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Angular and Velocity Distributions Characteristic of the Transition between
the Thermal and Structure Regimes of Gas-Surface Scattering
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Angular variations in the kinetic energy of scattered species are found to provide a useful probe of the
transition between gas-surface scattering regimes, complementing angular Aux distributions. As in-
cidence energies exceed a few eV, these change from being consistent with scattering from an extended
target to being more typical of scattering from individual atoms. Results are presented for the
Xe/Pt(l 1 1) system and are supported by detailed trajectory calculations.

PACS numbers: 79.20.Rf

An understanding of the dynamics of energy transfer at
the gas-surface interface is required for detailed modeling
of many different chemical and physical phenomena asso-
ciated with this interface. These range from the trapping
and sticking of atoms and molecules at relatively low en-
ergies [1], to sputtering, plasma etching, and implanta-
tion at hyperthermal energies [2]. Such knowledge is also
of value in the design of spacecraft [3] and thermonuclear
fusion reactors [4]. Molecular-beam scattering tech-
niques oAer a powerful tool for probing such interactions
and have been employed to examine many different sys-
tems. However, most studies have concerned angular dis-
tributions of scattered species for relatively low incidence
energies, providing only a limited picture of the scattering
dynamics. Since angular distributions reflect both the
static corrugation of the gas-surface potential and dif-
ferential momentum transfer parallel and perpendicular
to the surface, velocity measurements are required for
unambiguous interpretation. While high-energy col-
lisions have been recognized as qualitatively distinct from
those at low energy for many years [5-12], there is little
experimental data that directly relate to the transition be-
tween these regimes.

In this Letter we report results for the scattering of Xe
from Pt(111) which clearly show that variations in the
energies of scattered species with scattering angle can be
used to characterize the degree of penetration. At low in-
cidence energies, E; & 1 eV, we find that the energies
after scattering, Ef, decrease with increasing scattering
angle Of in a manner approximately consistent with par-
allel momentum conservation. At high energies, E; & 5
eV, the opposite trend is observed, with Ef increasing
with increasing final angle, in a manner consistent with
scattering from one or more individual surface atoms.
These qualitative conclusions are supported by detailed
trajectory calculations.

The molecular-beam surface scattering apparatus and
the experimental techniques appropriate to this study
have been described elsewhere [12-14]. The mounting of
the Pt(111) crystal is such that the scattering plane inter-
cepts the (111)face close to the [121] azimuth. Contam-
ination levels are below our Auger detection limits (1%),
sharp LEED patterns are obtained, and He scattering
gives a specular peak width indistinguishable from the in-
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FIG. 1. Intensities and mean fina translational energies of

Xe atoms scattered from Pt(l 1 1) at different final angles. Here
the incidence energy was 1.17 eV, the incidence angle 30 with
respect to the surface normal, and the surface temperature 800
K.
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strumental resolution of 1.6 . The energies of incident
and scattered atoms are determined from their tlight
times between a high-speed chopper and the differentially
pumped mass spectrometer which can rotate about the
same axis as the crystal [13].

We have determined the angular and velocity distribu-
tions of Xe scattering from Pt(111) over a wide range of
conditions, varying the incidence energy from —0. 1 eV to
over 14 eV and the incidence angle from 15 to 60 .
Most measurements have been made at a surface temper-
ature T, of 800 K. Figure 1 displays typical scattering
data, obtained with E; =1.17 eV and 0; =30 . Intensities
correspond to the flux at a given angle. Mean energies
are also indicated for a range of scattering angles, and
can be compared with the overall mean energy averaged
over all final angles. Figures 2 and 3 display similar data
for E; =0.52 eV and E; =6.8 eV, respectively.

The width and shape of the angular distributions are
found to vary systematically with incidence energy and
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FIG. 2. Same as Fig. 1 but for E; =0.5 eV and 0; =45'. Re-

sults are displayed for surface temperatures of 800 K (dotted
line, solid symbols) and 200 K (solid line, open symbols). The
dashed line indicates the behavior expected for strict parallel
momentum conservation.
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FIG. 3. Same as Fig. 1 but for E; =6.8 eV and 0; =30 . The
experimental results are shown as the solid curve and the solid
circles. Calculated intensities and mean energies are displayed
as open circles and crosses, respectively.

angle. At the lowest energies, —0.1 eV, a distinct trap-
ping-desorption component [1,15] is discernible, while at
energies above about 6 eV, distributions show structure
suggestive of surface rainbow scattering [16]. These
trends are summarized in Fig. 4, which displays the angu-
lar widths (FWHM) as a function of F.; for (); =30, 45,
and 60 . The results are consistent with previous scatter-
ing studies [6,7,9-12], and calculations [5], and can be
said to cover the transition from the so-called "thermal
scattering" regime at low energies to the "structure
scattering" regime at high energies.

