Kilo-electron-volt Ar-ion-induced neutral atom desorption from Rh{331}:
Relation of angular distributions to surface structure
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The surface structure of single crystal metals in reflected in the angular distributions of neutral
atoms desorbed during keV Ar ion bombardment. Results are presented here of a study of
desorption from a stepped surface, Rh{331}. Recently, classical dynamics simulations of the
desorption process were shown to give excellent agreement with ejection data from Rh{11 1},
and the same model potential has been used to simulate desorption from Rh{331}. The
agreement with experiment remains excellent despite the different coordination of the surface
atoms on Rh{111} and Rh{331}. The azimuthal ejection distributions are strongly affected by

the steps.

I. INTRODUCTION

Ejection distributions from keV ion-bombarded single
crystal metals reflect local structure of the crystal surface.!
The structural sensitivity arises during the momentum
transfer process subsequent to the initial hit by an incident
energetic ion.” Since surface channeling and blocking of the
resultant escaping particles crucially influence the angular
details of ejection, the measurement of angle-resolved ejec-
tion patterns has been proposed as a new approach for sur-
face studies.>>

The first detailed kinetic energy (KE) and angle-re-
solved study of desorption from a clean single crystal metal
surface bombarded by a low dose of keV ions has recently
been reported for Rh atoms ejected from Rh{111}.%” The
results of these experiments have proven valuable for com-
parison to theoretical models of the ion-impact event. The
most detailed of these models uses classical dynamical com-
puter simulations. Early calculations utilized pairwise addi-
tive interaction potentials to estimate interatomic forces,’
yielding results in reasonable agreement with experiment,
although predicted KE distributions were poorly repro-
duced. This error presumably arises from complications in
describing the interactions in the interfacial region, where
the number of neighbor atoms changes rapidly during the
desorption event.

A new model potential for classical dynamical simula-
tions of keV ion-induced desorption has recently been devel-
oped which is based on the embedded atom method
(EAM).*° In the EAM, the potential energy of the ith atom
in the lattice is written as E; = F [p, = 2, Paiomic (7:;) ]

+1/2%,,, ¢(r;;). In this expression, 7;; is the distance
between the ith and jth atoms, @(7,;) is the potential energy
of repulsion between the ion cores of the ith and jth atoms,
Paromic (7:;) is the electron density at the position of the ith
atom due to the jth atom, and p; is the total electron density
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at the position of the ith atom, excluding the electron density
provided by the ith 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 arbitrary configuration of Rh atoms.

The form of the EAM potential may be derived from
density functional theory. ' With this theory, the embedding
energy of the ith atom is a functional of the self-consistent
electron density with the ith atom removed from the lattice.
Two approximations are then made. First, the functional is
replaced by a function, and second, the self-consistent elec-
tron 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 ith atom. Finally, a perturba-
tion theory correction is added taking into account the nonu-
niformity 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,'!"!? is
ignored because it would not reflect the actual band struc-
ture 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 em-
pirical 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 of local elec-
tron 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.’

The empirical manner in which the parameters of a po-
tential and the embedding function F are obtained has been
discussed in detail,’* and a best fit to the Rh{111} ejection
data’ has been obtained.'* The EAM' better accounts for
the peak features in the angular and KE distributions than
does the pair potential method.” Thus, for Rh{111}, the es-
sential features of particle ejection are well accounted for by
simple calculations of the collision sequences in the solid.
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The simulations confirm simple intuitive notions about how
the surface structure determines ejection patterns.

The purpose of this article is to answer the question:
Does the EAM account for keV ion-induced desorption
from a surface made up of Rh atoms in a configuration un-
like that of Rh{111}? The Rh{331} surface is a stepped
structure in which a third of the surface atoms are less co-
ordinated than in Rh{111}, and in which another third are
more coordinated, as shown in Fig. 1. Perhaps at the step
edges, the electronic density is more complicated than is tak-
en into account by a summation of electronic densities con-
tributed by nearby atoms. Moreover, the direction perpen-
dicular to the Rh{331} face, which is the direction in which
ions are incident, is a near channeling direction, and it may
reasonably be asked what effect this has on the desorption
process. To check the effectiveness of the EAM, experimen-
tal and theoretical studies were undertaken of ion-induced
desorption from the Rh{331} surface. For the simulations,
the model potential used was identical to that used for
Rh{111}." Only the model crystallite was appropriately ad-
justed.

