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In this paper, we show that many-body interactions are important for describing the energy- and angle-
resolved distributions of neutral Rh atoms ejected from keV-ion-bombarded Rh{111}. We compare
separate classical-dynamics simulations of the sputtering process assuming either a many-body potential
or a pairwise additive potential. The most dramatic difference between the many-body potential and the
pair potential is the predicted kinetic energy distributions. The pair-potential kinetic energy distribution
peaks at ~ 2 eV, whereas the many-body potential predicts a broader peak at ~ 4 eV, giving much better
agreement with experiment. This difference between the model potentials is due to the predicted nature of
the attractive interaction in the surface region through which all ejecting particles pass.

The development of many-body interaction potentials to describe the forces among
large ensembles of atoms (e.g. solids or liquids) is presently in its infancy. Over the
years investigators have sought to find systems and scattering regimes where these
types of potential functions may be expressed in a mathematically tractable form.
One such process is the ejection of atoms due to 500-5000eV particle
bombardment of solids (i.e., sputtering). In this case atoms are ejected from the
solid with a kinetic energy, F,, , distribution which maximizes at 2-10 ¢V and which
decreases as E,;, "2 up to energies which are a significant fraction of the energy of
the incident particle. The complex atomic motion subsequent to the ion-
bombardment event is clearly initiated by close encounters between colliding atoms
in the solid. These types of interactions may provide an excellent model system for
developing an accurate many-body interaction potential.

Since 1960 particle bombardment events have been simulated by computer
models which assume pairwise additive potential functions.! The simplest approach
is to assume that the interactions are purely repulsive and that the collision
dynamics can be described by the binary collision approximation where each
particle is allowed to interact with only the nearest atom at a given time.? On the
other hand, we believe that at the energies at which most particles eject, 2-10 eV,
simultaneous interactions are not negligible and in fact play a dominant part in
controlling the collision dynamics.>” Due to computational restrictions, our full

*We would like to dedicate this article to Don E. Harrison, Jr. a dear friend and colleague, who died
recently. Don’s first paper on computer simulations of sputtering was published in 1964, long before
many of us even dreamed of performing molecular dynamics on real systems. Eleven years ago Don
graciously agreed to collaborate and even gave us his computer code—a beginning of an interaction that
led to what we believe has been interesting science.
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lattice descriptions have thus far been limited to pairwise additive potentials,
although attractive interactions have been included.

These potentials have been quite successful at elucidating mechanisms of particle
ejection, and at allowing calculation of semiquantitative aspects of the sputtering
process.*. However, a quantitative comparison between theory and experiment has
been hindered by a scarcity of detailed experimental data. The computer
simulations using single crystal targets yield direct information concerning the
trajectories of ejecting neutral atoms. Early experiments were capable only of
examining energy-integrated or angle-integrated neutral distributions from
damaged targets or of examining trajectories of secondary ions. The motion of the
ions could be detected with high sensitivity but the distributions had to be
corrected for the image forces created by the charge.®? A new method based on the
multiphoton resonance ionization of neutral atoms after they have desorbed from
the target surface has recently been developed. The technique is capable of
measuring the energy- and angle-resolved neutral (EARN) distributions of
sputtered atoms®!! with sensitivity sufficient to avoid surface damage. These
experiments provide the best trajectory data yet available and force a critical test of
assumed interaction potentials and scattering dynamics.

In a previous study we described the EARN distributions of Rh atoms ejected
from RH{111} with a computer simulation using pairwise additive interaction
potentials.” Although the overall trends of azimuthal anisotropies and relative
intensities of angular peaks were well described, the positions of the peaks and the
peak widths in both the polar angle and energy distributions differed between the
experimental and calculated results. Variation of the parameters in the potential
within physically reasonable bounds did not significantly improve the agreement.

A new model potential for classical dynamical simulations of keV-ion-induced
desorption has recently been developed which is based on the embedded atom
method (EAM).1>-13 In the EAM, the potential energy of the ith atom in the lattice
is written as E;=F(p,=X, ,pammlc( )+ 1/23,,,@(r;). In this expression, 7; is the
distance between the i-th and Jj-th atoms, @(r;) is the potential energy of repu1s1on
between the ion cores of the i-th and ]-th atoms Paromicl ,) is the electron density at
the position of the i-th atom due to the j-th atom, and p; is the total electron density
at the position of the i-th atom, excluding the electron density provided by the i-th
atom itself. The embedding function, F, is a nonlinear function which is taken not to
depend on the source of the electron density. Thus, once F is determined, it should
be usable in an arbitrury configuration of Rh atoms.

