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theoretical and experimental investigations are
required to clarify the inconsistency among these
presumably related experiments.
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Angle-resolved time-of-flight measurements of inelastic scattering of Ne atoms from a
Ni(111) surface show an effective interaction radius increased with respect to the Ne hard-
sphere radius, such that the Ne atoms impact against five Ni atoms. This limits the in-
teraction with acoustic surface waves to some critical cutoff wave vector, E, . Larger
energy transfers are accompanied by vanishing momentum transfer as assumed in a cubes
model.

PA CS numbe rs: 68.20.+ t, 79.20.Rf

A gas atom (or molecule) colliding with a solid
exchanges energy and momentum with the surface.
The incident particle may be scattered elastical-
ly, inelastically, or it may become trapped at
the surface, depending on the amount of energy
transferred. The exchange of energy and momen-
tum is therefore of fundamental importance for
all processes involving dynamic gas-surface

interactions. It is usually described phenomeno-
logically in terms of an energy accommodation
coefficient, "while the underlying microscopic
processes are still a matter of current debate.

Measurements of He scattering from alkali
halide surfaces' have shown that the interaction
with single Rayleigh surface phonons is the pre-
dominant energy-transfer process between light
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gas atoms and ionic crystal surfaces. A stronger
contribution from bulk phonons was suggested4
for the interaction of Ne atoms with the same
crystal. Considerable diff erences are expected
in the scattering behavior from metal surfaces
due to the role played by the conduction electrons.
The continuum of low-energy electron-hole pair
excitations may participate in the scattering
process either directly (by electron-hole pair
excitation) or indirectly (by limiting the phonon
lifetimes). The spatial distribution of the con-
duction electrons has been shown to strongly re-
duce diffraction effects by smearing the potential
variations between the ion cores. ' Recent re-
sults for inelastic He scattering from a Cu(100)
surface' show spectra that appear distinctly dif-
ferent from those obtained on alkali halides and
which have been interpreted in terms of single-
phonon interaction with both bulk and surface ex-
citations.

The present results demonstrate a different ef-
fect occurring for the interaction of a relatively
heavy atom (Ne) with a close-packed metal sur-
face [Ni(ill)]. Here the blanket of conduction
electrons at the surface acts to distribute the
interaction forces over several metal atoms,
thus effectively increasing the gas-atom-interac-
tion radius. This leads to. a continuumlike scat-
tering dominated by multiphonon effects, rather
than the stricly atomic pair-wise interaction via
single Rayleigh phonons observed on insulators, '
and to a cutoff wave vector for the excitation of
acoustic surface waves.

In the system studied here, viz. Ne interacting
with a ¹(111)surface, the well depth of the inter-
action potential is small (-10 meV) compared
with the energy of the incident thermal gas atom
(64.5 meV), so the energy exchange can be con-
veniently studied by scattering methods. The
measurement consists of scattering a near-
monochromatic, collimated beam of atoms from
the surface and observing the change in velocity
distribution as a function of the scattering angle.
The results are analyzed in terms of energy and
momentum transfer between gas atom and sur-
face. The measurement system, described else-
where, ' uses a room-temperature pulsed-gas
beam generated in a fast switching valve source'
with an opening time of 10 to 20 p,sec and a ve-
locity monochromaticity of about 7%%u~ A fixed
angle of 26I, = 135 was maintained between beam
source and detector while rotation of the sample
by an angle 60 changed incidence angle 0, = 0,
—40 and observation angle 0f = 6, + 60 simulta-
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FlG. 1. Time-of-flight spectra of 64.5-meV Ne scat-

tered from a room-temperature Ni(111) surface, for
different angles of sample rotation as given along the
right-hand side. The heavy curve (0', specular scat-
tering at ~; = 67.5 ) is about 50% broader than the in-
cident velocity distribution. The lower scale gives the
time difference to the specular peak arrival time.

neously, with the scattering plane parallel to the
[112]azimuth. The scattered-gas pulses were
detected after a flight distance of 905 mm in a
commercial nude ion gauge, with use of a fast
amplifier and analog-to-digital conversion for
storage in a multichannel system.

A set of typical time-of-flight spectra of 64.5-
meV neon atoms scattered from a room-tempera-
ture Ni(111) surface is shown in Fig. 1. The cen-
ter curve marked 0' represents specular scat-
tering at 0, = 6),=67.5 . The lower spectra marked
by negative sample angles 68 correspond to in-
creased angles of incidence, and scattering closer
to the surface normal. The evaluation in terms
of energy and momentum transfer is illustrated
in Fig. 2. Here the uppermost panel shows a
time-of-flight spectrum for b,6 =14' (full line)
together with the specular spectrum (dashed line).
The flight time can be converted directly into en-
energy transfer ~ with use of the independently
measured beam velocity and the known flight dis-
tances. This is shown in the center panel of Fig.
2, where negative energy values correspond to
an energy loss of the scattered atoms. Assuming
conservation of the parallel momentum component
in the scattering event, the momentum transfer
parallel to the surface ~ can be derived for
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I'IG. 2. Ne scattered from Ni(ill) at ~~ =14 com-
pared with specular scattering (dashed lines). The top
panel gives the measured time-of-flight spectra. The
lower panels show the same spectra transformed into
energy space or momentum space as indicated.
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FIG. 3. Absolute values of energy vs parallel mo-
mentum transfer in Ne-Ni(ill) scattering as derived
from time-of-flight spectra. Circles and triangles
correspond to energy loss and gain, respectively. The
shaded area gives the phonon spectrum along the I"~
line (Ref. 10). The plus represents the energy of the
Bayleigh phonon at ~ as observed by electron-energy-
loss spectroscopy (Ref. 12) . Inset: Schematic of elec-
tron density distribution near the Ni surface during the
impact of a Ne atom.

