Electronic distortion in keV particle bombardment
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The angle resolved velocity distributions of excited (*F,,) and ground state (*Fg5) Rh atoms ejected
from the Rh {100} surface due to keV Ar* ion bombardment are described with a model that takes
into account the local electronic environment. The lifetime of the excitation probability for each
excited Rh atom is assumed to depend on the local embedded-atom method (EAM) density. It is thus
possible to distinguish between ejected atoms that experience very little difference in their electronic
environments. Although most excited atoms that survive with significantly high excitation
probabilities originate from the surface layer, it is not uncommon for an atom beneath the surface
to eject from a disrupted environment and end up with a high excitation probability. This model
improves upon a previous one, where the lifetime was assumed to vary with the height above the

original surface.

{. INTRODUCTION

The bombardment of solids with keV atoms or ions leads
to rather violent collisions with subsequent ejection of target
particles. This process results in atoms and molecules, either
neutral or charged, in a large variety of internal states which
eject into the vacuum. This large manifold of ejection prod-
ucts means that a description of all the microscopic events
simultaneously is overly complex. The motion of the nuclei
in their ground electronic state can be well described by mo-
lecular dynamics simulations.? These simulations yield mi-
croscopic pictures of reaction mechanisms as well as quan-
tities such as energy and angular distributions that can be
directly compared to experimental guantities. The situation
for describing electronic (excitation, ionization) events in
keV particle bombardment, however, is not as mature.

A big challenge for describing electronic events in keV
particle bombardment is that the solid is “distorted” from
equilibrium when a particle ejects into the vacuum. More-
over, each atom’s path is individualistic and thus it experi-
ences its own electronic environment during the course of
the atomic motion. The theoretical challenge is to maintain
the individual nature of each atomic motion yet to be able to
incorporate changes in electronic environment in any pro-
posed model. Most electronic structure techniques, however,
are computationally time consuming and thus are prohibitive
to perform at every integration step for a multitude of atoms.
The general strategies have been either to assume a guiescent
band structure®™ or to perform electronic structure calcula-
tions on small clusters assuming a somewhat limited set of
atomic motions. 012

"Recently we have been interested in the excitation of
atoms into fine-structure states and subsequent deexcitation
during the course of a keV particle bombardment event. For
example, the energy and angular distributions of Rh atoms
ejected from Rh {100} in both the ground, 4F9,2, and excited,
4F-,,2, fine-structure states have been measured and found to
be different from each other.”>'* A simple model was devel-
oped to explain these differences and it was found that col-
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lisions in the 1-20 A range above the surface give rise to an
anomalous feature in the plots of the ratio of the excited state
intensity to the ground state intensity.’>* This model as-
sumes that an atom is excited if it gets within a distance ry, of
another atom. The excitation probability decays in time with
a lifetime T as the atom moves through the solid and into the
vacuum. The lifetime 7 depends upon the height of the atom
above the surface but not upon any possible local disorder of
the system.

In this paper we present an extension of this model that
takes into account the local electronic environment in the
solid. In particular, we have been using the embedded-atom
method (EAM) potentials’S’” in molecular dynamics simu-
lations to describe the interaction among the Rh atoms. One
of the parameters of the EAM potential is the local density p
at each atom. We now use the local density to determine the
lifetime of the decay process. This density provides an inter-
esting indicator of the local electronic environment in the
system. In particular, it allows the identification of events for
which the local environment is significantly distorted from
equilibrium.

Il. DESCRIPTION OF THE MODEL AND CALCULATION

In this section we briefly describe an approach for cal-
culating the velocity- and angle-dependent distributions of
Rh atoms ejected in their ground and excited states due to
ion bombardment. In simulating the ejection of these species,
one must treat both the atomic motions and the electronic
excitations. As previously discussed,' the molecular dynam-
ics (MD) simulations have been used successfully to describe
the velocity- and angle-dependent distributions of the ground
state species. The details of the calculations have been de-
scribed elsewhere.!*!*!® An EAM potential is used to de-
scribe the interatomic interactions. The energy for the ith
atom is given by

E;=F[pi=2 4 iPuomic(rij) 1+ 12 ;4 i9(r3)), (1)
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where r;; is the distance between the ith and jth atoms. The
first term is the embedding function, which is the energy of
the interaction of the ion core with the electron sea of density
p;- The second term is short-ranged and is the jon-core repul-
sion at a distance of separation r;; of the two cores. The total
density p; is assumed to be a sum of atomic densities,
Paomic(Ty)» Which depend approximately exponentially on the
distance between atoms i and j. It is not overly important for
the model described below that this density be absolutely
correct. Rather, the major feature is that it allows one to
distinguish among the electronic environments for different
configurations of atoms.

