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The expected angular distributions of ejected particles from ion-bombarded clean and
reacted single-crystal surfaces are calculated using classical dynamics to model the
momentum dissipation. For oxygen atoms adsorbed on a Cu(100) lattice in A-top and
fourfold and twofold bridged geometries, preferred ejection angles are found for the high-
er-kinetic-energy particles (&20 ev). Because of scattering mechanisms which cause
atoms to move through gaps in the lattice surface, we find that the patterns for differ-
ent overlayer registries are easily distinguishable.

The determination of site positions of adsorb-
ates on single-crystal surfaces is a central prob-
lem in the construction of bonding schemes to de-
scribe chemisorption. In this Letter we report
the first full molecular dynamical calculations of
ejected-atom angular distributions for ordered
overlayers on metal surfaces subjected to 600-
eV Ar'-ion bombardment. We find that when ad-
sorbed atoms are placed in specific orientations
with respect to the lattice holes, various regis-
tries of these layers can be distinguished with
high precision. We present the angular distribu-
tions from clean metal surfaces which have been
observed experimentally, ' ' and the predicted dis-
tributions when oxygen atoms are adsorbed in two-
fold and fourfold bridge sites and in A-top sites
on a Cu(100) surface. In addition, we establish
for the first time the scattering mechanisms that
give rise to these angular distributions. These
mechanisms are conceptually straightforward in
that the scattering of the ejected atom is directed
through the gaps in the lattice surface.

The angular distributions of the ejected parti-
cles in our calculations were determined using
classical dynamics. This procedure allows the
positions and momenta of all the particles to be
determined as the momentum of the primary ion
dissipates throughout the crystal. The details of
the method including the integration scheme, '4
the bulk-solid potential, ' and the ion-solid po-
tential' have been described previously. The
model microcrystallite consists of four square
layers with approximately sixty atoms per layer,
a size which is large enough to contain all of the
atomic motion that gives rise to particle ejection. '
The trajectories reported here were computed

using 600-eV Ar'-ion bombardment at normal
incidence to one of the three low-index faces of
copper. . For each case, approximately 100 differ-
ent impact points were chosen which were regu-
larly distributed over a zone of irreducible sur-
face symmetry. The angular distributions could
then be found by appropriately unfolding this zone
so that it completely encompassed the target
atom. '

The adsorbate atoms were placed in a c(2x 2)
array above the Cu(100) surface plane. Since ap-
propriate pair potentials for CuO are unavailable,
we have assumed a form similar to the copper
potential with a binding energy adjusted to yield
a reasonable adsorption energy. The oxygen-ox-
ygen interactions are included in a similar man-
ner. The heights above the surface for the A-top
site and for the fourfold and twofold bridge sites
were calculated from their equilibrium separa-
tion distance' to be 2.55, 1.74, and 2.13 A, re-
spectively. These configurations are shown in
Fig. 1.

The calculated angular distributions of ejected
atoms from the clean Cu(100), Cu(110), and
Cu(111) surfaces are shown in Figs. 2(a)-2(c).
Note that both the fourfold symmetry exhibited
by the (100) face and the polar deflection angle
of 44' are in precise agreement with experimen-
tal studies. ' The nearly sixfold symmetry found
on the (111)face and the diffuse rectangular pat-
tern on the (110) face are in qualitative agree-
ment with experimental results. "' Of more in-
terest, however, is that by selecting only those
particles with rather high kinetic energy, &20
eV, the fraction of particles ejected along pre-
ferred crystallographic directions is consider-
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FIG. 1. Schematic representation of the. (100) surface
with adsorbed oxygen shown in its A-top site and its
twofold and fourfold bridged site. The arrows indicate
the preferred scattering directions for each case. The
atomic radii are drawn to a scale which indicates the
distance where repulsive interactions begin. The dotted
lines give the projection onto the surface plane of the
direction of ejection of the adsorbed oxygen in each
case.

ably enhanced as shown in Figs. 2(d)-2(f). The
lower-energy particles tend to have a diffuse an-
gular distribution since they are ejected late in
the trajectory when much of the surface order is
no longer present.

Tracing individual atomic trajectories yields a
clear picture of the important scattering mecha, -
nisms in the high-kinetic-energy regime. First,
most of the ejected particles plotted in Figs 2.(d)-
2(f) arise from within two or three lattice spac-
ings from the impact point and suffer only a few
scattering events. Second, the spacings between
the surface atoms exert a strong directional ef-
fect during ejection. The fourfold holes on the
(100) face, for example, constrain the path of the
ejected atoms, and their trajectories proceed, on
the average, in the (001) plane perpendicular to
the surface as shown schematically in Fig. 1(a).
The same mechamism is applicable to the (111)
face; the three elongated lobes arise from scat-
tering through the threefold holes on the crystal
surface that do not have second-layer atoms di-
rectly under them. In all cases, the atoms eject-
ed from the microcrystallite originate from the
top layer. Less angle-resolved structure is ob-
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FIG. 2. Angular distributions of ejected particles for the (100), (110), and (111)orientations. Each ejected atom
is plotted on a flat-plate collector an arbitrary distance above the crystal. (a)-(c) All ejected particles; (d)-(f) only
those. atoms whose kinetic energy is greater than 20 eV. The numbers on the ordinate refer to the polar deflection
angle given in degrees.
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FIG. 3. Angular distributions for the copper and oxy-
gen originating from a c(2&2) structure with oxygens
in (a) and (b) an A-top, (c) and (d) a fourfold bridge site
and (e) and (f) a twofold bridge site The kine. tic energy
of the copper atoms is &20 eV for each case, while the
kinetic energy for the oxygen atoms is between 20 and
50 eV. The binding energy for oxygen on copper is ar-
bitrarily assumed to be 0.75 eV. The numbers on the
ordinate refer to the polar deQection angle given in de-
grees.

served for the (110) orientation since the rows in
the [100] direction are sufficiently far apart to al-
low the atom to escape at virtually any angle.

