Production of excited Rh atoms via keV particle bombardment of Rh{100}:
Simulation of excitations due to collisions above the surface
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The production of atoms in the first excited state (*F, ) of Rh via collisions 1.5-20 A above
the surface is studied. A method for efficiently simulating the contribution of excited atoms
produced by this mechanism to the total yield of excited atoms is developed. Resuiting
‘velocity- and angle-resolved distributions are in good agreement with experimental results

from previous studies.

I. INTRODUCTION

The excitation, deexcitation, and collisional processes
that take place in a solid upon keV particle bombardment
produce characteristic velocity and angular distributions of
the atoms ejected in excited states.'”> Comparison of these
experimentally measured distributions with the results of
theoretical predictions allows the development of increas-
ingly detailed models of the processes which produce these
excited atoms.® One widely used model, proposed by Hag-
strum,’ assumes that an atom can be excited at the surface
and undergo deexcitation as it leaves the solid. The rate of
deexcitation depends on the interaction between the ex-
cited atom and the substrate electrons and is assumed to
vary exponentially with the height above the surface. The
model predicts that the velocity dependence of the excita-
tion probability P should behave as exp(—A/av,), where
v, is the component of escape velocity perpendicular to the
surface and A/a is the deexcitation coefficient. This rela-
tion has been used to describe experimental distributions
except for the low velocity regime where surface binding
energy effects are suggested to alter this dependence.’*

Experimental determinations"® of the distributions of
Rh atoms in the *F;,, excited state indicate that the exci-
tation probability is indeed exponentially dependent upon
(—1/v,) at high ejection velocities. However, there are
two differences between the experimental findings and the
predictions of the Hagstrum model. First, the value of P
approaches some constant value at low velocities. Second,
the value of 4/a has a dependence on the polar and azi-
muthal angles of ejection.

Explanations for these differences between experiment
and the Hagstrum theory are obtained by combining mo-
lecular dynamics simulations of the keV particle bombard-
ment process with a model for describing the excitation
and subsequent deexcitation of atoms."® The simulations
are carried out as follows. A trajectory is initiated by aim-
ing a high-velocity particle at a target consisting of ~ 1000
Rh atoms. The sequence of atomic collisions inside the
solid is allowed to develop, with subsequent ejection of
some of the Rh atoms. During the collision cascade, the
excitation probability of an atom is set to some initial value
P, if the distance between it and any of its neighbors is less
than some threshold distance ry,. The excitation probabil-
ity is assumed to decay via coupling with the electrons in
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the solid as the atom continues its motion through the solid
and possibly into the region above the surface. The lifetime
for the decay process is considered to be constant in the
solid and exponentially proportional to height in the region
above the surface. The final ejection velocities and angles as
well as excitation probabilities are recorded. Results from
4000 trajectories are combined to obtain statistically reli-
able velocity and angular distributions of atoms in the ex-
cited and ground states.

Results of the simulations indicate that atoms can un-
dergo excitation in two distinct velocity regimes. At high
ejection velocities, collisions with atoms at the surface pro-
duce most of the excited atoms. The deexcitation process
starts when these atoms are close to the surface, and the
final excitation probability becomes exponentially depen-
dent on —1/v, . At low ejection velocities, atoms excited at
the surface experience considerable deexcitation during the
ejection process, and their contribution to the total yield of
excited atoms is small. Roughly half of the excited atoms
are instead produced by collisions a few angstroms above
the surface. Since the excitations for these atoms occur in a
region where the electron density is approaching zero,
there is practically no subsequent deexcitation. It is this
latter mechanism which leads to an excitation probability
which is independent of velocity. Thus, the simulations
successfully predict the velocity dependence of the excita-
tion probability over the whole range of experimentally
observed velocities.

The simulations are less successful, however, in pre-
dicting the angular dependence of the excitation probabil-
ity. The variation of P with angle was particularly difficult
to predict at low velocities. In this regime, about half of the
excited atoms are produced via collisional excitations a few
angstroms above the surface. Several thousand of these
atoms must be produced in the simulations in order to
obtain statistically reliable angular distributions. Unfortu-
nately, molecular dynamics calculations as outlined above
are not particularly efficient in simulating collisions above
the surface, since most of the computational effort is spent
in simulating the collision cascade that occurs below the
surface. For example, 4000 trajectories produce less than a
hundred instances of collisional excitation above the sur-
face. This small number means that insufficient collisions
are present to allow prediction of the angular dependence
of the excitation probability at low ejection velocities. A
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more efficient method of simulating collisions above the
surface is thus necessary to obtain results on the angular
distributions of the excited atoms.