We find that the measured differential energy distribu-
tions provide considerable additional insight into the dy-
namics of the scattering under the extreme high- and
low-energy conditions and of the transition between them.
At low energy, for E; ~1 eV, we observe that Ef in-
creases rapidly with decreasing Of. In contrast, at high
energy, for E; 6 eV, Ef is found to rise with increasing
Of. The behavior for a range of incidence energies with
0; =45 is indicated in Fig. 5. It is apparent that the
slopes of these plots vary smoothly with increasing E;,
passing through zero slope at an energy of about 2 eV
and continuing to increase up to the highest energy stud-
ied. Note the energy of 2 eV also yields the narrowest
angular distribution at 8; =45 (see Fig. 4). An interest-
ing aspect of the data is that all plots converge on a mean
fractional energy loss close to 0.5 at Of =90 . Results for
0; =30 and 60 are qualitatively similar, but the corre-
sponding plots converge on fractional energy losses of
0.25 and 0.65, respectively.

The narrowing of the angular distributions with in-
creasing energy at low energy is qualitatively consistent
with the predictions of a simple hard-cube model [17,18],
2184
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FIG. 4. Variation of the widths (FWHM) of angular distri-

butions for Xe scattering from Pt(l 1 l) at a surface tempera-
ture of 800 K for incidence angles of 30, 45, and 60 .

in which parallel momentum is conserved in the scatter-
ing process. Here the angular width reAects the range of
normal momentum transfer associated with diAerent cube
velocities. Thus scattering to angles smaller than the
specular follows collisions in which the cube is moving
"outwards, " which increases the collision energy. The
spread in cube velocities then becomes less important as
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FIG. 5. Variation of the mean final energy with scattering

angle for Xe scattering from Pt(111) at a surface temperature

of 800 K for an incidence angle of 45 . Energies are normal-

ized to the mean incidence energy which is indicated for each
curve. The dashed line indicates the behavior expected for
strict parallel momentum conservation.
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E; increases. The degree of parallel moinentum conser-
vation can be tested more directly by determination of the
differential momenta of the scattered species. Strict
parallel inomentum conservation requires that Ef/E;
=(sin8;/sinOf), for each final angle. This relationship is

indicated as a dashed line in Figs. 2 and 5. It is apparent
that results do indeed roughly follow this prediction at
the lowest E s, particularly for scattering at angles larger
than specular. Again, identical trends are found for in-

cidence angles of 30' and 60'. In keeping with this mod-

el, the actual fluxes at a given angle are strongly depen-
dent on T, for low E;. This is apparent from Fig. 2 which
shows that there is very little subspecular intensity for
T, =200 K, so that the angular width is narrower than at
800 K. Changing T, is seen to have very little effect on

&Ef&.

The increase in angular widths at high E;, evident from
Fig. 4, suggests that the scattering is qualitatively dif-
ferent under these conditions. It is clear from Figs. 4 and

5 that the angular variations in Ef are also completely
different from the parallel-momentum-conservation case.
The trend observed at the highest energy of 14.3 eV is

completely reversed, with the lowest energies occurring at
.small scattering angles. This behavior is closer to that
expected for hard-sphere scattering, in which the energy
lost by an incident particle grows as the total deAection
angle increases. A similar trend in differential energies
has been reported recently by Spruit et aI. for 02 scatter-
ing from Ag(111) with E; =1.5 eV [10]. In this case rel-
atively broad angular distributions are also observed and

essentially the same interpretation has been given. In one
respect we find that scattering at low and high energies
are similar. Just as for the low-energy case, we observe
that angular distributions for high incidence energies are
somewhat sensitive to T, but that mean final energies are
relatively insensitive to this parameter for a given final
angle. For example, the slight dip in the intensity distri-
bution of Fig. 3 becomes much more pronounced at 400
K, but the mean energies at a given final angle are virtu-
ally unchanged from the 800-K measurements.

