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Energy-resolved angular distributions of Rh atoms desorbed by 5 keV Ar-ion bombardment of
the Rh{100} surface are measured with use of a multiphoton resonance ionization technique. The
results are shown to be in a good agreement with molecular-dynamics simulations of the ion-impact
event using the same interaction potential optimized previously to describe desorption from
Rh{111}. In addition, by analyzing contour plots of the surface potential energy, the trend in the
experimental results for Rh{100} and those previously published for Rh{111} are well explained.
Based on this analysis, it is concluded that the peak in the polar-angle distribution of neutral parti-
cles desorbed from ion-bombarded single crystals is mainly determined by the relative positions of
surface atoms which influence the trajectory of an exiting particle via channeling and blocking.
Moreover, the anisotropy of the momentum imparted to the surface atoms in the last collision leads
to an enhancement of ejection along certain crystallographic directions.

I. INTRODUCTION

It has been known for over three decades that the an-
gular distributions of particles desorbed from ion-
bombarded single crystals show characteristic anisotro-
pies corresponding to preferred ejections along certain
low-Miller-index crystallographic directions.! Despite
much experimental and theoretical work since their first
observation,? the underlying mechanism remains some-
what controversial.! From a theoretical point of view,
two main models have been proposed. One is the so-
called focusing collision theory® that assumes that the in-
herent crystalline order brings about a correlation be-
tween the successive collisions. This, in turn, leads to a
preferential propagation of energy along close-packed
rows of atoms and thus enhanced particle ejection in such
directions. Second is the Lehmann-Sigmund mechanism,
which employs the structure of the surface to explain the
ejection pattern.* However, due to their neglect of the
full three-dimensional structure of the crystal and their
use of oversimplified assumptions, these models can only
provide a qualitative account of the observed phenome-
na.! Computer simulations of the ion-impact event, on
the other hand, overcome these limitations and can offer
a detailed picture of the mechanisms leading to the angu-
lar anisotropies. This approach, in turn, falls into two
groups."">% One is the binary-collision approximation,

42

where the particle trajectory is taken as a sequence of
two-body collisions. The second involves molecular-
dynamics (MD) calculations, where simultaneous interac-
tions of atoms in the model crystal are taken into con-
sideration. Although the computer simulations have
shown great promise, the progress, until recently, has
been somewhat hindered due to lack of detailed and reli-
able experimental measurements.

Many early experimental results, while exhibiting
strong anisotropies, are characterized by poorly defined
surfaces and lack of specificity in the data collection.’
The data were taken with high background pressures and
large fluences of incident ions. The surfaces were partly
reacted and partly damaged. In addition, there was no
mass or energy discrimination in measuring the angular
distributions. However, recently, a novel multiphoton
resonance ionization technique has been employed that
circumvents these problems.® By using a position-
sensitive detection scheme, energy and angular distribu-
tions of desorbed species may be measured simultaneous-
ly with low ion doses ( < 10'® ions/cm?). This way, it is
possible to make direct and detailed comparisons to the
theoretical predictions. The results of such measure-
ments on Rh{111} have already been presented’ and
compared successfully to the molecular-dynamics simula-
tions of the desorption process.!®!! Based on this com-
parison, it was concluded that the angular distribution of
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Rh atoms ejected from ion-bombarded Rh{111} reflects
the crystal structure of the near-surface region. This
structural sensitivity was shown to be a consequence of
the surface atoms, while desorbing, being channeled, and
blocked in particular directions along the surface.’ !

Here, we report, using the same technique, the energy-
resolved angular distributions of Rh atoms ejected from
an ion-bombarded Rh{100} crystal. This surface is less
densely packed, and hence the channeling and blocking
mechanism is expected to be more effective. The results
are shown to be well reproduced by the MD calculations
of the ion-impact process. In addition, a comparison be-
tween the distributions from Rh{100} to the previously
published results® on Rh{111} strongly suggests that
there are at least two factors involved in determining the
ejection pattern. One is the relative positions of the sur-
face atoms which influence the trajectory of an exiting
particle via channeling and blocking. The second is the
anisotropy of the momentum transmitted to the surface
atoms in the final collision leading to an enhanced ejec-
tion along certain crystallographic directions. Both fac-
tors intimately reflect the local structure of the surface
near the region of the desorbing atom.