In this study, an efficient method for the simulation of
atomic collisions a few angstroms above the surface is de-
veloped. This method is then used to simulate the colli-
sional excitation of atoms, the results of which are used to
obtain velocity- and angle-resolved distributions of Rh at-
oms in the first electronically excited state and in the
ground state (*F; » and *F, /2> Tespectively). With this im-
proved approach it is now possible to examine the angular
dependence of the excitation probability over a wide range
of ejection velocities. The importance of collisional excita-
tions above the surface (relative to excitations at the sur-
face) is also examined as a function of ejection velocity and
angle.

Il. THEORY

The simulation of atomic collisions a few angstroms
above the surface consists of first selecting two atoms and
assigning them initial ejection angles, velocities, and ejec-
tion times. The existence of a collision and the resulting
final ejection angles and velocities can then be calculated.
All these procedural steps are discussed in this section.

To select the atoms which eject from the surface, one
can use a distribution J(n), which gives the probability
that the nth atom in the target will be ejected. Since this
study deals with collisions of one atom with another, this
distribution should not include the probability that an
atom will be ejected as part of a cluster or the probability
that only one atom will be ejected in a given trajectory.
These constraints can be incorporated into the construc-
tion of J(n) by using the distributions from previous mo-
lecular dynamics simulations.® The resulting distribution is
shown in Fig. 1. Once J(n) is known, two atoms can then
be picked independently.

The assignment of initial ejection velocities and angles
to these chosen atoms is accomplished by using .S(v,6,¢),
the probability that an atom is ejected with velocity v, polar
angle 6, and azimuthal angle ¢. In the calculations, this
distribution is expressed as

S(0,0,¢) =S,(v)5,(6,6), (1)

where S,(v), the velocity distribution, and S,(6,¢), the
angular distribution, are both obtained from previous ex-
perimental measurements."® These distributions are shown
in Figs. 2 and 3.

Since it is known that high-velocity atoms are gener-
ally ejected earlier in the cascade than low-velocity at-
oms, 'V the time at which an atom leaves the surface must
also be determined. This relation can be expressed in terms
of the distribution 7'(v,t), which gives the probability that
an atom ejected with velocity v will leave the surface at
time ¢. This distribution is obtained from previous molec-
ular dynamics simulations® and is shown in Fig. 4.

It is interesting to note that two of the above distribu-
tions are obtained from results of molecular dynamics sim-
ulations and not from experiments. The constraints re-

FIG. 1. First layer of the Rh{100} face. The bombarding particle strikes
the atom in the center of the surface. A section of the surface is replaced
by a histogram showing the ejection probability of an atom, J(n). Since
the surface has D,, symmetry (see inset), values of J(n) for one
symmetry-unique section are shown. The azimuthal angles are defined in
the inset. The value of ¢=0° corresponds to the (100} direction while the
$=45° azimuth is also known as the (110) direction.

quired in the construction of J(n) and the accuracy of the
time corretation in 7'(v,t) both preclude the determination
of these distributions from current experimental measure-
ments.'! On the other hand, S (v,6,¢) is easily obtained by
both theoretical and cxperimental means. The experimen-
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FIG. 2. Values of §(v,8,¢) as a function of the polar angle of ejection, 6.
Distributions for ¢ =0 and ¢=45" are shown. In this and all subsequent
similar figures the solid line is used for representing the distribution of
atoms with energies between 5 and 10 eV, the dashed line for energies of
10-20 eV, and the dotted line for encrgies of 20-50 eV.
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FIG. 3. Energy distribution of ejected atoms, obtained by integrating
S(v,0,¢) over all ejection angles and converting velocities to energies.

tal distributions are statistically more reliable and are thus
used.

A number of assumptions have been made in con-
structing and using the above distributions. For example,
the ejection of each atom is assumed to be an event which
is independent of the ejection of other atoms in the target.
The distributions J(#) and 7'(v,t) were constructed from a
sample set of a few thousand ejected atoms, and the de-
tailed study of correlations with a small sample size was
not attempted. Incorporation of all correlations is equiva-
lent to repeating the original molecular dynamics simula-
tions, which in turn would defeat the purpose of develop-
ing a computationally efficient method for studying
collisions a few Angstroms above the surface.