The calculation of the electronic excitations'*2° employs
a method based upen a collisional excitation mechanism.
This model is computationally attractive since it requires no
explicit electronic structure calculations. It is based on the
curve-crossing theory of Fano and Lichten?' which assumes
that colliding atoms are excited (with initial excitation prob-
ability Py) when the distance of closest approach drops be-
low some threshold value, r,,. Once the collision is over, the
excitation of atom i is subjected to the time-dependent decay

dP/dt=—P,l1,. @)

The instantaneous excitation probability P, or the probability
that the atom 7 remains excited at any given time, is evalu-
ated at every time step until the atom ejects into the vacuum.
The lifetime 7; is based on some empirically determined,
environment-sensitive quantity. It is assumed that relaxation
is a result of the coupling between the excited electron and
the electrons in the remainder of the solid. In contrast to our
previous studies'>!* where 7; depended only on the height of
the atom relative to the initial undisturbed crystal, here we
use the density p; to determine the lifetime as

1/T,‘=Cpi, (3)

where c is a constant to be determined and the density p; is
the EAM density. This expression allows 7; to fluctuate about
some constant value in the bulk and allows its value to ap-
proach infinity when the atom is far from the solid. This
latter condition is appropriate since the current studies deal
with metastable excited states of Rh atoms. With this param-
eterization of the excitation model there are three parameters
to be determined—r,, Py, and c. :

It is useful to examine the consequences of this model
for a simplistic limiting case. If we assume that the density is
a constant out to a distance z,,, above the surface and then
falls to zero, that the collision occurs at z,,,, and that the
velocity of the atom is constant, we obtain

dPldt=—P/t or dPIP=—dtlr
4)

or In(P/Py)= —Zminf‘mnxcp dzlv, ,

where we have used the equality dt=dz/v, , with v, being
the velocity component perpendicular to the surface. This
integrates to

P=P, exp[—‘:p(zmaxhzmin)/ui] (52)
=Py exp(—Alav,), (5b)

where A and @ are the generally used constants in thig
expression.22 Equations (5) show that the final excitatiop
probability depends exponentially on the reciprocal of the
perpendicular component of the velocity. This has been the
conventional expression used for data analysis and hag
worked reasonably well except for binding energy effects a
low velocities.>”!! There is also an implication in Egs. (5)
that the ratio A/a should depend on the density appropriate
for an individual atom’s motion as it ejects from the solid. Ag
will be shown later, this can depend on the angles of ejection,
It was observed in the experimental data that the best fit
values of A/a depend on the angles of ejection.!®

The expression in Eq. (5a) for the final excitation prob.
ability gives insight into the factors that can cause deviations
from Eq. (5b). First, the density is not constant as an atom
ejects although one might argue that it is the same for al)
atoms that eject. Second, there is a dependence of the fina)
excitation probability on z.,,. For a surface atom to be
ejected, an atom from beneath must hit it. Since realistic
potentials are being used, the collision does not occur instan-
taneously. As the atom beneath moves toward the surface
atom, for some time period both atoms move above the plane
(z=0) where the surface atom started. They reach a distance
of closest approach and then the surface atom ejects. The
definition of the time and height when a collision begins is
open to discussion but almost any definition will result in a
value for the height that depends on the collision velocity.
We have chosen to start the time clock for the integration of
Eq. (2), and thus the deexcitation process, when the two
colliding atoms are moving apart and the distance between
them is ry,.

This model has fewer adjustable parameters than the
height model used previously. The value of r,, was chosen to
have the same value of 1.85 A as used previously. !4 The
values of P, and c are fit to the experimental data for par-
ticles that eject within 20° of normal of the surface. The
specific values are Py=0.866 and c=5.22/fs/(e ~/A*) where
fs=10"1% s and e~ is the electron charge. This value of ¢
means that for an atom in the bulk with an equilibrium den-
sity of 0.035 35 ¢ /A%, the corresponding lifetime is 5.4 fs,
and for an atom on the surface with an equilibrium density of
0.0236 e‘/A3, the lifetime is 8 fs. These values are slightly
smaller than found previously and actually fit better with
accepted lifetimes.?> In the event of a collision the density
values are significantly higher than these equilibrium values
and hence, the initial lifetimes are much smaller.