II. EXPERIMENT

The experimental arrangement is described in detail
elsewhere.? Briefly, as is shown in Fig. 1, it consists of an
ultrahigh-vacuum (UHV) chamber (2X 107! Torr base
pressure) equipped for low-energy electron diffraction
(LEED) and Auger spectroscopy, an ion source for ion
bombardment of the sample, a tunable neodymium-doped
yttrium aluminum garnet (Nd:YAG) pumped dye laser
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FIG. 1. Top view of the experimental setup used to measure
energy- and angle-resolved distributions of neutral atoms
desorbed from ion-bombarded surfaces.
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with a frequency doubler to resonantly ionize the
desorbed neutrals, a position-sensitive microchannel-plate
(MCP) detector with a phosphor screen in the back of it,
and an image-processing system which includes a
charge-coupled-device (CCD) camera interfaced to a Di-
gital Equipment Corporation micro-VAX station II com-
puter via a real-time frame grabber.

The Rh sample is an optically polished single crystal of
99.99% purity oriented to within +0.5° of the (100) face.
The cleaning procedure involves many cycles of ion bom-
bardment (5-keV Ar™, 4 uA /cm?, 20 min) and annealing
(950 K, 20 min), followed by annealing in oxygen (10’
Torr, 950 K, 20 min) and hydrogen (10~ Torr, 600 K,
20 min).!?”'* A final flash to 1400 K results in a sharp
(1X1) LEED pattern with low background.

The experiment proceeds as follows. A pulse of 5-keV
Ar” ions is focused to a 2-mm spot on the sample. A
given time after the ion impact, a ribbon-shaped laser
pulse resonantly ionizes a small volume of the desorbed
neutrals, thus defining the time of flight (TOF) of the
probed species. The ionized particles are then accelerat-
ed toward the MCP and are imaged onto the phosphor
screen. The image is monitored by the CCD camera and
is subsequently stored in the computer. For a single mea-
surement, 30-40 frames, each corresponding to different
TOF, are collected and sorted into an intensity map of
ejection angles and kinetic energies using a deconvolution
procedure described earlier.®

III. COMPUTER SIMULATIONS

Molecular-dynamics simulations of the ion-impact
event are performed using a 3-keV Ar-ion beam at nor-
mal incidence on a Rh{100} microcrystallite containing
six layers with about 145 atoms per layer. The interac-
tion between the target atoms is described using the
many-body potential constructed based on the Daw-
Baskes embedded-atom method (EAM).!>!® Briefly, in
the EAM formalism, the potential energy for the ith
atom is given by

E1:F plzzpatomic(rij) +%2‘P(ru) ’ (1)
J J

where r;; is the distance between atoms i and j. The first
term is the embedding function which describes the in-
teraction of the ion core with the electron sea of density
p.» and the second term takes the ion-core repulsion into
account. The embedding function is a characteristic of a
particular atom type and is assumed not to depend on the
source of the electron density. Thus, once this function is
determined, it may be wused in any arbitrary
configurations of atoms. It is already shown that the
EAM potential developed originally for the Rh{111} sur-
face!! successfully accounts for the distributions obtained
from the Rh{331} stepped surface!’” and from an
oxygen-covered Rh{111} surface.!® Here, the same
many-body potential is further used to simulate the
desorption process for Rh{100}. To sample a representa-
tive area of the surface, 1000 trajectories, each corre-
sponding to a different impact point, are performed over
a triangular zone in the center of the crystal which
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possesses the irreducible surface symmetry.'® For this
system, the desorption yield of the edge atoms is less than
10% of the total, indicating that the microcrystallite
chosen well contains the collision cascades.