Two other assumptions are used in the construction of
J(n). First, it is assumed that an atom is in its equilibrium
position when it starts to leave the crystal. The displace-
ment of atoms which are driven into the crystal and are
later ejected at some other location on the surface are not
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FIG. 4 Relative frequency of ejection, T'(v, t), as a function of ejection
time . The time r=0 is the point at which the primary particle first
interacts with the solid. The solid line represents the distribution for
atoms ejected with energies between 5 and 10 eV. The dashed line corre-
sponds to atoms with encrgics of 10-20 ¢V, the dotted line, atoms with
energies of 20-50 eV.
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taken into consideration. Second, it is assumed that clus-
ters are not involved in collisions above the surface.

Once the initial velocities, angles, and ejection times of
the two atoms are determined, the Rh dimer potemial12
from the same potential as used in the molecular dynamics
simulation® is used to determine the distance of closest
approach, r,. If r, is less than the threshold distance for
excitation, ry, then the velocities and angles of the two
atoms after the collision as well as the height z, at which
the collision occurs are calculated.!** If the height is
above some minimum value z,,, then both initial and final
sets of velocities and angles are recorded.

The above procedure is iterated, each time for a new
pair of ejecting atoms, until a sufficient number of colli-
sions has occurred to allow the determination of C(v,8,9),
the velocity and angular distribution of atoms that have
experienced a collision above the surface. The population
of excited state atoms produced by collisions above the
surface is given by

NE(0,0,6)=C(v,6,6)P,, (2)

where P, is the initial value of the excitation probability as
determined in Ref. 6. The corresponding population of at-
oms in the ground state is obtained using

No(v,6,¢) =C(v,6,¢) (1 —Py). (3)

In order to obtain the total populations of atoms in the
excited and ground states, one must also include the con-
tribution of atoms which are ejected and do not experience
any collisions above the surface. The population of excited
state atoms produced by collisions at the surface is given by

N} (v,6,6)=S(0,6,6)P(0,0,4), (4)

where P(v,6,8) is the excitation probability for an atom
ejected at the surface with velocity v, polar angle 6, and
azimuthal angle ¢. [The determination of P(v,0,¢) will be
discussed later in the section.] The corresponding popula-
tion of ground state atoms is

N(0,6,8) =S(v,6,4)[1-P(1,6,4)]. (5)

The total populations of atoms in the excited and ground
states are finally obtained by

N*(v,0,¢) =N*(v,6,¢) + N*(v,0,¢) (6)
and

N(v,0,6) =N (v,0,0)+N,(1,6,4). )

The populations of atoms in the excited and ground
states can be predicted if P(v,6,¢) is known. In this study
it shall be assumed that the azimuthal dependence can be
neglected, i.e., P(v,0,§) ~P(v,8). In a previous study" we
have found that the values of P(v,0) are related to v,,,,, the
maximum value of the normal component of the velocity
that an atom attains as it leaves the surface, via

P(0,0) =g exp( —1/Vpay), (8)

where g and 4 are fitting parameters. The value of Upnax 18 1N
general larger than the measured quantity of v, because the
atom must overcome the surface binding energy in order to
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eject. If one assumes ejection from a quiescent surface so
that the surface binding energy E, is uniquely defined, the
value of u,,, can be easily calculated using

Vmax= (V] +2E,/m)"?, (9)

v,=(2E/m)"? cos 6, (10)

where m is the atomic mass and E,=5.75 eV (correspond-
ing to a velocity of 0.33 % 10° cm/s) for Rh." Using this
method of calculating v,,,, the values of g and 4 are ad-
justed so that the theoretically predicted magnitude N*/N
and slope d(log(N*/N))/d(1/v,) match the experimental
values in the high-velocity limit for atoms ejected in the
normal (@< 10°) direction. This fitting procedure yields
values of g=1.3 and £=1.9 10° cm/s. It must be empha-
sized that these two parameters are in no way related to the
calculation of excitations via collisions a few angstroms
above the surface, and that this is the only curve fitting
done in this study.

lll. RESULTS AND DISCUSSION

In this section the velocity and angular distributions of
Rh atoms in the *F,,, and *F;,, states as obtained from
these model simulations will be examined. These results
should give new insight into features such as the experi-
mentally determined nonexponential behavior of N*/N at
low velocities. The simulations also allow examination of
various excitation events on the atomic scale. For example,
the origins of the excited atoms can be examined. In the
framework of the current model, some of the excited atoms
will be produced by collisions at the surface while others
will undergo collisional excitation above the surface. It is
thus necessary to first determine the range of heights which
define “collisions above the surface.”

