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We demonstrate the efficiency of scattering of reflected light from shear bulk acoustic
phonons, acoustoelectrically amplified in the frequency ran0'e of 0.2 &f & 2 GHz in GaAs
and CdS. Bulk-phonon-induced surface ripples, as opposed to fluctuations in the dielec-
tric constant, are shown by several experiments to provide the dominant scattering
mechanism.

The conventional mechanism for the Brillouin
scattering of light involves phonon-induced fluc-
tuations of the dielectric constant in the medium. '
In this Letter, we shall present evidence for a
competitive mechanism, the scattering of light by
bulk phonon-induced mechanical perturbations or
ripples on the surface of the solid. This mecha-
nism is revealed by a study of the scattering of
reflected light. Such a technique is particularly
useful for phonon studies in opaque materials,
where we found the ripple mechanism to be com-
pletely dominant, at least for low-frequency shear
waves (&few gigahertz).

For light-scattering studies in opaque materi-
als, it is first necessary to distinguish' between
the scattering of reflected light and the conven-
tional bachtvard scattering of the penetrating corn
ponent of the incident light. There are of course
similarities: Both occur in the same optical con-
figuration; when the absorption coefficient is very
high,

'"' both involve a very small interaction
length which relaxes the requirement of wave-
vector conservation for the components perpen-
dicular to the surface, thereby broadening the
Brillouin lines. The distinction between them
comes primarily in their dependence on the re-
flectivity of the material.

After we show that we are dealing with scatter-
ing of reflected light, we will consider the extent
to which mechanical ripples or dielectric fluctua-
tions are responsible for spatially modulating the
reflection of light and producing an effective sur-

face grating. A major portion of our experiments
were designed to distinguish between these two
possibilities.

Source of phonons and their identification. The-
difficult problem in Brillouin scattering experi-
ments with opaque materials is to detect the very
small fraction of inelastically scattered light. A
recent solution was provided by Sandercock's de-
velopment of the high-contrast, multipass Fabry-
Perot interferometer. "However, we have tak-
en a different approach. We exploited the tech-
nique of acoustoelectric amplification of phonons
from the thermal background to enhance" great-
ly a select portion of the acoustic-phonon spec-
trum in the frequency range 0..2 to 1.5 GHz. '
High-voltage pulses were applied to rectangular
samples of GaAs and CdS at 300 K, to produce in-
tense beams of shear phonons propagating in a
narrow cone of -10' along the length of the sam-
ple, ~' in the [110]direction in GaAs or perpen-
dicular to the c axis in CdS. ' The amplified pho-
nons form propagating domains -1 mm wide,
which produce a pulse-modulation signal" when
the domain passes the spot of focused light. The
signals and their angular dependence can be de-
tected by a Si photodiode. A single-pass, Fabry-
Perot interferometer was used to obtain the Bril-
louin components and thus determine the phonon
frequency at any scattering angle. '" All inter-
ferometer studies were made with a single-mod-
ed Ar+ laser.

It was essential to discriminate between light
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scattering from the amplified bulk acoustic pho-
nons and from surface acoustic phonons" which
could be generated at surface irregularities by
conversion from the bulk phonon domains. "
%here bulk- and surface-phonon velocities are
different, the distinctions could easily be made
from group-velocity measurements of the domain
and from phase-velocity determination from the
phonon-f requency measurements. Otherwise, es-
pecially in CdS, it was necessary to quench se-
lectively the surface-phonon domains by thin
strips of Duco cement applied on the surface.

Reflected-light scattering studies were made
on surfaces parallel to the phonon beam and also
at an angle of 60' to the beam. In both cases the
direction of scattering was governed purely by
conservation of the wave-vector components par-
allel to the incident surface, 0

II
=k

II
+ Q'I( here,

k' and k' refer to the wave vectors of the incident
and scattered light, and q to the phonon wave vec-
tor. At any angle of incidence of light, signals
were observed on either side of the reflected
beam, corresponding to Stokes and anti-Stokes
components. This type of scattering, providing
direct proof of a very small interaction length,
was applicable at any value of the absorption co-
efficient, and even for nearly complete trans-
parency (1.06-pm radiation on GaAs). For such
scattering, phonons of any frequency can contrib-
ute, ' provided only that they have the appropriate
component qII. Although this permits great broad-
ening of the Brillouin line in the Fabry-Perot
scan, we observed only instrument-limited lines
(- 50 MHz) because the beamlike quality of the
amplified phonons limits the range of available
q s.

