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Single-phonon helium-atom scattering from Au(111)
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We recently reported on preliminary surface-phonon-dispersion data for Au(111) obtained by helium

atom scattering fM. Cates and D. R. Miller, J. Electron Spectrosc. Relat. Phenom. 30, 157 (1982}I. We

report in this paper additional scattering data, inelastic scattering probabilities, and a comparison of our
spectra to theoretical calculations.

The use of low-energy helium atom scattering as a probe
of surface phonons has been well substantiated for LiF. '

For metals the published results have been preliminary' ',
results on Ag(111) with excellent resolution have recently
been obtained. ' We have chosen to work with a very
smooth metal surface to reduce the complexity of the
scattering problem due to resonant coupling of the phonon
processes to diffraction channels. It may then be possible
that a perturbative calculation would be applicable and that
the effect of the conduction electrons on the effective in-

teraction potential for the single-phonon scattering of heli-
um atoms can be assessed.

Our apparatus and procedures have been described previ-
ously. For these experiments a cooled helium source was
used to provide a beam resolution of 3'/o [full width at half
maximum (FWHM)] and a mean energy of 22 mev. The
crystal was oriented with low-energy electron diffraction
(LEED) and the cleanliness verified with Auger. We have
not been able to observe helium or hydrogen diffraction
reproducibly, and we have put an upper limit on the diffrac-
tion probabilities of 10 '. Integration of the scattering
under the specular peak, 1.2' F%'HM, accounts for 40-80'/0
of the incident beam intensity depending upon whether one
assumes out-of-plane symmetry about the specular peak.
Since most of the incident beam intensity is accounted for
in these systems it seems possible that quantitative values
for the differential scattering cross sections can bc obtained.

Figures 1 and 2 show two examples of our raw time-of-
flight data, while Fig. 3 shows the dispersion curves for the
bottom of the bulk bands and for the Rayleigh surface
mode, along the (112) direction. The two theoretical
curves represent lattice calculations by Black' and Nizzoli.
The data, from several runs, were obtained by fitting thc
leading edge of the inelastic time-of-flight peak. The scatter
in these data is one measure of our uncertainty in determin-
ing the leading-edge position (as well as our reproducibility).
Another is indicated by the error bar sho~n in Fig. 3 near
the zone edge. This error bar indicates the best timing ac-
curacy, 1 p, sec, of which our electronics is capable. In Figs.
1 and 2 we have shown the numerical time-of-flight curve
generated from thc theoretical Rayleigh phonon dispersion
curves shown in Fig. 3. These numerical fits were generat-
ed with use of the measured incidcnt-beam velocity and an-
gle distributions, scattering from the Rayleigh phonons of
the crystal with a probability given by the solid line in Fig.
4, and passage into the detector with kinematic constraints
determined by the usual single-phonon, in-plane conserva-
tion equations, using only the first zone about specular.
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FIG. 1. Time-of-flight data for Ha on Au(111) in the (112)

direction. 8, -65.0', 8, -50.0', E; =21.9 meV, T, =140 K. The
solid lines are numerical results using the dispersion curves of Black
and Nizzoli. The incoherent elastic peaks are to the right ~

The incoherent elastic background peaks (the smaller peaks
at longer times) were fitted with the measured elastic time-
of-flight spectrum and can be easily subtracted from the ine-
lastic spectrum. Figure 2 is representative of our worst
signal-to-noise data. Figure 1 is a compromise between our
best signal-to-noise ratio and good separation from thc clas-
tic background.