Clearly the gas-surface situation is more complex than
hard-sphere scattering. We have thus performed classical
trajectory calculations to examine this question further.
We have developed a detailed potential which is able to
account for results over the full range of energies studied,
details of which will be reported elsewhere [19]. Our cal-
culations suggest that the tendency towards parallel
momentum conservation at low energies arises because
the interaction with conduction electrons is relatively in-
dependent of the position in the unit-cell position —so
that the surface appears relatively Aat. In addition, the
turning point on our potential is su%ciently far from the
ion cores that the incident atoms interact with many sur-
face atoms —again giving rise to a relatively Aat interac-
tion.

At higher energies, the incident atoms penetrate be-
yond these relatively soft regions of the potential and
sample the steep repulsive interactions with the individual
ion cores. The dynamics in this region can be adequately
accounted for using a much simpler interaction potential.
We have therefore carried out calculations based on a
much simplified potential consisting of a sum of pair
interactions between the Xe atom and each Pt atom,
having the simple repulsive exponential form u (R)
=A exp( —aR), together with a harmonic interaction be-
tween nearest-neighbor Pt atoms with force constant
4.56 x 10 erg cm . The calculations used standard
molecular-dynamics methods with a 6x6 surface of four
layers with periodic boundary conditions parallel to the
surface. The surface temperature was maintained at 800
K by scaling the velocities at each time step. The high-
energy scattering results can be reproduced using
A =4.65x10 eV and a=6.5 A '. A calculated in-plane
angular distribution has been added to the experimental
results of Fig. 3, together with calculated mean final en-
ergies. It is seen that good agreement is obtained. These
calculations also qualitatively reproduce the observed
dependence on T„which is the subject of ongoing studies.

Analysis of these computations reveals that trajectories
which lead to in-plane scattering have classical turning
points concentrated along a line parallel to the [121]
direction and passing through the atom centers. It is
therefore useful to look at the energy transfer as a func-
tion of position along this line. The result is displayed in

Fig. 6 for the conditions of Fig. 3 (E; =6.8 eV, 8; =30 ).
Here we plot the final energy of the scattered Xe against
the position of the turning point, or impact parameter,
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along this direction. It is seen that the lowest final ener-
gies are associated with collisions just in front of the on-
top position. We find that the atoms are scattered close
to the normal in this case. At the other extreme, the
highest final energies are associated with collisions just
beyond the on-top position. These atoms scatter to graz-
ing angles. This behavior is indeed close to what one
might expect for hard-sphere collisions. However, col-
lisions at positions between two on-top sites cannot be de-
scribed in terms of single itnpacts. Here the incident
atom interacts with several surface atoms and scatters at
about 45 to the normal. Note that the second maximum
in the final energy occurs for collisions just past the
centers of the two atoms which lie to either side of the
line (dashed atoms in inset of Fig. 6).

Both the experiments and the calculations indicate that
the gas-surface collisions are very inelastic at high in-
cidence energies. The angular distributions are thus
strongly inAuenced both by the energy exchange and by
transfer between normal and parallel momentum associ-
ated with the corrugation. The name "structure scatter-

I

2

Impact Parameter
FIG. 6. Calculated mean final energy as a function of the

impact point along a line parallel to the [121] direction and
passing through the atom centers (see inset). These results
refer to the conditions of Fig. 3, E; =6.8 eV and 0;=30 .
Integral-value impact parameters correspond to collisions
directly on top of an atom, as indicated by the large solid cir-
cles. The dashed circles indicate the projection of the atoms
placed on either side of this line (aligned parallel to the [101]
direction).

ing,
" if it is interpreted to mean that the corrugation is

dominant, is thus an oversimplification of this relatively
complex behavior.

In summary, we have presented scattering data for the
Xe/Pt(I I I) system covering a wide range of energies.
We have shown that the scattering is qualitatively
different at high and low energies and have demonstrated
that measurements of the mean energies of scattered
atoms provide useful insight into the scattering dynamics
at a given energy.

We thank E. K. Schweizer and J. E. Schlaegel for
technical assistance, and D. J. Auerbach for useful dis-
cussions.
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