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point phenomena in 'He- He mixtures, such as
recently reported by Alpern, Benda, and Leider-
er,"may help to elucidate this behavior. Be-
cause our own measurements from initially
phase-separated mixtures are not yet complete,
we reserve until a later time a discussion of a
direct intercomparison of that data.

In conclusion, we have shown that there is no
anomalous behavior in the dynamics of homogene-
ous binary phase separation near the tricritical
point of 'He/ He mixtures.

We have benefitted from conversations with
L. J. Campbell, K. Kawasaki, W. E. Keller, J. S.
Langer, and J. L. Lebowitz. This work was sup-
ported by the U. S. Department of Energy.
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The thermal diffuse background between diffracted electron beams has been analyzed
with high-energy resolution. The main contribution arises from a surface phonon single-
scattering event. The surface phonon dispersion is measured along the I'-A direction,
and compared with theoretical models.

PACS numbers: 68.30.+ z, 79.20.Kz

Fifteen years ago Webb and co-workers' in-
vestigated the scattering of electrons with a ki-
netic energy of several hundred electronvolts
from clean silver surfaces, and concluded that
the background between the diffraction spots was
predominantly caused by phonon scattering. A
theoretical discussion of single-phonon inelastic
processes was provided by Roundy and Mills. '
Sharp features in the energy spectrum of elec-

trons due to the excitation of surface phonons
were predicted with additional broadbands aris-
ing from bulk phonons. Despite substantial im-
provements in high-resolution electron-energy-
loss spectroscopy, the predicted phonon losses
were not observed hitherto since previous high-
resolution spectrometers were restricted to im-
pact energies too low for an effective phonon
scattering cross section, except for the special
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situation when dipole scattering could be exploit-
ed. ' A recent series of calculations' show that
as the electron energy is raised from a few elec-
tronvolts to a few hundred electronvolts, the in-
elastic cross section consists of a background
value which rises monotonically with increasing
energy, upon which the fraction structure is
superimposed; the cross sections can be appre-
ciable near the high end of this energy range.

In this Letter we report the first high-resolu-
tion (-7 meV) energy-loss spectra from a sur-
face with high impact energies (180 and 320 eV).
Spectra taken on a Ni(100) surface show that be-
tween diffracted beams the scattering is mostly
inelastic phonon scattering, dominated by a
single-surface-phonon loss. The good signal-to-
noise ratio in the spectra allows an accurate
measurement of the dispersion relation of the
surface phonon. The results reported here thus
show that with appropriate choice of primary en-
ergy, electron-energy-loss spectroscopy may be
used to probe the vibrational properties of clean
surfaces throughout the two-dimensional Brillouin
zone. The data are compared with theoretical
studies of phonon dispersion curves, and spectral
density calculations. We find good agreement be-
tween the data and simple lattice-dynamical mod-
els.

Simple Debye -Wailer-f actor considerations
show that the total probability for a 200-eV elec-
tron to be inelastically scattered by a phonon is
of the order of 20%, for ¹ at 300 K. However
the inelastic events are distributed in momentum
and energy, and only a small fraction of the tar-
get current arrives at the detector in an experi-
ment which resolves energy and momentum. Our
experiments were performed by using a double-
pass electron spectrometer as described earlier, '
with a lens system which was modified to bring
the focal plane closer to the sample. Thereby
the acceptance angle was enlarged. The remain-

0

ing resolution in momentum was Eg
~~

~ 0.01 A

for an impact energy of E, =180 eV and an energy
resolution of -7 meV. Single-crystal Ni(100) sur-
faces were prepared by following conventional
procedures. This involved cycles of annealing
and sputter cleaning until carbon and sulfur were
leached off the entire sample. During the meas-
urements, the vacuum was maintained in the
10 "Torr range. Surface structure, orientation,
and cleanliness were controlled with use of low-
energy electron diffraction and Auger spectros-
copy.

The scattering geometry is illustrated in the
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FIG. 1. Peak positions of the loss spectra vs q]~.
Data represent two sample runs for impact energies of
180 and 322 eV. The solid line is the dispersion curve
calculated from the nearest-neighbor central-force
model, with force constant chosen to fit the bulk phonon
spectrum. The dashed line is with a 20% increase in
the force constant between the first and second layers.

inset of Fig. 1. Electrons were collected with a
fixed polar angle of -70' along the [110]azimuth
(I'-X direction) while the impinging beam was
rotated between polar angles yielding (01) and (00)
diffracted beams. Phonon losses were found in
the entire range between (01) and (00) positions.
Higher count rates were obtained, however, when
the phonon dispersion curve along I -X was meas-
ured taking the (01) position as the I' point. This
is easy to understand since the phonon scattering
cross section contains a factor [(k ' -k& ') .u]', '
with k' and k ~ the wave vector of the initial
and scattered electrons, respectively, and u the
vibrational amplitude. This factor is about 3
times larger at the (01) position than at the (00)
position, for the geometry described above.