where K, and E, are the incident parallel wave-
vector component and beam energy,

' respectively.
Using this transformation, the same data have
been plotted as a function of momentum transfer
in the lower panel of Fig. 2, with negative values
of ~ being parallel to the incident wave vector.

These peak positions have been monitored for
a variety of measured angles and values for ~
and ~ determined. The results are plotted in
Fig. 3 modulus their absolute valges such that
energy gains or losses, as well as momentum
gains or losses, appear in the first ~ vs ~
quadrant. Also shown is the phonon band struc-
ture calculated' along the ll symmetry line on
the ¹(111)face which has been normalized to
fit the bulk phonon spectrum, "agd a value for the
surface acoustic wave recently reported at point
M from electron-energy-loss spectroscopy stud-
ies'2 (marked by the plus in Fig. 3). The observa-
tions fall into three distinctly different categories
of behavior, A, 8, and C (Fig. 3).

Group A, characterized by large momentum
transfer but with vanishingly small energy trans-
fer, can be attributed to elastic, but in~ohexent
scattering from nonperiodic local surface irregu-
larities. A similar feature has been observed in
earlier measurements on ionic crystals' and

metals. ' Group B points show a linear relation-
ship between ~ and ~ which corresponds,
within the accuracy of the measurements, to the
surface-sound-wave velocity dispersion in the
continuum limit (dash-dotted line, Ref. 13) or
equally, with the Rayleigh-wave phonon curve
(full curve), up to a critical value of transferred
parallel momentum hK =K, . Then, higher en-
ergy transfers occur extending well beyond the
maximum single-phonon energies available such
that points in group C (Fig. 3) are indicative of
a process in which the parallel momentum trans-
fer ~ remains effectively zero. This is in com-
plete contrast to the recent observations report-
ed for helium scattering from LiF' or Cu, ' where
single-phonon scattering was shown to predom-
inate over the complete range of energy and mo-
mentum transfer observed.

The interpretation of the measurement sum-
marized in Fig. 3 proceeds according to a. model
shown by the diagram in the inset in Fig. 3. Here
an effective interaction radius y, ff is assigned
to the impinging atom, which is larger than the
Ne hard-sphere radius. Acoustic surface waves
can only be excited for wavelengths larger than
this value z, fq, equivalent to a specific cutoff
wave vector K,=m/r, qq This cor.responds to the
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linear dispersion found for group B, where the
observed value of K, leads to an effective inter-
action radius of x,ff =3 A. The model therefore
suggests that the incident Ne atoms impact
against approximately five ¹iatoms in the close-
packed Ni(111) surface, in good agreement with
a value of approximately four surface atoms de-
duced from the angular and velocity distributions
of argon atoms scattered from a polycrystalline
tungsten surface. " As the magnitude of the en-
ergy transfer increases beyond the critical value,~ = V,K„coupling to acoustic surface waves
is no longer possible. The surface acts as an
assemblage of flat cubes of face size related to
r, ff which reflect the impacting atoms without
parallel momentum transfer and move normal to
the surface with velocities corresponding to the
surface temperature. Only the normal velocity
component of the scattered atom is changed on

impact, registering an increase (decrease) de-
pending on whether the cube face is moving up
(down) at the moment of collision; thus neon
atom energy gains (losses) are found for scatter-
ing angles towards (away from) the surface nor-
mal.
. The picture emerging for large energy transfers

coincides fully with the hard-cubes model" that
has been used widely and successfully for the
interpretation of the lobular structure of heavy
atom scattering from a metal surface. The pres-
ent results in fact justify the main assumption of
the cubes models (viz. ~=0) and mark its range
of validity against the limit of single-phonon
models. The crucial parameter is the effective
interaction radius ~,ff, which depends on the
mass ratio, the impact energy, and the electron-
ic screening properties. If ~,ff is smaller than

the surface unit cell dimension, single-phonon
effects are expected to dominate. This is, e.g. ,
the case for the scattering of He from a ¹(111)
surface, where no momentum cutoff is observed. "
In contrast, for heavy atom scattering one ex-
pects" y, ff »a, so the contribution of surface-

wave excitation will be negligible and a cubes
model will describe the interaction satisfactorily.
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