IV. RESULTS AND DISCUSSION

The experimental polar-angle (0) distributions of Rh
atoms desorbed from the Rh{100} surface along the
@=0° (open) and ¢=45" (close) azimuthal directions are
shown in Fig. 2(b). The off-normal intensity for the 0° az-
imuth is higher than for the 45° direction, indicating that
there is a strong preference for ejection along the open
channels of the crystal, a behavior previously observed
for Rh{111}.° In addition, ejection is focused into a po-
lar angle of about 50° along the open direction and 35° for
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the close-packed direction.

The results of the classical molecular-dynamics simula-
tion of the desorption process are presented in Fig. 2(b).
As can be seen, the measured angular anisotropies are
well reproduced by the calculation in the high-kinetic-
energy regime. However, the agreement is less satisfacto-
ry in the low-energy range (<10 eV). At present, the
reason for this discrepancy is not clear. Based on the
simulation, about 89% of the desorbed particles originate
from the first layer and only 10% from the second layer,
indicating that the subsurface atoms make relatively
small contributions to the total yield.”® In Fig. 2(b) the
second-layer component of the angular distribution is
plotted separately. Similar to the {111} case, an exiting
second-layer atom is channeled by the four adjacent sur-
face atoms in the direction normal to the surface [Fig.
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FIG. 2. (a) Rh{100} crystal face with ¢=0° (open) and ¢ =45° (close) azimuthal directions shown. The dashed circles denote the
positions of the second layer atoms. (b) Experimental (right) and calculated (left) polar-angle distributions for Rh atoms desorbed
from Rh{100}. Solid lines correspond to ejection along @ =0° and the dashed lines along the 45° direction for 5-10 eV (top), 10-20 eV
(middle), and 20-50 eV (bottom) energy ranges of the ejected Rh atoms. The curves marked “2nd layer” are the distributions ob-

tained by only collecting the second-layer atoms.
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2(a)], contributing to as much as 30% of the yield in this
direction.!%!1

The characteristics of the angular distributions along
the two azimuthal directions can be explained by investi-
gating the spatial variation of the potential energy of a
surface atom as it leaves the surface. Using the above
many-body interaction, the equipotential lines for atom 1
[Fig. 2(a)] ejecting along the ¢ =0° and 45° directions are
presented in Fig. 3. The horizontal axis is the atom dis-
tance along the surface from its equilibrium position, and
the vertical axis denotes its height above the surface. The
exact trajectory taken by a particle with a given initial
energy and a takeoff angle is rather complicated. Howev-
er, the following observations help understand the results
on a qualitative basis. For 6<30° the equipotential
curves are nearly identical for the two directions con-
sidered. As a consequence, in this range of polar angles,
the distributions are expected to be very similar, indeed
consistent with the experimental observations [Fig. 2(b)].
However, for polar angles greater than 30°, since the
nearest-neighbor distance is smaller along the 45° az-
imuth (Table I), the equipotential lines are more closely

Rh {100}

TABLE 1. Interatomic distances for the (100) and (111) faces
of a fcc crystal. D, is the distance between surface atoms i and
Jj [Figs. 2(a) and 4(a)] and D, is the interplanar separation, both
expressed in lattice units (a;=3.8 A for Rh).

Face D, D, Dy, D,
(100) 0.71 1.00 1.00 0.50
(111) 0.71 1.22 0.71 0.57

spaced. A particle moving in this direction experiences a
stronger repulsive force, which tends to bend it more to-
ward the surface normal. Therefore, the peak in the dis-
tributions occurs at a smaller angle for ejection along this
direction than along ¢=0°, in complete agreement with
the measurements.