Since the lattice surface structure dominates
the ejection angle of faster-moving particles, it
appears logical that blocking the preferred ejec-
tion directions with adsorbed atoms should have
a strong effect on the angular distributions. To
test this idea we have performed calculations us-
ing an adsorbate with the mass of oxygen placed
in the specific geometries shown in Fig. 1. The
resulting angular distributions for the ejected ox-
ygen atoms and copper atoms are shown in Fig.
3. Note that the distributions of the substrate
copper atoms maintain their basic symmetry al-
though the presence of the A-top oxygens nayrozvs
the patterns while the bridged oxygens broaden
them slightly. Of particular interest is that the
oxygens themselves show definite preferred ejec-
tion angles. Specifically, for the A-top config-

uration, their ejection angles have the same sym-
metry as the substrate although some weak emis-
sion is observed with a symmetry rotated by 45'.
Both bridged configurations, however, show a
fourfold symmetry rotated by 45 with respect to
the substrate. The twofold bridge site shows
lobes which are considerably broader than the
fourfold bridge site. All three geometries are
easily distinguishable.

The mechanism behind these angular distribu-
tions concurs with the scheme developed to un-
derstand the ejection angles of particles from
clean surfaces. For the A-top geometry the scat-
tering of the oxygen atom is usually directed by
a substrate atom which is being ejected, with
both moving off in the same direction. In addi-
tion, our analysis shoes that the overlayer itself
induces some focusing of the ejected particles.
This effect is responsible for.the narrowing of
the copper angular distributions and the weak ox-
ygen fourfold pattern which is rotated by 45 with
respect to the substrate.

For the oxygens in bridged geometries the pres-
ence of the substrate has a markedly different ef-
fect on the ejection angles. When the oxygen atom
is placed in a fourfold bridge site it is forced to
eject through the valley created by two touching
copper atoms. Since the oxygen is closest to the
surface plane for this configuration, the ejection
angles are pm'ticularly well defined. A similar
mechanism applies to the twofold bridged oxygen,
although the allowed ejection angle is consider-
ably broader since the oxygen atom is further
from the surface. For example, we found that
only about 80% of the particles eject through the
fourfold lattice hole while 20%%u& eject directly over
the adjacent substrate atom. These processes
are shown schematically in Fig. 1.

The simplified scattering mechanism we have
discovered for the atom-ejection process is most
strongly influenced by the spatial registry of the
adsorbate with respect to the substrate. The pat-
terns are remarkably insensitive to variations in
any of the chosen interaction potentials, ' and
should be observable for a.wide variety of sys-
tems including molecular adsorb ates. Prelimi-
nary studies also suggest that tuning of the ener-
gy window for the ejected atoms provides an ad-
ditional check for a specific registry. ' Measure-
ment of the angular distribution of ejected parti-
cles should prove to be an excellent complement
to low-energy electron diffraction —a tool which
is very sensitive to the scattering potential and
very insensitive to the adsorbate registry" —and
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to angle-resolved photoemission which has proved
useful in elucidating molecular geometries on
surf aces." The angular distributions of electron-
stimulated desorbed fragments" offer a close
parallel to our method, although the mechanism
for this case is quite different and the theory
still needs further development. "

Finally, for the specific case reported here,
we believe that the experimental studies can be
appropriately carried out using the static mode
of secondary ion mass spectrometry", ' the low
dose rates of primary ions used with this tech-
nique minimize the alteration of the surface by
the beam. The energies of the particles are high
enough to ensure that their trajectories will not
be significantly altered by the ionization process.
The image force acts perpendicularly to the sur-
face and may slightly influence the polar deflec-
tion angle, although the azimuthal angle of ejec-
tion will be unaffected. For an image force of 4

eV, for example, a particle with 20-eV kinetic
energy and a polar deflection angle of 45' will ex-
perience an additional 3' deflection. We also
note that for clean copper exposed to 5-keV Ne'
ion bombardment under dynamic conditions, the
angular distributions of the ions and neutrals
have been found to be similar. "
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resonant second-sound technique he measured
the steady-state and transient attenuation aver-
aged over the length of the channel. On the basis

We have measured the steady-state vortex-line density in turbulent counterflow using a
second-sound-burst technique as a local probe. Contrary to the Uinen theory and previ-
ous assumptions, we find substantial line-density inhomogeneity and strong departures
from the predicted heat-current dependence. Anomalous behavior of the line density at
higher heat currents provides evidence for a new secondary flow state.

In a classic series of experiments Vinen' was
the first to study in detail the nature of turbulent
counterflow in wide (™1 cm) channels. Using a
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