Sample spectra with q~~= ~k~~' -k '-G~,
=0.4 A ' and q~~

= 1.26 A ' (X point of the two-
dimensional Brillouin zone) are shown in Fig. 2.
One sees sharp features corresponding to phonon
loss and gain in both spectra. The inelastic sig-

0
nal is much larger for q]~=0.4 A '. This is part-
ly due to the difference in k ~ -k ~. The larg-
est effect, however, is from the statistical factor
[n(u) +l](1/e) and n(&u)(1 je) for phonon loss and
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gain, respectively, with n(~) = [exp(hen/kT) —1] '.
Because of this factor, and because of the im-
provement in the resolving power of the experi-
ment when both phonon loss and gain are strongly
excited, all measurements were made with the
crystal at room temperature rather than at low
temperatures. Higher temperatures would have
brought about further improvement in the signal,
but with the danger of faster contamination of the
sample. Typical recording times of the spectra
were 25 min, with 20 sec sampling time for each
channel. Thus an entire dispersion curve can be
measured in a one-day shift. For an accurate
determination of the surface phonon frequency,
the data were digitally smoothed and the peak
positions were determined by a least-squares fit
with Gaussians. The precision of the procedure
is about +2 cm ' (6 x10" sec ') and thus com-
parable to the precision of neutron scattering
from bulk phonons. The q, ~

scale was calibrated
with the diffracted beams and is assumed to be

FIG. 2. Sample spectra for qit=0.4 A and 1.26 p
P7 point), as obtained with a beam energy of 180 eV.
Data are digitally smoothed. The sampling time was
10 sec per point. Note that the elastic diffuse scatter-
ing is relatively small. The solid lines in (a) and (b)
are the spectral densities for the vertical motion of
atoms in the first layer. The dashed line in (b) repre-
sents the spectral density of the parallel motion weight-
ed with the ratio of (kgi )—kg( )) /(k~( )—k~( )) .

accurate to *0.02 A ' in between
The peak positions as a function of q ~~

are plot-
ted in Fig. 2, and we find that the data coincide
closely with that of the S4 surface phonon dis-
cussed first by Allen, Alldredge and de Wette. '
The solid curve in Fig. 2 is the dispersion rela-
tion of this mode, as given by the simple nearest-
neighbor central-force model, with its single
parameter adjusted to fit the maximum bulk ¹i
phonon frequency, and no changes in force con-
stants for the surface. The fit is remarkably
good, save for a small discrepancy near X. If
the force constant which couples atoms in the
first layer to those in the second is increased
20% to mimic a modest inward relaxation of the
surface layer, then the dashed curve is obtained.
This fits the data throughout the two-dimensional
Brillouin zone even more closely. Black, Camp-
bell, and Wallis' have explored a more sophisti-
cated model with angle-bending interactions in-
cluded, and the frequency they calculate atX for
S, (with no changes in surface force constants)
is indicated by an arrow in Fig. 2. The result is
in remarkable accord with the data, so that it is
not clear if surface relaxation need be invoked.
On the basis of the dispersion curve alone, we
have no means of deciding which of the above two
pictures most correctly describes the surface
region. We favor the possibility of a small in-
ward contraction of the surface layer on physical
grounds, and so subsequent considerations here
will be based on the nearest-neighbor model,
with stiffened force constant (20%) between the
first and second layer.

In addition to 84, for which the atomic displace-
ment at X is normal to the surf ace in the outer-
most layer, ' we have a shear polarized surface
phonon S, (u parallel to surface and perpendicu-
lar to q~~). Selection rules applicable to the im-
pact scattering regime4 show that this mode is
forbidden to scatter in the present geometry, and
we find no evidence for it in the data. A third
mode, S„exists near X and is allowed (displace-
ment in surface layer parallel to q ~~

and to the sur-
face), but the kinematical argument outlined
above suggests the S, excitation cross section is
smaller than that for S, by a factor of 25, at X.
We comment further on this below.

We have carried out a series of spectral den-
sity calculations, similar to those reported ear-
lier for the (111) surface, "to explore the in-
fluence of S4 on the frequency spectrum of the
surface layer vibrations, along the line from I"

to X. Since S4 lies very close to the appropriate
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bulk phonon continuum" throughout a substantial
portion of this region of the zone, it is not clear
a Priori if it provides the dominant feature in the
spectral density; bulk vibrations may possibly
contribute prominently in this circumstance. '
The solid lines in Fig. 2(a) are calculations of the
frequency spectrum of fluctuations in the dis-
placements normal to the surface for wave vector

0

q i,
=0.4 A ', for atoms in the outermost substrate

layer. We have used the nearest-neighbor cen-
tral-force model, with the force constant between
first and second layer stiffened by 20/& for the
reason discussed above. The prominent peaks
are produced by the S4 mode; the structure is
broadened by introducing an imaginary part of
6 cm ' to the frequency, and as this damping rate
is decreased, the peaks produced by S, narrow
accordingly. One also sees a wing on the high-
frequency side of the S~ mode with origin in the
bulk phonon continuum. This is reproduced in
the data. In Fig. 2(b), the features at +139 cm '
are again produced by the S, mode (atx), which
has only a normal component of displacement at
that point. We also show a calculation of the fre-
quency spectrum, at X, associated with displace-
ments parallel to the surface, and to q ~~. The
peak in the theoretical spectrum at 252 cm ' is
associated with the 8, mode, and a feature ap-
pears in the data near this frequency. It is not
clear if the feature in the data is truly S„an
estimate of its intensity with kinematical theory
suggests that the line should be weaker by one
order of magnitude, and the mode would be un-
observable if this estimate were correct. Also,
the count rate in this region of the loss spectrum
is too low for the precise position and line shape
of this feature to be determined in an unambigu-
ous fashion.

Measurements of surface phonon dispersion for
LiF and Au with inelastic scattering of helium
atoms' ' have been reported earlier. Although

the energy resolution obtained with this technique
is higher than in electron scattering, the atomic
beam method can so far be used only for non-
reactive surfaces, and the frequencies of the

phonons so studied are restricted by the low en-
ergy of the beam. In electron spectroscopy,
there are no such constraints. It is thus possible
to study the dispersion of high-frequency ad-
sorbate vibrations. Such data on ordered oxygen
overlayers on Ni(100) have been obtained, and
will be reported in a subsequent publication.
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