Using contour plots of the surface potential energy, the
previously published distributions obtained from
Rh{111} (Ref. 9) can be understood when compared to
the {100} results. This comparison is somewhat
simplified due to the fact that the interplanar spacings are
roughly the same for these two crystals (Table I). In Fig.
4(b) the angular distributions for the {111} surface are

Rh {111}

Z(Lattice Units)

X (Lattice Units)

FIG. 3. Contour plots of the potential energy (in eV) of atom 1 desorbing from the Rh{ 100} surface along (a) ¢ =0° and (b) ¢ =45°
[Fig. 2(a)], and from the Rh{111} surface along (c) ¢ ==%30° and (d) ¢=0° azimuthal directions [Fig. 4(a)]. The ordinate is the height
(in lattice units) above the surface and the abscissa is the atom position (in lattice units) along the surface. The origin corresponds to
the equilibrium position of atom 1. The arrows along the horizontal axes denote the nearest-neighbor atoms as they are defined in
Figs. 2(a) and 4(a). The arrow labeled ““2,4” in (c) corresponds to the projection of the atom 1 and 2 bond length (and the atom 1 and
4 bond length) onto the line connecting atoms 1 and 3. It should be noted that the influence of particles 2 and 4 on ejection along the
¢=0° of the Rh{ 100} surface can be seen in (a) at X =0.5 lattice units. However, since these atoms are farther away on this surface
(Table I), the effect is not as prominent. Surface relaxation due to the exiting atom is not taken into account.
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presented along ¢=+30°, 0°, and —30° directions,
defined in Fig. 4(a). Similar to the {100} results, the in-
tensities are higher along the open directions (i.e.,
@==130°). Furthermore, the ejection peaks at a polar an-
gle of about 35° along the ¢=0° and at 40° in the two
open directions. The potential-energy contours for an
atom leaving the Rh{ 111} surface are presented in Fig. 3.
The equipotential lines for the ¢ =0° ejection are nearly
identical to those along the 45° direction of the {100} sur-
face [Fig. 3(b)]. This is basically due to the fact that par-
ticles desorbing along these two directions experience
very similar local environments. The nearest-neighbor
distances (D, in Table I) are identical for these two
directions. Moreover, nearby atoms, such as particles 4
and 5 on the {111} surface, are sufficiently far away so as
to have minimal influence on the path of particle 1 eject-
ing in the direction of particle 2 (i.e., ¢ =0°). This nearly
identical local geometry, in turn, leads to very similar an-
gular distributions, consistent with the experimental re-

(a)

(b)

Relative Intensity

FIG. 4. (a) Rh(111) crystal face with ¢=—30°, 0°, and +30°
azimuthal directions shown. The dashed circles denote the po-
sitions of the second-layer atoms. (b) Experimental angular dis-
tributions for Rh atoms desorbed from Rh{111} (taken from
Ref. 9). Solid lines correspond to ejection along ¢ = —30°, the
dashed lines along ¢ =0°, and dotted lines along ¢ = + 30° direc-
tions for 5-10 eV (top), 10-20 eV (middle), and 20-50 eV (bot-
tom) energy ranges.

7315

sults. Contour plots of the surface potential energy along
the +30° azimuths are presented in Fig. 3(c). Since in this
analysis, the top layer is dominant, these two directions
become identical and thus have the same equipotential
curves. In contrast to the previous contour maps, there
exists an additional repulsive feature between the origin
and the nearest-neighbor atom. This structure is caused
by particles 2 and 4, which are close enough to the path
of the exiting atom 1 to repel it [Fig. 4(a)]. Since, along
the @==230° directions, the nearest-neighbor distance
D, is the largest (Table I), in the absence of this feature
one would expect the peak in the angular distributions to
occur at a larger angle (6> 50°) than along any other
direction discussed here. On the contrary, due to the
influence of the adjacent atoms 2 and 4, the desorbing
particle is deflected more toward the surface normal,
leading to a distribution that peaks at a smaller angle
than expected otherwise.

This analysis emphasizes the importance of the relative
positions of surface atoms. For an open surface such as
the {100}, the peak position in the angular distribution
correlates with the nearest-neighbor distance. The larger
this separation, the larger the peak angle, as is evident
when comparing the distribution along ¢ =0° to that for
the 45° ejection. On the other hand, for a more closely
packed surface such as {111}, the nearest-neighbor dis-
tance, alone, is not sufficient to account for all the obser-
vations. In this case the influence of other nearby atoms
needs to be taken into consideration. When the adjacent
particles are far away, as is the case for the ¢ =0° direc-
tion, the nearest-neighbor distance is still the determining
factor. As a consequence, the distribution along this az-
imuth is very similar to that for the 45° ejection of the
{100} surface. However, for ¢ ==130°, even though the
nearest-neighbor distance is larger than that along the 0°
direction of the {100}, the peak in its angular distribu-
tion occurs closer to normal. This is attributed to the
fact that, in this case, the nearby atoms are close enough
to the path of an exiting particle to deflect it toward the
surface normal, leading to a distribution that peaks at a
smaller angle than expected based on the nearest-
neighbor distance, alone.