We have placed indications on Fig. 3 for the Rayleigh
phonons which would be responsible for the data in Figs. 1

and 2. In Fig. 1, the scattering intensity at smaller arrival
times (due to higher-frequency phonon annihilation) not
modeled by Rayleigh scattering is a clear indication that
there is significant contribution to the scattering at this a&, 0
because of bulk phonons. The bulk-phonon contribution to
the data nearer the zone edge (Fig. 2) is reduced because
the gap between the Rayleigh phonons and the bottom edge
of the bulk modes is larger near thc zone edge, and, ir-
respective of polarization, we expect the cross section to di-
minish rapidly with ao, as shown in Fig. 4. Rayleigh pho-
nons are expected to contribute significantly to the scatter-
ing under our conditions because they have the desirable e,
polarization and they contribute significantly to the total dis-
placement amplitude at the surface. Calculations by Nizzoli
have indicated that the Rayleigh contribution to the peak in-
tensity of our data varies from about 40/0 to 80/0 as we

28 3615 1983 The American Physical Society



3616 M. CATES AND D. R. MILLER 2$

move toward the zone edge.
Because the bulk-phonon contribution is not well separat-

ed from the Rayleigh phonon scattering, the best measure
of the Rayleigh phonon dispersion curve is the leading edge
of the time-of-flight spectrum (the edge nearest the elastic
peak). As indicated in Figs. 1 and 2 the dispersion curve of
Nizzoli provides the best prediction of this critical part of
the time-of-flight spectrum. This was generally true in all of
our fits and we would therefore suggest that the Nizzoli
curve shown in Fig. 3 is the better Rayleigh dispersion
curve for the Au(111) surface.

Figure 4 shows the experimental, inelastic scattering pro-
babilities we have obtained by convolution with the Ray-
leigh phonon curve from six independent sets of runs, each
normalized by the specular peak. The solid line is a mean
of these data, indicating a rapid falloff of cross section near
the zone edge. The average value of the ratio of the specu-
lar intensity to the incident beam intensity is 0.20. Since, as
we noted above, bulk phonons could also contribute, these
probabilities may be high.

Finally, in Fig. 4 we have shown as a dashed curve the
computed relative scattering probability based on the
single-phonon calculation of Cabrera, Celli, Goodman, and
Manson:
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FIG. 2. Time-of-flight data for He on Au(111) in the (112)
direction. 8&-65.0', 8, 39.7', E& = 21.8 meV, T, -140 K. In-

coherent elastic peaks to the right,
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FIG. 3. Dispersion curves for He on Au(111). Solid curves are
the Rayleigh modes, dashed are the bottom of the bulk bands. The
experimental data are obtained by fitting the leading edge of the
time-of-flight curves. Arrows show conditions of Figs. 1 and 2.
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FIG. 4. Deconvoluted peak intensities of single-phonon annihila-
tion, assuming Rayleigh phonons, normalized by specular intensity.
Dotted line is the theoretical curve; solid line is the mean of the
data points.
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where the nomenclature is identical to that given in Ref. 9. For a soft exponential repulsion of the type V = e '~ the ma-
trix element is

h a(Elcos 'Hf ~L,vo~Ejcos (); ) = [PrP;sinh(mPr)sinh(wP;) 1
'

cosh w y
—cosh n p';

%e have taken e~ = g/(I, 'o and the softness parameter a to
be 1.75A '. The cross section was calculated for Rayleigh
phonon annihilation only, with use of Nizzoli's dispersion
curve, with surface temperature=140 K, incident energy
=22.0 meV, and incident angle=65'. The curve was fitted
to the data at co=5.0x10" sec ' to assess the relative ao

dependence.
As Fig. 4 shows, this cross section fits the data very well

except near the zone edge, where the experimental probabil-
ity decreases rapidly. This may be due to the softness of
the repulsive potential or to the conduction electrons
smoothing the lateral potential (reducing the corrugation)
for large displacements near the zone edge. Additionally,
for a quantitative comparison, future analysis should include
not only the bulk modes, but the Debye-Wailer factor as

I

well as the Beeby correction for the attractive well.
Although additional data with better resolution are desir-

able to clearly separate the bulk-phonon contribution, espe-
cially at low ~, we feel these data are consistent with a sig-
nificant Rayleigh phonon interaction. Under the assump-
tion that this is true, the data then determine the position of
the Rayleigh phonon dispersion curve to within the accuracy
indicated by Fig. 3 and, to within factors of 2, give the
correct scattering probabilities.
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