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Helium-atom time-of-flight spectra taken at 69-meV incident energy in scattering from Pt(111) show
energy-loss peaks that cannot be assigned to one-phonon transitions, but are qualitatively explained by
simple formulas for the multiphonon processes in the classical limit. This assignment is supported by
trajectory-approximation calculations that correctly reproduce the experimentally determined density of

states of Pt(111).

PACS numbers: 63.20.—e, 68.35.—p, 79.20.Rf, 82.65.My

The elementary collision processes leading to the ac-
commodation and sticking' of closed-shell atoms on met-
al surfaces are still not well understood. It is generally
accepted that electron-hole pair excitation is very im-
probable and that phonon interactions are the dominant
mechanism for incident energies up to at least 100 meV.>
Most previous surface scattering experiments can be
classified into two categories: (1) single-phonon inelastic
scattering involving mostly He atoms with the aim of
measuring surface-phonon dispersion curves,® and (2)
classical-limit inelastic scattering involving heavy atoms
or molecules (e.g., Ar, NO) where a significant fraction
of the initial kinetic energy is lost.* The latter experi-
ments can be largely explained using simple dynamical
models such as the hard-cube model' or classical trajec-
tory calculations.® To gain more insight into the details
of multiphonon interactions we have carried out helium-
atom-scattering (HAS) experiments under conditions in-
termediate between these two extremes.

For measuring the surface-phonon dispersion curves of
metals, typically He atoms with incident energy E;
=10-40 meV are used, and the scattered atoms are ana-
lyzed by their time of flight (TOF). Under these condi-
tions, the single-phonon processes dominate or at least
can be clearly resolved above the multiphonon back-
ground. It is usually assumed that this background is
structureless in the region where one-phonon transitions
occur. Thus, for a given set of incident and final scatter-
ing angles, a sharp peak at energy transfer AE and
momentum transfer AK in the surface plane can be as-
signed to the creation (AE < 0) or annihilation of a sin-
gle surface phonon. Sharp multiphonon energy-loss
features, in the form of overtones of a nearly dispersion-
less Einstein oscillator, have been observed only in the
scattering from rare-gas overlayers® and molecular ad-
sorbates.”’

In this Letter we present new He TOF spectra for a
clean Pt(111) surface, taken at E; =69 meV, which show
both one-phonon peaks and characteristic multiphonon
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peaks not previously recognized as such. These multi-
phonon peaks trace out an apparent dispersion curve
which could be interpreted as a new kind of excitation.
We show, however, that they can be explained qualita-
tively by an adaptation of the Brako-Newns® semiclassi-
cal formula for energy and momentum exchange in the
trajectory approximation (TA). We also present a full
quantum-mechanical TA calculation that accounts for
both one-phonon and multiphonon processes.

The HAS-TOF apparatus has been described in detail
in Ref. 9. By expanding the He from high pressure of
about 100 bars through a small nozzle of 10 um diame-
ter, at a source temperature of 320 K, we obtain a He
beam with a velocity spread of typically 1.2%-1.5%.
The angle 6,4 between the incident and outgoing beams
was fixed at 90° and different momentum transfers were
obtained by rotating the crystal. The Pt(111) single
crystal was prepared in situ at about 5x10 ~'! mbar un-
til a clean single-crystal surface as characterized by
LEED and a cylindrical-mirror Auger analyzer was ob-
tained. Pt(111) was chosen for this exploratory study
because the one-phonon scattering has recently been ex-
tensively studied both theoretically and experimentally.®
All data presented here were taken along the (110) az-
imuth at a surface temperature of T=160 K.

Four representative TOF spectra, transformed to an
energy-transfer abscissa, are shown by the histograms in
Fig. 1. All spectra show a sharp elastic peak at AE =0
which is caused by scattering from surface defects.'® At
6, =40.2°, there is an inelastic peak, marked by a cross,
that is attributed to the creation of a single surface pho-
non. With decreasing incident angle, however, the in-
elastic peak, marked by a circle, shifts to larger energy
transfers which extend to well beyond the maximum pos-
sible for single-phonon excitations. The explanation of
these anomalous peaks is our main concern here.

Each TOF spectrum represents the scattered intensity
along a “scan curve” through the (AE,AK) plane. For
the fixed-angle 6,4 =90° apparatus used here, the scan
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FIG. 1. (a) Scan curves and phonon spectrum; (b)-(e) den-
sity of scattered He atoms as a function of energy transfer AE
for Pt(111) in the (110) azimuth. Incident energy E; =69
meV; surface temperature 7 =160 K. Each scan curve, shown
by a dotted line in (a), corresponds to a scattered density dis-
tribution in (b)-(e); a multiphonon maximum is marked by a
circle, a one-phonon maximum by a cross. In (a) we also show
the Rayleigh phonon RW and the longitudinal surface reso-
nance LR (continuous lines), and the maximum one-phonon
energy (line with shading). In (b)-(e) we show the experi-
mental data (histograms), the Brako-Newns approximation
(dashed lines), and the TA calculation (continuous lines).

curve is given by

_ | Ging;+AE/k;)? i

AE =E; (1)

cos26;
The scan curves for the four TOF spectra in Fig. 1 are
shown in Fig. 1(a). They facilitate the assignment of the
observed energy-loss features in relation to the one-
phonon spectrum, which is also shown in outline.