Il. EXPERIMENTAL METHOD

Kinetic energy- and angle-resolved neutral (EARN)
desorbed atom measurements are performed using an appa-
ratus previously described.'” Briefly, desorbed neutral Rh
atoms are ionized by multiphoton resonance ionization
(MPRI). The pulsed photon source is a tunable Nd:YAG-

FIG. 1. (2) Rh{111} surface indicating azimuthal directions used in the
text. The dashed atoms are in the second layer of the crystal. (b) Rh{331}
surface indicating the definition of azimuths used in the text. The ¢ = 0°
azimuth is the same as that in (a). The impact zone used in the classical
dynamical simulation is shown at the center of the crystallite as a shaded
box. (¢) Rh{331} surface viewed from the ¢ = 0° direction. The shaded
atoms correspond to the shaded atoms in (b). The dotted near-vertical lines
indicate a major channeling direction.

pumped dye laser with a frequency doubler, operating at a
wavelength of 312 nm. Polar angle-resolved detection of the
photoionized Rh atoms is achieved in the range @ = 0° (nor-
mal ejection) to & = 90° (grazing ejection) using photoion
extraction optics and a multichannel plate. A 200 ns pulsed 5
keV Ar™ ion beam is focused to a 2 mm diameter spot and
aimed normally at the Rh{331} sample. After a time delay
past each ion pulse, a 6 ns laser pulse, focused into a thin
ribbon, is aimed at a known distance from the ion impact
point on the target. By varying the time delay between the
incident ion pulse and the ionizing laser pulse, a time-of-
flight measurement yielding KE-resolved data in the range
0-50 eV is performed on desorbed neutrals. An LST 11/23
microcomputer software deconvolutes the KE and angular
information, providing separately resolved KE and polar an-
gular distributions. The KE resolution is ~4% for 5 eV par-
ticles and ~ 15% for 50 eV particles. The polar angle resolu-
tion is ~7%. These resolutions are adequate to measure
commonly observed energy and angle distributions. The la-
ser-ionization-based EARN experiment is highly sensitive.
In a 15 min run, sufficient to collect a KE- and angle-re-
solved ejection spectrum, 5 10'? ions/cm? are incident on
the sample, leading to erosion of less than 2.5% of a mono-
layer. Thus, surface damage by the incident ions is negligi-
ble.

The experiments are performed in a cryopumped ultra-
high vacuum system with a base pressure of ~2> 10710
Torr. A Rh{331} crystal is mounted on a precision sample
manipulator, and azimuthal crystal orientations of ¢ = 90",
30°,0°, — 30°, and — 90° are examined [the coordinate sys-
tem for these azimuths is shown in Fig. 1(b)]. The sample
preparation consists of cycles of 5 keV Ar—ion bombardment
using an incident ion beam current of 2 uA, followed by
annealing at ~ 870 °C. Oxygen exposures are used to cataly-
tically remove residual carbon segregated to the surface.'®
This is accomplished by backfilling the chamber with
~2x 1077 Torr of oxygen and heating the crystal to
~650 °C. After the crystal is flashed to ~ 1000 °C, the re-
sulting low energy electron diffraction (LEED) pattern is
indicative of an ordered Rh{331} surface,'” and Auger spec-
troscopy indicates no trace of carbon contaminant. The
LEED pattern allows identification of the mirror plane of
the surface. The g = + 90°and ¢ = — 90° azimuths are dis-
tinguished by comparing the measured EARN distributions
with the results of classical dynamical simulations.

Simulations were performed on a model Rh{331} crys-
tallite consisting of a total of 540 atoms, arranged in an 8 by
18 atom rectangle. The atoms were bound together by model
potential EAM-A, discussed in Ref. 14. The simulations
used 3 keV Arions instead of the 5 keV ions that were experi-
mentally employed. This was to reduce the size of the model
crystalline required to obtain accurate results. The use of
lower KE ions in the calculations does not compromise com-
parison with data, since the collision cascades are larger than
the scale of the local structure of the surface. Also, deposited
energy is rapidly shared among the target atoms so that by
the time desorption occurs, the energy of each target atom is
unrelated to the incident ion energy. The desorption yield of
edge atoms was 5%—10% of the total, so that the crystallite
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contains the collision cascades caused by incident ions. The
ions were uniformly incident on an impact zone, shown in
Fig. 1(b), which contains all unique impact points on the
surface. During each simulation, 1800 ions were incident,
resulting in statistically significant ejection features. Simula-
tions were also performed with ions incident perpendicular
to the (111) facets of Rh{331} and at a polar angle of
0 = 21.9° along the ¢ = + 90° azimuth of Rh{111}. In the
latter case, the model crystallite of Ref. 14 was used.

llIl. RESULTS AND DISCUSSION

Polar angle distributions of Rh atoms desorbed from
Ar—ion bombarded Rh{331} are presented in Fig. 2(a).
These data are integrated in the KE range 10-20 eV. It is
seen that ejection is strongly peaked at @ = 15° along the
¢ = + 90° azimuth. It is also seen that the ¢ = — 30° and
¢ = — 90° azimuths have small but noticeable features at
8 = 50°-60°. Along the ¢ = 0° azimuth of Rh{331}, a small
feature is observed at about 8 = 40°. The analogous ejection
yields from Rh{111}, shown in Fig. 2(b), are characterized