ill. RESULTS

In an attempt to understand the electronic dynamics of
the ejection process several workers have tried to select ide-
alized atomic motions that give rise to the ejection of
atoms.***7122% Geveral such motions in which atom No.
ejects are depicted in Fig. 1. In all cases the simulations are
three-dimensional, the collisional motions are initiated by
giving an atom in the solid an arbitrary velocity in a speciﬁed
direction and the final (measurable) velocity of the ejected
atom perpendicular to the surface is 5X10° cm/s which cor-
responds to a perpendicular energy of 13 eV. The motion in
Fig. 1(b) has a third layer atom (No. 2) hitting in a head-on
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FIG. 1. Pictorial representations of the idealized motions. See the text for a
description.

collision atom No. 1 directly above it and ejecting the atom
No. 1 normal to the surface (6 = 0°). The motion in Fig. 1{c)
has a second layer atom (No. 3) hitting head-on atom No. 1
in the first layer. The initial angle of approach is 6, = 45° but
due to the attractive forces of atom No. 1 to the solid, the
final angle is 50° with respect to the surface normal. Finally
atom No. 3 can also hit atom No. 1 with an initial angle of
approach of 6,=25° or 30°, causing atom No. 1 to move
sideways. Atom No. 1 then glances off atom No. 5 and ends
up with a final angle of 50°. It should be noted that these
idealized cases are ones that we have chosen to illustrate the
complexity of even simple collision processes and that there
are undoubtedly other idealized motions that could have
been chosen.

The results of calculating the excitation probability for
these idealized motions are shown in Fig. 2. For the two
head-on sequences [Figs. 1(b) and 1(c)] there is a large range
of velocities that gives rise to ejection at approximately the
same final angle. For incident angles of approach of atom
No. 3 of 25° or 30°, there is only a small range of starting
conditions that gives rise to ejection at 50° * 5°, In the
simple expressions of Eq. (5) and that of Hagstrum?? the
final excitation probability depends only on v, =v* cos 6,
and not independently on either the total velocity v or the
polar angle of ejection . The first obvious conclusion to
draw from Fig. 2 is that the results do depend on more details
of the motion than just v, .

By examination of the two head-on collisicn sequences,
we find from Eq. (5a) that there are three possible reasons for
the excitation probability to depend on the specific atomic
motions. First, the electron density that the ejecting atom
experiences is different for the four cases. Shown in Fig. 3(a)
is the density of atom No. 1 as a function of height above the
Surface for both head-on collision sequences. As shown Figs.
1{(b) and 1(c), when atom No. ! ejects straight-up it leaves a
void behind it. When atom No. 1 moves sideways, it has
atoms and electrons below it. Consequently, an atom ejecting
off-normal undergoes more deexcitation and its excitation
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FIG. 2. Log(P) vs 1/v, for four ideal cases in which the final {i.e., mea-
surable) perpendicular component of velocity is 5 X 10° cm/s which cor-
responds to 13 eV for Rh atoms. The curve labeled § = G° is for motion
shown in Fig. 1(b). The other three curves correspond to motions in which
the final (measurable) angle is ~50°. The angle of incidence of the second
layer atom is either head-on [6,=45°, Fig. 1(c)] or off-center
[6,~30°,25° Fig. 1{d)].

probability is lower. Second, as mentioned above, the veloc-
ity is not constant in the near surface region. Shown in Fig.
3(b) is the velocity of the atom that ejects at #=0° as a
function of the height above the surface. The velocity maxi-
mizes at about z=1 A and then decreases slightly because
the attractive potential to the surface must be overcome (i.e.,
the surface binding energy effect).%!! The v , component for
the head-on collision sequence for ¢;,=45° is similar al-
though the value is slightly larger indicating that the excita-
tion probability for off-normal ejection should be larger for
8;=0° which is the opposite trend of the computational re-
sults in Fig. 2. Finally, as discussed previously' the collision
which knocks off an atom is not an instantaneous event that
occurs at a height of 0 A, The conclusion that the final ex-
citation probability only depends on v is based on an inte-
gration over height above the surface with the integral limits
of (0,¢).%? The value of z,,;, is 0.3-0.4 A in both ideal cases.
The explanation for the two head-on collision sequences at
different final ejection angles is that the difference in density
and thus electron density is the dominant effect that causes
the excitation probabilities to be different.