TOF spectra have been measured for 6; between 28°
and 43° at intervals of 1° or less. The results are sum-
marized in Fig. 2(a) by contour lines of equal scattered
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FIG. 2. Contours of equal scattered He density 7 in the
energy-transfer—-momentum-transfer plane, for the same sys-
tem as in Fig. 1. (a) Experiment; (b) theory in the Brako-
Newns approximation. I(AE,AK) changes by a factor of 2
from one contour to the next. The dotted lines in (b) show the
same scan curves as in Fig. 1(a). Circles and crosses mark
maxima, as explained in the text.

particle density. Further, circles mark the location of
anomalous maxima, such as those in Figs. 1(c)-1(e),
and crosses mark the location of other inelastic maxima,
such as that in Fig. 1(b). Two apparent dispersion
curves are suggested by these data. The crosses extend
from the origin out to the zone boundary at 1.51 A ™!
with a maximum AE of 12 meV, in agreement with the
known surface-phonon branches.® The circles, on the
other-hand, extend to much larger energy transfers, into
the region with AE > 25 meV where single-phonon exci-
tations are no longer possible. We show below that these
anomalous maxima arise from multiphonon processes. It
is interesting to point out that a similar anomaly was
observed by Feuerbacher and Willis for Ne/Ni(111)
scattering but was incorrectly attributed to a cutoff
effect.!!

As discussed by Weare, 12 one can estimate that multi-
phonon processes are negligible when W <1, where W is
the Debye-Waller exponent for an impulsive He-surface
collision:

W=[24uT(D+E;cos?0,)1/ksT53 . 2)

Here u is the ratio of the He mass to that of a surface
atom (assuming a monatomic surface), D is an effective

3161



VOLUME 66, NUMBER 24

PHYSICAL REVIEW LETTERS

17 JUNE 1991

surface well depth, and T is the effective surface Debye
temperature. For He/Pt(111), 1 =0.0205, Tp =231 K,
and D=12 meV.'3 Thus our experiments are in a
range (0.9 < W < 1.05 for the curves of Fig. 1) where
one-phonon peaks are still clearly visible, but multipho-
non processes have greater integrated intensity. In the
forced-oscillator model, the n-phonon intensity is
e 2W(@2w)"/n!.'* For W =1, this Poisson formula gives
0.135 for the elastic, 0.271 for the one-phonon, and
0.594 for all the rest of the intensity.

Thus we need to go beyond the one-phonon theory in
computing the probability of transferring energy AE and
lateral momentum AK to the He atom during the col-
lision. In the classical TA this probability, which we
denote by N(AE,AK), is a Gaussian centered at the
average energy and momentum transfers, AE and AK.'’
To estimate AE, we use the Baule formula,' which is ob-
tained by approximating the surface scattering with an
atom-atom (He-Pt) collision that conserves momentum
parallel to the surface:

= — M
(+up)?

We also take AK =0, although this is strictly true only at
normal incidence. We still need the width of the Gauss-
ian, which we take from the work of Brako and Newns.?
Using the assumption that 7> Tp and that the process
is dominated by low-frequency phonons belonging to a
single surface-phonon branch with linear dispersion wg
=pQ, these authors obtain

[E;cos?6,+D]. 3)

(AE —AE)*+2h%02AK?
4k T|AE|

N(AE,AK)=Ngexp | —

4)

with No=h20?/(zkszT|AE|)*?. We found that Egs. (3)
and (4) give a good explanation of the anomalous peaks,
with only v as an adjustable parameter. We have taken
hv=12.5 meV A, which is the velocity of the longitudi-
nal resonance (LR), shown in Fig. 1(a). This surface
resonance is known to have a high spectral density® and
lies in the middle of the phonon spectrum.

The detected beam density at angle 6, s
I=02M(E;+AE)1"2cos6; N(AE,AK), with AE and AK
related by Eq. (1). This quantity, with IV given by Eq.
(4), is plotted as a dashed line in Figs. 1(b)-1(e). Also,
the contours of equal I in the (AE,AK) plane are plotted
in Fig. 2(b) for comparison with the experimental con-

1

I'R,t)=
2h?

3 J drdeFi0, o) oure ) FrRie =),

tours of Fig. 2(a). For a given 6; the contours of a prod-
uct of Gaussian distributions along the AK and AE direc-
tions are, of course, ellipses. However, AE changes with
6; according to Eq. (3), and the contour lines shown in
Fig. 2(b) are obtained by joining equal- points on each
scan curve. It can be seen from Fig. 2(b) that the obser-
vation of maxima in the energy-loss spectra which are
shifted away from AK =0 is in fact due to a kinematic
effect. The scan curves, shown by dotted lines for the
representative spectra of Fig. 1, cross the equal-I con-
tours at about 45° and thus produce broad maxima
which lie along an apparent dispersion curve differing
from the one-phonon dispersion curve.