A. Range of heights studied

Over what range of heights (z, z,;) should collisions
be studied? The value of the lower limit, z,,, is of consid-
erable importance. It must be sufficiently low so as not to
omit the majority of collisions occurring near the surface.
The frequency of collisions as a function of z is shown in
Fig. 5. It can be seen that most of the collisions occur at
small values of z. The integral of the frequency is also
plotted, and this shows that 50% of all collisions above the
surface occur for z<4 A. Thus, the value of z, must be
well below 4 A.

On the other hand, the value of z,, must also be suffi-
ciently high so that the colliding atoms should no longer
experience the surface binding energy. Figure 3 in Ref. 6
shows that the atom is free of this binding energy and
attains its final velocity at ~ 1.3 A above the surface. We
therefore assign z,,=1.5 A, and use this value in all subse-
quent calculations and discussions.'®

The value of the upper limit, z;, is not as tmportant as
that of z,, since one would expect the frequency of colli-
sions to rapidly decrease with increasing z. This trend is
indeed seen in Fig. 5, and so all results were calculated
with z,;— . However, a finite value for the upper limit is
repeatedly mentioned in the discussion in order to empha-
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FIG. 5. Frequency of collisions as a function of collision height. The
integral of the frequency (integration was started at z=1.5 A) is shown
as the dashed line.

size the fact that most of the collisions occur close to the
surface. Additional calculations indicate that 98% of all
atoms colliding with z,>1.5 A also satisfy the condition
2,520 1&, and thus we refer to collisions above the surface
as those occurring *“1.5-20 A above the surface.”

B. Velocity and angular distributions

The angular distribution of excited atoms ejected along
the ¢=0" azimuth is shown in Fig. 6. The analogous dis-
tribution for atoms ejected along the ¢=45" azimuth is
shown in Fig. 7. Both sets of experimental and theoretical
distributions indicate a greater tendency for ejection in the
normal direction when compared to the distributions of
ground state atoms. 4An explanation for this difference can
be obtained if the total excited state distribution N* from
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FIG. 6. Angular distribution of excited atoms ejected along the ¢=0°
azimuth. Results of experiments and simulations are shown for the same
ranges of energy as in Fig. 2.
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FIG. 7. Angular distribution of excited atoms ejected along the ¢=45°
azimuth. Results of experiments and simulations are shown for the same
ranges of energy as in Fig. 2.

the simulations is broken down into N¥, the contribution
from atoms excited 1.5-20 A above the surface, and N¥,
the contribution from excitations at the surface. Examples
of this decomposition are shown in Fig. 8. The distribu-
tions for N} are relatively featureless while those for N*
exhibit a dependence on polar angle. Thus, angular varia-
tions in N* can be attributed to N*. The expression for
NY [Eq. (4)] shows that this is proportional to P(0,6,0),
which in turn behaves as ~exp(—1/vcos 8). An atom
ejecting in the normal direction will have higher values of
v [and consequently P(£,0)] than an atom with the same
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FIG. 8. Separation of angular distribution of excited atoms into contri-
butions from collisions at the surface (solid line) and collisions above the
surface (dotted line). Results for atoms ejected along the two azimuthal
directions (¢=0°" and $=45") with energies from 10-20 eV are shown.
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energy which is ejected in the off-normal direction. This
causes the angular distributions for atoms in the excited
state to exhibit a propensity for ejection in the direction
normal to the surface.

C. Variation of the excitation probability with
ejection velocity and angle

The exponential-like behavior of the excitation proba-
bility can be seen by examining the logarithm of the ratio
of the measured intensities, log(N*/N), as a function of
1/v, . Plots comparing the theoretical and experimental
results are presented in Figs. 9(a) and 9(b). Data for six
polar angle intervals and two azimuthal directions are
shown.

There is good agreement between the theoretical and
experimental results. Both sets of results exhibit values of
N*/N that vary as exp( —A/av;) at high velocities and
then reach some constant value at low velocities. The
agreement between experiment and theory for data on
high-velocity atoms ejected normal to the surface (0<10%)
is due to the fitting procedure mentioned in Sec. II. The
experimental data at this point was used to determine the
values of the constants g and 4 in Eq. (8). However, these
constants are not used in calculating excitation probabili-
ties of atoms which undergo collisional excitation 1.5-20 A.
above the surface. Thus, the fitting procedure does not
influence the velocity dependence of the excitation proba-
bility at lower velocities. The particularly good agreement
between theory and experiment for the particles ejected
with 6> 20° is an indication of the validity of the model in
predicting the yield of excited atoms over a wide range of
ejection angles and velocities.