T T I T 1 T
L_a) Rh {331} EXPERIMENT—
10-20eV

RELATIVE INTENSITY

- ¢ Rh {331} SIMULATION ]

$-90° 10-20eV

0 10 20 30 40 50 60 70 80 90
8 (deg)

FIG. 2. Polar angle Rh atom distributions of keV ion-induced desorption
from Rh single crystals. The 10-20 eV kinetic energy range is shown. (a)
Rh{331}, experimental data; (b) Rh{111}, experimental data ( Refs. 7 and
14); (c) Rh{331}, calculated curves employing the EAM.

by threefold azimuthal symmetry, with dominant ejection
along the ¢ = — 30° and the symmetrically equivalent
¢ = 90° azimuth and with off-normal ejection always peak-
ing at about & = 40°.

The differences in the ejection patterns between
Rh{331} and Rh{111} are related to the different surface
structures. There are three notable differences between the
structures of Rh{331} and Rh{111}. First, the {111} planes
of Rh{331} are tilted 21.9° about the ¢ = 0° azimuth with
respect to the horizontal {331} surface planes, as shown in
Fig. 1(c), whereasin Rh{111} the {111} planes are horizon-
tal. Second, Rh{331} is stepped. Third, the normal direction
to Rh{331} is close to a major ion channeling direction, so
that Rh{331} is much more “open” than Rh{111}.

The different tilts of the {111} plane for Rh{331} and
Rh{111} are of paramount importance in accounting for
some of the details of the ejection patterns. The role of the
lattice in determining ejection patterns from Rh{111} was
previously discussed.” The enhanced ejection from Rh{111}
along the ¢ = 4 30° azimuths compared to the ¢ = 0° azi-
muth is directly keyed to the registry of the {111} planes.
Also, the peaking of polar angle distributions at § = 40° for
Rh{111} is related to the fact that moving atoms character-
ized by 6>40° graze the {111} surface and therefore tend to
be blocked from ejecting. Finally, some mechanisms of ejec-
tion are due to collisional interaction between particular
closely spaced second and first layer atoms [ A and B of Fig.
1(a)], combined with surface channeling. For these struc-
tural effects on particle ejection, the rotation of the lattice
between Rh{111} and Rh{331} simply sweeps the ejection
feature at & = 40° along ¢ = 90° to 8 = 18°. Thus, the tilt
between the lattices of Rh{331} and Rh{111} explains the
dominant feature of ejection along the ¢ = 90° azimuth from
Rh{331} in terms of a similar feature observed for Rh{111}.

Classical dynamics simulations are critical to under-
standing keV ion-induced desorption. In Fig. 2(c), the re-
sults from a simulation of desorption due to 3 keV Ar ions
incident on Rh{331} are shown. Several features of the
EARN data are successfully accounted for, including (i) the
dominant ejection along the ¢ = + 90° azimuth at 8 = 15°
(on the basis of which it is decided what crystal orientation
corresponds experimentally to the ¢ = + 90°azimuth), (ii)
the relatively small desorption signal along other azimuths,
and (iii) the small desorption features in the range 6§ = 40°-
60° along the ¢ =0°, — 30°, and — 90° azimuths. On the
other hand, normal ejection is calculated to be lower relative
to peak off-normal ejection than is indicated by the data, and
the decrease in ejection away from the ¢ = + 90° azimuth is
greater in the simulation than in the data. However, the sim-
ulation overall closely resembles the data, and indicates that
the EAM potential derived for the Rh{111} crystal results in
correct calculations of the dynamics of ejection of surface
atoms with considerably different coordination, as in the
case of Rh{331}.

Classical dynamical simulations also predict the posi-
tion of the peak of the KE distributions observed experimen-
tally. Azimuthally averaged KE spectra are observed to
peak at 3-5 eV for both Rh{331} and Rh{111}, and the
simulation yields a peak at the same KE. Also, the KE spec-
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trum of ejection from Rh{331} near # = 15°and ¢ = + 90°
maximizes at 7 eV, as does ejection from Rh{111} near
6 =40°and ¢ = + 90°. Again, the EAM simulation yields a
peak at the same KE.

To investigate the roles of lattice orientation, surface
steps, and bulk channeling in dictating the details of ejection
from Rh{331}, calculations were performed on two other
systems: a Rh{331} surface tilted so that ions are incident
normal to the {111} facets, and a Rh{111} surface tilted to
have the same orientation as the {111} facets of Rh{331}
when ions are incident normal to Rh{331}. The tilted
Rh{331} surface is analogous to a {111} surface with steps,
i.e.,, with distinct “upstairs” and “downstairs” directions,
and the tilted Rh{111} surface is analogous to a Rh{331}
crystal with no steps but the same bulk ion channeling as
Rh{331}. These geometries are shown in Fig. 3 along with
the results of individual trajectories displayed as projections
onto a two dimensional surface.