We still must show that the simple Brako-Newns-
Baule formula has a significant range of validity in the
(AE,AK) plane in our case, which is rather far from the
classical limit.'® The Gaussian approximation, although
good for large AE and AK and fair on the average, could
smooth out some sharp structures. Also, the Brako-
Newns estimate of the Gaussian widths is valid for
T/Tp > 1, while in our case T/Tp =160/231; finally, the
Baule formula is only a rough estimate.

We have carried out a full TA calculation that is
based on the published Pt(111) surface-phonon density
of states and He-surface interaction and thus has, in
principle, no adjustable parameters. We outline the
method here, with emphasis on its new features.

We denote with u; the displacement of a surface atom
from its equilibrium position R;. We expand u; in the
operators bgq; and baj that annihilate and create a pho-
non characterized by the lateral wave number Q (in the
x-y plane) and by the branch index j, and we denote the
phonon frequencies by wq;. A trajectory of the He atom
is characterized by the impact parameter R, which can
be regarded as the starting (x,y) position on a reference
plane far from the surface. As it moves along its trajec-
tory, the He atom exerts a force F;(R,?) on the /th sur-
face atom. The effective Hamiltonian for the collision
can then be written as

H(R,t)=§hw0,b5,bm+2[:u,-F,(R,z). (5)
J

The explicit form of the forcing functions F;(R,¢) will
be specified below. H(R,?) describes a set of forced har-
monic oscillators and defines an exactly soluble problem.
The resulting distribution N(AE,AK) is simply the
Fourier transform in R and ¢ of expll'(R,r) —2wW],
where I'(R,?) is linearly related to the correlation func-
tions <w;(1)u,;(:')). Explicitly,

(6)

W is, in principle, the exact Debye-Waller exponent and 2W =T"(R =0,z =0).

When explI'(R,?)] is expanded as 1+T'(R,z)+ - - -, we see that the term linear in " gives the one-phonon processes.
Thus we are able to fix T'(R,¢) by imposing that it must yield the same cross section for the one-phonon processes as the
distorted-wave Born approximation. In this way we determine F;(R,?), or equivalently,

F(Q,w) ___eiQ'RlfFI(R,t)ei(wl—Q'R)dt dR ,
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which does not depend on /. In the case of the Pt(111)
surface, where the static corrugation is negligible, the
eigenfunctions of the static He-surface potential V are of
the form x(z)e®'R. For the transition from K; to
K;+AK and from E; to E; +AE, we identify Q with AK
and Aw with AE. Then

F(Q,w) =fz’f (2)F(Q,z)yi(2)dz ,
where
F(Q2)=e' @™ [v,ve "@R4R.

The dependence on @ comes from the fact that y, de-
pends on the final perpendicular energy. When V is a
sum of pairwise potentials, F(Q,z) is the Fourier trans-
form of the pairwise force between the He atom and a
surface atom.

In the application of this method reported here, we
have used F(Q,w) =(2+iQ/B)F.(Q), where

|F.(Q)|?=@8m/h>)(E;cos?6;+ D) exp(—Q%/02) ,

with =183 A~! and Q.=0.57 A~'. This model in-
teraction, corresponding to hard-wall matrix elements
for specular reflection modified by a Gaussian factor that
accounts for softness, has proven successful in explaining
the inelastic scattering from smooth (111) metal sur-
faces at lower incident energies.® The results are given
by the solid lines in Fig. 1. They have been normalized
to the data at 6, =35.0°. In all four spectra of Fig. 1,
the full TA calculation provides a better fit of the shape
and of the relative intensities than the Brako-Newns-
Baule formula.

The extra intensity seen in the data close to the in-
coherent elastic peak can be attributed mostly to in-
coherent inelastic scattering. The feature apparent at 8
meV in the spectrum of Fig. 1(e), and present in other
spectra not shown, is consistent with a surface phonon
having AK on the second Brillouin-zone boundary. Our
present TA calculation does not extend this far in AK.

In conclusion, we have been able to explain new
energy-loss features occurring at incident He energies
only slightly greater than those optimum for single-
phonon coupling: They are due to multiphonon process-
es. From an experimental point of view, our findings
show how to identify and subtract the multiphonon
“background,” thus opening the way to a more accurate
determination of the one-phonon intensities. From a
general theoretical point of view, we are able to fully de-
scribe the abrupt transition from the extreme quantum
limit, where the one-phonon processes dominate the TOF
spectra, to the classical limit. We have identified a

characteristic and general signature of the energy-loss
spectra that is present in this intermediate regime. Fi-
nally, we note that the new version of the TA described
here makes it possible to investigate the technologically
important processes of sticking and accommodation on
clean surfaces with a theory based on a realistic descrip-
tion of the surface-projected phonon density of states.
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