Distinction beheeen reflected light scatteri-ng
and backscattexing. —Backscattering is maxi-
mized when ref lectivity is suppressed, which oc-
curs when light is incident at the Brewster angle.
On the other hand, for reflected-light scattering,
the scattered intensity is proportional to the re-
flectivity, specifically to its dependence on direc-
tion of polarization and the angle of the scattered
light. This is demonstrated in Fig. 1, which
shows data at A = 5145 A for the dependence on in-
cident angle of I, /I, ', the ratio of scattered-
light intensities for polarizations perpendicular
and parallel to the plane of incidence. Experi-
ments were made on (a) polished GaAs, (b) a
thin opaque layer (-2-300 A) of aluminum evapo-
rated across a narrow section of the GaAs sur-
face, and (c) CdS. The results are characteris-
tic of the optical properties of the reflecting ma-
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terial. In each case, the data fit well with the
solid curve which represents the intensity ratio
I~ /I„, for the reflected light calculated at the
scattering angle.

Evidence for a ripple mechanism. —The results
obtained with aluminized surfaces on GaAs pro-
vide prime evidence for a ripple mechanism. On
bare GaAs surfaces, the scattering efficiency
was found to vary with the surface orientation.
Yet, for each surface, the scattering efficiency
on an aluminized segment was always proportion-
al to that for the bare surface, in each case great-
er by the same factor of 2.3, which is the mea-
sured ratio of ref lectivity of aluminum to GaAs
at the angle of measurement. Furthermore, the
Fabry-Perot scans on both surfaces showed the
same phonon phase velocity, indicating that the
aluminum film was being driven by the phonons
in GaAs. These results can only be explained by
a transmission of the rippling of the GaAs sur-
face to the very thin aluminum layer. Any fluc-
tuations of the dielectric constant on the GaAs
surface could not have been transmitted through
the aluminum in such a simple fashion.

2—
I

I I I I I I

IO 20 50' 40 50 60
ANGLE OF INCIDENCE

FIQ. 1. Reflected-light scattering intensities on sur-
faces of (a) QaAs, (b) aluminized layer on QaAs, and
(c) Cds for bulk acoustic waves. Ratio for perpendicu-
lar and parallel polarization elixninate various common
angular factors and reveal calculated dependence on
reQectivity shown by solid lines.
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Other evidence comes from analysis of the se-
lection rules for scattering. For an elasto-optic
mechanism and the geometry used for both GaAs
and CdS, the polarization of the scattered light
should have been rotated by 90 with respect to
that of the incident light. Within experimental
accuracy (s 5%), we could see no contribution
corresponding to rotation of polarization. This
result is consistent with scattering of reflected
light from a rippled surface.

A final test was the spectral dependence of the
scattering efficiency on CdS. It is known that for
the elasto-optic mechanism there is a strong
resonant contribution to the scattering on the
transparent side of the absorption edge, "at X

& 5145 A at 300 K. A similar sharp resonance is
to be expected'~ on the absorbing side for this
mechanism. However, we found negligible varia-
tion of the scattering efficiency (I, /Is) for Ar'
laser lines between 5145 and 4579 A, a range in
which any resonant contribution should have man-
ifested itself strongly.

Analysis of scattering from ripples The .—theo-
ry of the scattering of reflected light from a pe-
riodic ripple of amplitude 6 has been given by
Lean" for a single-frequency surface acoustic
wave. The peak intensity scattered in various
orders is I, =IsZ '(o, ), with n =I(&k)„I5, where
(hk)„ is the normal component of the change in
the photon wave vector. For n «1, the Bessel
function J(n) = (a'/2) /(m!). We have tested the
applicability of such a relation to the ripples
formed by the bulk acoustic waves. To take into
account the broadband character of the amplified
acoustic flux, we insert a factor for the band-
width of phonons that can be detected by the fixed
aperture defining the collection optics. The fre-
quency bandwidth decreases as cosg with increas-
ing scattering angle g. Our aperture imposes no

limitation on detecting the angular spread of pho-
non wave vectors.