The effect of tilting the {111} faces of the lattices is vi-
vidly seen in Fig. 3. For example, the feature a in Fig. 3(d),
the “spot” along the ¢ = + 30° azimuth of Rh{111}, be-
comes feature S in Fig. 3(a), a slight signal very near the
¢ = 0° azimuth. The features experimentally observed in the

a)

c)

by
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FIG. 3. Spot patterns of desorbed atoms from several stepped, nonstepped,
channeling and nonchanneling single crystal surfaces. Each spot represents
a desorbed atom and is plotted at a radius of polar angle & and at an azi-
muthal angle ¢. The border corresponds to & = 90°. This method of plotting
spot patterns differs from a previous method (Ref. 18) in which each spot is
plotted at a radius of tan (6) as for a flat plate collector. (a) Ions perpendic-
ularly incident on Rh{331}; (b) ions incident on tilted Rh{111}; (c) ions
perpendicularly incident on {111} planes of Rh{331}. The features 2 and
are discussed in the text.
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azimuthal range ¢ = 0° to ¢ = — 90° are a combination of
thep = — 30°and ¢ = — 90° features from Rh{111}, tilted
to higher polar ejection angle 8. Thus, polar and azimuthal
ejection features are keyed to the orientation of the lattice,
migrating in polar and azimuthal angle in accordance with a
21.9° rotation of the {111} planes about the ¢ = 0° azimuth.

The results shown in Fig. 3 also elucidate the influence
of steps in the desorption process. It is clear that on stepped
surfaces, features along the ¢ = 0°~ — 90° azimuths are ei-
ther attenuated or are spread out over a wider azimuthal
range relative to ejection features from flat surfaces. This is
independent of the details of the channeling of the incident
ions. The steps serve to impede the desorption effect of indi-
vidual collision cascades which happen to spread along
¢ = — 30°~ — 90°azimuthsin the {111} planes of Rh{331}.
Also, as seen in Fig. 3(c) and 3(d), the ejection along the
¢ = 4+ 90° azimuth can be enhanced by steps, perhaps be-
cause subsurface collision cascades occur closer to the sur-
face downstairs from an ion impact event, with consequently
greater ease of ejection.

Channeling significantly reduces the yield of desorbed
atoms. For surfaces with the {111} plane tilted 21.9° with
respect to the horizontal (such as Rh{331}), the desorption
yield (desorbed atoms per incident ion) from the simulation
is 1.4 4 0.2, whereas for surfaces with the {111} plane hori-
zontal (such as Rh{111}), the simulated yield is 3.3 4 0.2.
These trends are qualitatively observed during experiments.
Based on the simple Moliere potential,'® a 3 keV Ar ion has
an interaction size of about 0.8 ;\, which is small compared
to the internuclear Rh atom separation of 2.69 A. Thus, in
the simulations, many ions incident in the near channeling
direction penetrate the crystal completely without deposit-
ing sufficient momentum to desorb even a single atom.

IV. CONCLUSION

Measurements and classical dynamical simulations of
keV ion-induced desorption suggest that desorption from
Rh{331} is similar to desorption from Rh{111} if the differ-
ent tilt of the {111} planes is taken into account. The pres-
ence of steps, however, attenuates or broadens ejection fea-
tures in the azimuthal range ¢ =0° to — 90° since
desorption must occur through the extra material represent-
ed by the steps. Channeling reduces the desorption yield per
incident ion by allowing the ions to penetrate deeper into the
solid before initiating collision cascades. A many-body inter-
action potential, previously optimized for the flat Rh{111}
surface, also accounts for the Rh{331} data, despite the dif-
ferent coordination of surface atoms between the two cases.

It should be noted that stepped surfaces provide ideal-
ized versions of the types of adsorption sites present on the
irregular surfaces of supported catalysts. The importance of
steps is shown in studies of dissociative adsorption of NO on
Rh surfaces. Dissociative NO adsorption occurs readily on
Rh{331} but only with difficulty on Rh{111},?° and prob-
ably only at defect sites in the latter case. Also, the order in
which various CO binding sites are occupied with increasing
CO coverage is different for Rh{331} than for Rh{111}.*
The “beam” of Rh atoms escaping along the ¢ = + 90° azi-
muth could provide a probe for locating adsorbates binding
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to threefold hollows of the {111} terraces of Rh{331}, as has
been accomplished for the p(2x2) O/Rh{111} system.®*
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