cluster
from a target is seen in the case of C$Q molecules incident on hydrogen-covered diamond [130]
and graphite [131] surfaces. At energies below - 4 eV/atom, intact molecules are reflected in
vibrationaJly excited states.

CONCLUDING REMARKS

This review considered several topics in the computer simulation of atomic collision
processes in solids. The current situation with respect to potential functions was discussed,
both for close approaches between atoms and for separations near the normal bonding distances -g
in solids. Methods of determining the former from ab initio calculations appear to be more-or- 2J
less in hand and empirical functions for the Jailer are well-advanced. The role of electron *="
excitations in slowing swift particles was outlined and methods of including such effects in r1

sinvu/ations were discussed. It was pointed out that the role of electronic energy losses at low ^
energy is still ambiguous and that more work is needed to clarify its connection to the electron- g.
phonon interaction. =j#

A few compar i sons of simulation codes were summarized . M o r e work in this area would £
be v e r y des i rable . Th i s could relate M D , B C , M C , and intermediate codes in the manner of the 3

r o u n d - r o b i n collaborat ion [32], but should be appl ied to a variety of p rob lems . Finally, recent
w o r k on cluster impacts was surveyed with the idea of giving some of the flavor of this recently
active field.
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