The analogous plots of velocity components and density
vs height above the surface are shown for the two other
idealized collision sequences in Figs. 3(c) and 3(d). For these
collision processes, after atom No. 1 is struck by atom No. 3,
it moves towards atom No. 5 with a small component of
velocity perpendicular to the surface and a large component
parallel to the surface. It is deflected and ejects at an angle of
50°. In these cases both the density factor and the velocity
factor indicate that the final excitation probability should be
lower than for the head-on collision sequences. For all of
these ideal cases there is a large contribution from the chang-

J. Chem. Phys., Vol. 100, No. 11, 1 June 1994



8440

R. Bhatia and B. J. Garrison: Electronié distortion in particle bombardment

0.100 T T r T 00
g a b
i
E 4
0.075} - 175
< g
< :
= Y
$0.050 50 %
3 1 2z
s 3
5 ] 2
0.025 125
0.000[ e
¥ Y o B oo e .‘100
C d 4
475
g 1 =
§ V,(507) ] E
‘© 1 o
* 50 T
g 1 =2
Q =
2 3
2 ]
>
125
00 n 1 i 1 " 1 PR | PRV Bt PR St P | FUNV W T S S Y
0 1 2 o 3 4 1 2 . 3 4 500
Z(A) Z(A)

FIG. 3. Collisional details of the four idealized cases of Figs. 1 and 2. (a) Density vs height above the surface z. {(b) Perpendicular and parallel components
of velocity for the §;=0° and 45° head-on cases. (c) Perpendicular and parallel components of velocity for §,=30° off-center case. The 6,=0° data is
repeated for comparison. (d) Perpendicular and parallel components of velocity for 8;=25° off-center case. The §;=0° data is repeated for comparison. In

(b)—(d) the final angle is 50°.

ing density that would not be apparent in models where the
lifetime of decay only depends upon the height of the atom
above the surface.

Results from the full molecular dynamics simulations
are shown in Fig. 4 for three different angle ranges, namely,
straight-up (#=<20°), off-normal along the open crystallo-
graphic direction (30°=6<50°, ¢ ~ 0°), and off-normal
along the close-packed crystallographic direction (30°=8=
50°, ¢ ~ 45°). The average quantities are shown in Fig. 4(a).
There are several features worth noting. First, there is more
scatter in the points [Figs. 4(b)-(d)] than found for the pre-
vious model. Part of the reason for this is that there was an
error in the computer code.? The more substantive reason,
though, is that this density model is more sensitive to the
different environments that can exist at the time of collision
and during the subsequent motion. The second interesting
feature is the broadband of points that encompasses but does
not closely follow the ideal case. The results from the height

model followed the ideal case line much more closely.“ (As
an aside, because of the large spread in points, the param-
eters had to be fit to the actual simulations rather than the
ideal case.) The atoms are experiencing a much larger variety
of environments than the pristine one of the ideal case. In
other words, the ideal case is not always a reasonable repre-
sentation of the actual scattering events.

Concentrating on the high velocity regime, for ejection
normal to the surface there appear to be two bands of points.
one below and one above the ideal case line [Fig. 4(b)}. Th
band above corresponds to atoms that experience a density of
0.0225 e~/A3 or Jower at the time of excitation. Typicallys
these are atoms excited 1-20 A above the surface. For off-
normal ejection, there are three bands, one below and two
above the ideal case line. The topmost band (density at X
citation, p,<0.0225 e~ /A?) corresponds to events where
the ejecting atom is first hit such that it starts to move it
the vacuum and then undergoes a second collision with 3
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FIG. 4. Final excitation probabilities obtained from the full computer simulation. Values of P for individual atoms are shown as a function of 1/v . Data for
three different directions of ejection are shown. These are (b) normal to the surface (0°<#<20°), {(c) along the open azimuthal direction {(¢=0°, 30°<8<50°),
and (d) along the close-packed azimutha! direction (¢=45°, 30°<6<50°). Frame (a) shows the averaged values for these normal (solid line} and off-normal
(dotted lines) directions of ejection. Also shown in the same frame is the experimental data (dashed line) for normal ejection. In frame (b) the ideal case values
for straight-up ejection are shown as open circles. In frames (c) and (d) the ideal case values for head-on (§,=45°) collisions are shown as open circles.

surface atom and is reexcited. At this point, the surrounding
electron density is lower and the final excitation probability
is consequently higher. These collisional processes can often
be similar to those shown in Figs. 3(c) and 3(d) except that
the collision with the neighboring atom is harder, i.e., the
atom is moving faster. These types of collisions also occur
for atoms that are directly hit by the primary particle (Ar in
this case) which then reflect off a second layer atom and hit
another first layer atom getting reexcited. The middle band
(0.0225¢ /A%< p,<0.040e"/A*) constitutes direct ejec-
tions following excitations in a disrupted environment,
which has a lower density. For both the normal and off-
normal cases, the bands below the ideal case line are, for the
most part, what one would call typical ejection processes
where an atom is hit from below and ejects into the vacuum.