Another test of the model involves its prediction of the
low-velocity value of N*/N as a function of ejection angle.
The theoretical results show that, at low velocities, N*/N
stays at some constant value. This value decreases with
increasing € for the ¢=0° azimuth but remains constant
for the $=45° azimuth. These results are in agreement
with the experimental results, and can be explained by
examining the angular distributions of the low-velocity at-
oms ejected in the excited and ground states. We first con-
sider the polar angle distribution of atoms in the excited
state. The distribution of atoms in the excited state de-
creases with increasing 6 for both ¢=0° and =45 azi-
muths (Figs. 6 and 7). Likewise, ground-state atoms
which are ejected along the ¢=45° azimuth (Fig. 2) have
a distribution which decreases with increasing 6, and so the
ratio N*/N remains constant over all 8 for ¢=45". How-
ever, the distribution of ground-state atoms along the ¢
=0" azimuth (Fig. 2) exhibits a markedly different depen-
dence on the polar angle of ejection. This distribution has
a maximum at 6=50°, which has been attributed to the
focused ejection of a first layer atom.® This causes the polar
angle distribution to increase with 6 until 8~ 50°, which in
turn causes the ratic N*/N to decrease with @ for this
azimuth. Thus the results of the simulations account for
the experimentally observed trends over most of the ejec-
tion angles.
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eV.

The agreement between our model calculations and the
experimental values is not perfect. One problem exists for
low-velocity atoms ejected with 50° < 8 < 60" along the ¢
=45° azimuth. This difference is probably due to the large
uncertainty in N*/N caused by taking the quotient of two
distributions, both of which are approaching zero at large
polar angles along this azimuth. Two other differences be-
tween the theoretical and experimental values of N*/N are
(a) the simulations underestimate the low-velocity values
for 6 < 20°, and (b) the simulations predict a slightly more
gradual transition in the velocity dependence (from being
exponential-like to being independent of the velocity). Ex-
planations for these differences have not been obtained in
additional calculations using the current model. Perhaps
more detailed treatments of the excitation and deexcitation
mechanisms, such as incorporation of azimuthal depen-
dence into the expression for P(v,0) [Eq. (8)] will provide
answers. In spite of these differences, the agreement be-
tween theory and experiment over a wide range of ejection
velocities and angles suggests that the simple model used in
this study adequately describes the general excitation and
deexcitation mechanisms that take place during the ejec-
tion of target atoms.

In addition to examining the velocity and angular de-
pendence of N*/N, the simulations allow us to examine the
relative contributions of N*/N and N¥/N to the ratio N*/
N. These contributions can be seen as a function of velocity
in Fig. 10. Results for three different angles of ejection are
shown. Examination of these results yields a few interest-
ing observations. First, the value of N;"/N remains con-
stant over the whole range of ejection velocities and angles.

Second, the relative magnitudes of N¥ and N¥ vary with
ejection angle, with the former becoming more important
at velocities below 2.6 X 10°-3.6 % 10° cm/s. It is this larger
contribution of N¥ to N* at low velocities which leads to

0

2 3 4
1/v, (107% s/cm)

FIG. 10. Separation of N*/N into its contributions from atoms excited at
various heights. Theoretical predictions are for atoms ejected with ener-
gies from 10-20 eV. Results for ejection along three different directions
are shown. The dashed line represents log(N*/N), where N¥ 1s the total
population of excited atoms. The solid line corresponds to log(V¥/N),
where N* is the population of excited atoms produced by collisions 1.5-20
A above the surface. The dotted line represents log( N¥/N), where N¥ is
the population of excited atoms produced by collisions at the surface.
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the leveling off of N*/N at some constant value. Third, at
low velocities the ratio N*/N exhibits some curvature (due
to the surface binding energy) but does not level off. This
means that if collisions at the surface were the only source
of atomic excitations, the resulting N*/N (which would
then be equal to N*¥/N) would not become constant at low
velocities. This analysis clearly illustrates the importance
of excited atoms produced by collisional excitation 1.5-20
A above the surface.

In summary, the combination of a collisional excita-
tion mechanism with simulations of collisions 1.5-20 A
above the surface yields velocity- and angle-resolved distri-
butions which are in good agreement with experimental
findings. The results account for the variation of the exci-
tation probability over a wide range of ejection velocities
and angles, and illustrate the importance of collisions
above the surface as a process for producing the majority
of excited atoms at low velocities. The abundance of infor-
mation and insight obtained in this study is remarkable
considering the simplicity of the model and the use of only
two fitting parameters, both of which are unrelated to the
calculation of excitations via collisions above the surface.
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