Figure 2 shows the dependence of I, on incident
angle of light for phonons of frequency f = 275
MHz in GaAs. Both positive and negative orders
are shown for both parallel and perpendicular po-
larizations of incident light. The measurements
shown were made at the 5145 A on the (110) face.
The solid curves represent the modified theory.
A good fit to the angular dependence is obtained
for ~ = 1, indicating that only first-order scatter-
ing enters here. To fit both positive and negative
orders, it was necessary to determine I& at the
scattering angle. Similar results were obtained
at other phonon frequencies and on various sur-
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FIG. 2. Comparison of experimental data and theory
for angular dependence of (+) and (-) first-order
(Stokes and anti-Stokes) scattered-light intensities,
for parallel and perpendicular polarizations.

faces of GaAs, both bare and aluminized, as well
as on CdS.

Effective values of 5 can be estimated from I, /
I&. Obviously, this ratio depends on the band-
width determined by the hperture, on the degree
of phonon amplification, and on the scattering ef-
ficiency for each surface. We could readily de-
tect values of I, /Is ~ 10 7 for GaAs for a band-
width of 75 MHz in the amplified phonon cone.
This corresponds to 5 ~ 0.1 A.

Although the dominance of the ripple mechanism
of reflected-light scattering is demonstrated by
every experiment described here, this dominance
may not persist to very high acoustic frequencies.
For a given acoustic energy density, which can
be taken to be proportional to (f5)', we can ex-
pect the ripple amplitude to vary as 1/f and hence
the scattering efficiency to fall off as 1/f'.
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Supposed Failure of the Boltzmann Equation in Nb
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Serious doubt is cast on Allen's claim that the anomalous high-temperature electrical
resistivity of Nb cannot be accounted for within the framework of the Boltzmann equation.

The lowest-order variational solution of the
Boltzmann transport equation completely neglects
the energy dependence and anisotropy of the elec-
tronic relaxation time, ~, and results in a con-
stant-volume ideal electrical resistivity, p(T),
which is linear in temperature, T, for T&eD (the
Debye temperature). ' After correction for ther-
mal expansion, this behavior is indeed observed
for some metals, notably the alkalis, ' but in most
cases there is an appreciable deviation from lin-
earity (d.f.l.), as in Nb, for example, where the
measured resistivity' shows a pronounced nega-
tive deviation. In an attempt to explain this
"anomalous" behavior, Allen4 calculated the elec-
trical resistivity of Nb taking into account two of
the three mechanisms that had been proposed for
d.f.l. He assumed that' ~(e) is inversely propor
tional to the electronic density of states, N(e),
and calculated the latter and the electronic veloc-
ity v(e) from a Slater-Koster fit to the augment-
ed-plane-wave (APW) band structure computed
by Mattheiss. ' He then corrected the resulting
resistivity in an ingenious way to account for the
effect of shifts in the phonon spectrum with tem-
perature. %hen the calculation failed to repro-
duce the observed behavior of p(T)/p(eD) for T
& 80 Allen concluded that a third mechanism,

"saturation" of the electronic mean free path at
high T leading to a breakdown of the Boltzmann
equation, must be responsible for most of the
d.f.l. observed in Nb. The purpose of this Letter
is to point out that such a drastic conclusion is
unwarranted, in view of the large number of un-
certainties contained in the calculation. Indeed,
had Allen's calculation agreed with experiment,
this might have been taken as an indication that
the approximations made in the calculations were
reasonable and that the band structure used mas
sufficiently accurate for the problem, or alter-
natively, that a fortuitous cancellation of errors
had occurred. However, lack of' agreement
proves nothing about the validity of the Boltzmann
equation, because of the general uncertainties in
the calculation. These we mould like to discuss
under four headings,

(1) Reliability of the band structure calcu-lation.—Allen derived his electronic parameters from
the band structure calculated by Mattheiss, ' mho
employed the full Slater -exchange approximation
corresponding to 0.= 1 in the Xe method. The
work of Kohn and Sham' suggests that a more ap-
propriate value of cy might be 3 and in recent
times various values of a between 0.6 and 1 have
been employed in band-structure calculations.