‘The average ratio of the excited state intensity to the

ground state intensity is shown in Fig. 4(a) for these three
angle ranges along with the experimental data for ejection
normal to the surface. As with the height model, we find that
the calculated values for ejection normal to the surface are
very much in agreement with the experimental data. We also
find that the calculated values in the high velocity regime for
off-normal ejection are considerably larger than for ejection
normal to the surface. In contrast, the experimental values
are reasonably independent of angle for these angles of
ejection.’ This difference is due to the predominance of the
reexcitation bands in the high velocity regions for the off-
normal ejections, which tends to significantly raise the aver-
ages.

The curves shown in Fig. 4(a) exhibit a plateau in the
low velocity regime in contrast to the ideal case values (Fig.
2). As discussed previously,”‘”'18 this 1s due to collisions
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FIG. 5. Position snapshots of two perpendicular sections of the Rh crystal as an atom gets excited in a low-density environment below the surface. The atom

(open circle) eventually ends up with a high excitation probability.

between ejecting atoms in the 1-20 A region above the sur-
face. These atoms are almost completely separated from the
surface and little deexcitation occurs. In addition, this den-
sity model highlights the fact that some of the points at low
velocity and high final excitation probability were actually
excited at z<0 or below the original surface. Atom positions
for such a collision sequence are shown in Fig. 5. The envi-
ronment is not pristine. In fact, there is a small pit around the
atom and the effective value of z that defines the surface is
lower,

IV. CONCLUSIONS AND DIRECTIONS

An environment dependent quantity, the EAM density,
has been used in a model designed to investigate the colli-
sional details of the excitation—deexcitation process of ex-
cited Rh atoms ejected due to keV particle bombardment.
The results from the model qualitatively reproduce the ex-
perimental data in which the ratio of the excited state inten-
sity to ground state intensity of Rh atoms is exponentially
dependent on the inverse of the perpendicular velocity at
high velocities and is independent of velocity at low veloci-
ties. This treatment not only distinguishes surface excitations
from those in the bulk, but also has the ability to distinguish
between atoms that experience only slight differences in the
environment. Using an environment dependent quantity like
the EAM density, moreover, highlights the fact that simple
idealized cases of the ejection process often fall far short of
mimicking the real collisional events.

Although this mode] successfully explains many of the
experimental details of the energy and angular distributions
of Rh atoms ejected in fine-structure states, there is one ma-
jor area of disagreement, thus affording the opportunity for
further theoretical investigations. In particular, the average

calculated excitation probability in the high velocity region,
especially in the off-normal directions, is much higher than
the experimental value. The extra intensity in the calculated
spectrum arises from the first two to three collisions, typi-
cally hard collisions, in the cascade. Specifically, the Ar hits
one Rh atom which then reflects off the second layer and
ejects. As discussed in Sec. IHI this target Rh atom may ex-
perience a second hard collision with one of its neighboring
Rh atoms before ejecting. A consequence of the mode! pre-
sented here is that the electron density is very small and thus
the instantaneous excitation probability is large. The reasons
for the disagreement between the calculated and experimen-
tal results can revolve around either whether all the relevant
physics has been included or whether the theoretical descrip-
tion is correct. On the experimental side, there are other
higher lying excited fine-structure states. We have made no
attemnpt to extract them in the calculations. Second, it is pos-
sible that the very hard collisions result in core excitations of
the order of 200 eV as proposed by Shapire and Tombrello.”
They accounted for these excitations by removing the elec-
tronic excitation energy from the kinetic energy of the par-
ticles. The inclusion of this mechanism would undoubtedly
reduce the calculated excitation probability for the fine-
structure state in the high velocity regime.

Finally, it is appropriate to point out that some other
dependency of the lifetime on the density in Eq. (3) might
provide a better description of the nonradiative deexcitation
process. In particular the density, and thus the lifetime, de-
pend approximately exponentially on the height above the
surface. Since the instantaneous excitation probability de-
pends approximately exponentially on the lifetime, there is 2
very strong dependence of the final excitation probability on
the height. There are some trajectories that appear very simi-
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lar to each other including the value of the local density at
the time of excitation yet result in quite different final exci-
tation probabllmes One alternative relationship might be

7=—In p.*’ At this point without a firmer theoretical founda-
tion any attempts to use other expressions for the lifetime
would be merely curve fitting.

The concept of using an environment dependent quantity
to examine other electronic events such as ionization could
be useful. For example, in clean metals the number of ions
ejected can be 10° times or more smaller than the number of
neutral atoms. It has been proposed that the ions could be
ejected from a few rare trajectories in which a multitude of
atoms eject (a megaevent).>*® The idea behind this proposal
is that in these trajectories the particles are ejecting from a
very disrupted environment and the final ionization probabil-
ity is higher.
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