Comparison to the Rh{111} results reveals another
factor which influences the observed behavior. Even
though the surface equipotential curves are identical for
the +30° and —30° directions, the angular distributions
have very different relative intensities, particularly at low
kinetic energies [Fig. 4(b)]. This difference has been attri-
buted to second-layer atoms.’”!' Briefly, the second-
layer registry in the {111} surface is such that, if a
second-layer moves towards the surface in the —30°
direction, it hits a first-layer atom [Fig. 4(a)]. In other
words, there is a second-layer atom that can knock out a
first-layer atom in the —30° azimuth but not in the +30°
direction. This additional channel, present only along
@=—230° leads to an enhancement of the yield in this
direction. At higher kinetic energies, however, the ejec-
tion is mainly caused by collisions involving the first-
layer atoms, and thus an approximate sixfold symmetry is
achieved in the distributions. Similarly, on the {100}
surface, if a second-layer atom moves toward the surface
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along the 0° azimuth, it can knock out a first-layer atom
in this direction, a desorption channel not available in the
45° direction [Fig. 2(a)]. Therefore, there are more parti-
cles ejected along the ¢=0° and the ratio of the yield
along this direction to that for the 45° ejection decreases
as the kinetic energy increases. The latter effect is evi-
dent in the experimental results depicted in Fig. 2(b).
However, the higher yield along the 0° azimuth is a
consequence of this factor as well as the openness of the
surface in this direction, an effect discussed previously us-
ing the contour maps of the surface potential energy.

Based on the above observations, one can conclude
that there are at least two factors important in determin-
ing the angular distributions of desorbed atoms from an
ion-bombarded single crystal. One is the relative posi-
tions of surface atoms, a factor whose influence is clearly
demonstrated using the contour plots of the surface po-
tential energy. The second factor is the anisotropy of the
momentum imparted to the surface atoms in the last col-
lision. This effect is best illustrated when the influence of
the second layer is taken into account.

V. SUMMARY AND CONCLUSIONS

Energy-resolved angular distributions of Rh atoms
ejected from an ion-bombarded Rh{100} single crystal
have been measured and compared to the previously pub-
lished results for Rh{111}. Using the same many-body
potential developed originally for Rh{111}, good agree-
ment between the experimental results and the classical
dynamics calculation of the desorption process has been
obtained. By extracting the information available from
the molecular-dynamics simulation, we have shown that
despite the complexity of the ion-bombardment process,
the anisotropies observed in the angular distributions are
mainly determined by the extreme local environment sur-
rounding a surface atom. In other words, it is the geome-
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trical structure of the very-near-surface region that con-
trols the angular anisotropies. The registry of the
second-layer atoms with respect to the first layer causes
the momentum imparted in the last collision to a surface
atom to be highly directional. This, in turn, leads to the
preferential ejection of the particle along certain crystal-
lographic directions. The exact trajectory taken by the
exiting atom is then influenced by the presence of the
nearby surface atoms. On an open surface such as {100},
the nearest-neighbor particle exerts the greatest influence.
The closer this atom, the more the desorbing particle is
deflected towards the surface normal, and hence, the
smaller the peak position in the angular distributions.
However, for a more closely packed surface such as the
{111}, the effect of other nearby atoms needs to be taken
into account.

These observations are rather significant in terms of
providing a simple and comprehensive picture of the
mechanisms leading to the observed distributions. Furth-
ermore, they provide an important framework for future
developments of any analytical models of the ion-
bombardment process.
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