The form of the EAM potential may be derived from density functional theory.!4
With this theory, the embedding energy of the ith atom is a functional of the self-
consistent electron density with the i~th atom removed from the lattice. Two
approximations are then made. First, the functional is replaced by a function, and
second, the self-consistent electron density is replaced by a homogeneous electron
density, the value of which is taken to be the value of the correct density at the
position of the i-th atom. Finally, a perturbation theory correction is added taking
into account the nonuniformity of the electron density near the atom. The result is
an expression with the same form as the EAM. {Another correction term, the
hybridization or band energy resulting from the formation of delocalized states in
the solid,!>16 is ignored because it would not reflect the actual band structure in the
vicinity of a desorption event.) It should be noted that the EAM and the expression
from density functional theory are not rigorously identical, so that the EAM is
empirical in nature. Also, an alternative interpretation exists for p;. This parameter
may be a measure of local density or coordination of atoms!’ rather than a measure



EJECTION OF ATOMS FROM SURFACES 289

of local electron density.!>!® In either interpretation, however, the atomic
interactions are the consequence of many-body forces, which is more realistic for
metals than the assumption of pairwise additive potentials.!8

As shown in Figure 1b molecular dynamics calculations using pairwise additive
potentials do quite well at reproducing and explaining the angular distributions of
Rh atoms ejected from Rh{111}. The question is then, are many-body potentials
necessary or is the ejection process dominated by crystal structure and thus the
repulsive wall of the potential. Shown in Figure 2 are the measured and calculated
(with pairwise additive potentials) angle integrated energy distributions.” The
curves do not agree nor could they be made to agree with any reasonable variation
of the parameters. In addition, the calculated peaks in the polar distributions
(Figure 1b) were 5-10° closer to the surface normal than the experimental ones.

A preliminary fit of the embedding function and the core repulsive term was
made to the properties of Rh metal in order to determine if the EAM description
of the interaction better predicts the EARN data of Rh atoms ejected from
Rh{111} than the pair potentials.'"® The most dramatic change in the predicted
distributions arises in the angle-integrated energy distributions. As shown in Figure
2 the experimental and calculated distributions using the EAM interaction are in
excellent agreement while the calculated distribution using pair potentials is quite
different from the experimental curve. The peak in the polar angle distributions as
calculated from the EAM are also found to increase by about 10° from those
predicted by the pair potentials (Figure 1b). The agreement between the EAM and
the experimental energy distributions is better than one could have hoped, and the
polar distribution correction is in the right direction.

Is the better agreement fortuitious or is there a sound basis for it? The pair
potential description in the surface region has been thought to be inadequate but the
detailed data that exposed the nature of the deficiencies was not available. There
are several differences between the EAM and pair potentials. First the surface
binding energy of the EAM potential is larger (— 5.1 eV) than that of the pair
potential { —4.1 eV). Of note is that both potentials were fit to the bulk heat of
atomization of Rh (5.76 eV). The peak position in the energy distribution is
proportional to the binding energy,!® thus it is logical that the peak in the EAM
energy distribution occurs at a higher value than for the pair potential. In addition
to the larger binding energy at the equilibrium site, the EAM potential is relatively
flat in the attractive portion of the entire surface region. There is more than a 4 eV
attraction for the ejecting atom even above a neighboring atom, while the pair
potential has only ~1 eV overall attraction. Thus particles that eject at more
grazing angles will experience a larger attraction to the surface in the EAM
potential than in the pair potential. This will tend to make the peak in the energy
distribution shift to larger energies, and will also pull the particles away from the
surface normal and move the peak in the polar distribution (Figure 1b).

The data actually suggest that the EAM potential is too smooth or planar in the
surface region. For amorphous and polycrystalline samples a simple model with a
planar surface potential is used to describe the angular distributions.!®?® The
predictions of the model (and the experimental data) give the polar distributions a
cos"@ background, especially in the 5-10eV energy range. Intuitively, this
observation suggests that the EAM potentials are too smooth. It is interesting to
note that the rather violent keV particle bombardment process is actually yielding
insight into the nature of the attractive portion of the metal surface.

Recently the previously developed Rh{111} EAM potential has been employed
to model the ejection process from Rh{331}, a stepped surface that consists of
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{111} terraces three atoms wide with a one atom step height. In this surface there
are atoms that are both more and less coordinated than on the {111} surface. The
agreement between the experimental and calculated angular distributions is
excellent.?!

FIGURE 1a Rh{111} crystal face. The open circles are first-layer atoms and the shaded circles
represent second-layer atoms. The azimuthal directions of = — 30°, 0, and 30° are shown.
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FIGURE 1b Polar angle distributions for various azimuthal angles for fixed secondary kinetic energy
of the Rh atoms. In each frame the data are normalized to the ¢= —30° peak intensity. For the
calculated data the full width at half maximum (FWHM) of the resolution is 15° in the polar angle. A
constant solid angle is used in the histogramming procedure. The experimental resolution is
approximately the same. The surface normal corresponds to 6= 0°. The curve marked 2nd layer is the
contribution to the polar distribution due to 2nd layer atoms along ¢= — 30°.
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The EAM approach appears to provide a formalism, within realistic potentials,
with which describing atomic dynamics can be developed. It should also provide a
method for realistically incorporating adsorbates into dynamics simulations. Both
of these applications can be considered significant advances, and will help
molecular dynamics simulations to continue its contribution to the understanding
of technologically important processes.
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FIGURE 2 Experimental and calculated angle-integrated kinetic energy distributions. In all cases, the
curves are peak normalized.
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