
VOLUME 27, NUMBER 4 PHYSICAL REVIEW LETTERS 26 JULV 1971

Observation of Quantum Effects in the Spectrum of Piezoelectrically

Amplified Acoustic Flux in GaAs
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(Received 19 May 1971)

Using x-ray scattering, we have made the first observations of the spectrum of acousto-
electrically amplified phonons in the quantum limit, where the conduction-electron sys-
tem obeys quantum statistics and the observed phonon wave vector q is comparable to the
electron Fermi wave vector kF. In GaAs samples with degenerate carrier distributions,
we observe a dramatic quantum anomaly consisting of an abrupt decrease in phonon gain
for q larger than 2kF.

Using x-ray scattering, we have made the first
observations of the spectrum of acoustoelectrical-
ly amplified phonons in the quantum limit, i.e.,
where the electron system obeys quantum or de-
generate statistics and where the phonon wave
vector is comparable to the wave vector of an
electron on the Fermi surface.

We observe a Kohn-type anomaly, ' i.e., a dra-
matic decrease in acoustic gain for acoustic
wave vectors q larger than twice the radius of
the electron Fermi sphere, k F. This occurs be-
cause, in an electron gas obeying degenerate
statistics, phonon emission with simultaneous
conservation of energy and momentum between
the initial and final electron states is not possible
for q+2kF.

We observe this acoustic gain anomaly in GaAs
with a dc electric field present; in the absence
of the dc field, the electron-phonon coupling
causes acoustoelectric attenuation, and the anom-
aly appears as an abrupt decrease in attenuation
for q ~ 2k F. This type of anomaly occurs in any
crystal with degenerate conduction electrons,
i.e., in piezoelectric semiconductors, nonpiezo-
electric semiconductors, and metals. (In non-
piezoelectric crystals, the coupling is via the
deformation potential. ) For a general Fermi sur-
face, the gain anomaly occurs at the same point
as the Kohn' velocity anomaly. As discussed be-
low, the gain anomaly is much stronger than the
previously reported velocity anomaly. '

Thermal shear waves were acoustoelectrically
amplified'4 by applying a pulsed dc electric field
of 150 V/cm along the [011]direction of a GaAs
epitaxial layer. The epitaxial layer, which was
n type and doped with selenium, was 10 p.m thick
and was grown on a semi-insulating GaAs sub-
strate. The sample temperature was 20 K and
the free-electron concentration was 1.35 X10"
cm '; hence, the free electrons obeyed degener-
ate statistics. The Hall mobility of the epitaxial
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FIG. 1. Experimentally observed acoustic intensity
versus acoustic wave number for fast transverse waves
in the [011] direction. The symbol A indicates the
point where q = 2kF.

layer was 5000 cm'/V sec. The sample resis-
tance was Ohmic during the first microsecond of
the pulse; the current then decreased' 20% as a
result of the acoustoelectric interaction with the
intense acoustic flux.

The acoustic intensity as a function of q was ob-
tained by measuring the scattered x-ray intensi-
ty as a function of sample orientation'; this mea-
surement involved scanning over the (400) GaAs
reciprocal lattice point, along the [011]direction,
by rotating the crystal through the Bragg angle 8
and keeping the detector fixed at 28. Cu Ko., x
rays were used, and were incident on the sample
1 mm from the positive contact.

Figure 1 shows a typical spectrum. The sharp
drop in intensity at q = 3.2 x 10' cm ' (indicated
by A) occurs at a phonon wave vector equal to
twice the radius of the electron Fermi sphere.
The primary peak at q = 1.85 x10 cm ' occurs at
the wave vector of maximum net gain; the net
gain is the acoustoelectric gain minus the non-
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electronic acoustic losses u ~„,. The secondary
peak at q = 2.7 x10' cm ' is attributed to paramet-
ric upconversion, and subsequent linear amplifi-
cation, of lower frequency modes.

We now discuss a quantum calculation of the
acoustic attenuation due to piezoelectric coupling
to a degenerate gas of electrons in the absence
of a dc electric field. A dc field when present
serves to displace the electron distribution in
momentum space, causing the sign and/or mag-
nitude of the attenuation to change. However, we
expect the shape of a curve of acoustoelectric at-
tenuation versus wave number to be relatively un-
changed by the application of a dc field for the
range of fields and material parameters used in
our experiments. Several semiclassical Boltz-
mann-equation analyses" of the acoustoelectric
gain have shown that, for ql »1, where l is the
electron mean free path, the electric field chang-
es the magnitude and/or sign of the gain, but not
its dependence on q.

The acoustoelectric attenuation is found from
the electrical conductivity o'(q, m)':

where K is the electromechanical coupling con-
stant, 4

eo is the real dielectric constant of the
medium, and ~ is the acoustic angular frequency.
The conductivity &'(q, e) is found from a single-
particle density-matrix calculation. Plane-wave
electron eigenfunctions are assumed. Electron
collisions with impurities and lattice imperfec-
tions are described by a relaxation time 7. The
diffusion current due to spatial bunching of the
electrons is included. The treatment of the dif-
fusion current follows that of Greene et al. in
their calculation of the magnetoconductivity ten-
sor. Several previous density-matrix calcula-
tions neglected the diffusion-current contribution
to the conductivity. "'" Only the results are giv-
en here; a more detailed analysis will be the sub-
ject of a later publication. The total conductivity
o'(q, &u) is given by

and where

A(x) = (k p' ——,'x') in[(k F +-,'x)/(-,'x —k F) ]+xk F,

q„'= —2m&ad/Kq —q+i2m/Sqr, q~'=q '+2q.

In the above equations 0, is the dc electrical con-
ductivity and m is the electron effective mass.

Figure 2 shows the linear acoustoelectric at-
tenuation constant as a function of acoustic wave
vector calculated from Eqs. (1) and (2). The
acoustic intensity, which is plotted in Fig. 1, de-
pends exponentially on the gain constant. The
material parameters used to calculate Fig. 2 are
those of the sample discussed in connection with
Fig. 1; no adjustable parameters were used.
The calculated attenuation shows the marked de-
crease at the point marked A, where q=2kF
=3.18x10' cm '. The wave vector of maximum
attenuation occurs at q=2.4x10' cm '=v 3qFT,
where q Fr is the reciprocal screening length'
for an electron gas obeying quantum statistics:
q Fr= v 3~~/vF, with &u~ the plasma frequency and
vF the Fermi velocity.

The observed wave vector of maximum intensi-
ty, q, of Fig. 1 is about 25% less than the cal-
culated wave vector of maximum acoustoelectric
attenuation. However, q represents the wave
vector of maximum net gain; since n&„, increas-
es with wave vector, q,„must be less than the
wave vector of maximum acoustoelectric gain.
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1 +Z(dT GL ~' (qcr)' ' L, +i &uTL,
'

L, =(3m c2/45 qkF3)[A(q ') —A(q&')],

3m c 2 |2 kF+pq

FIG. 2. Calculated acoustic attenuation, alpha, due
to acoustoelectric coupling versus acoustic wave num-
ber for the fast transverse waves in the lll0] direction
of GaAs. The symbol A indicates the point where q
= 2kF. The carrier density and electron collision time
are assumed to be 1.35x 10 7 cm and 0.02x 10 ~ sec;
zero electric field and degenerate electron statistics
are assumed.
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The decrease in acoustic gain for q ) 2kF is re-
lated to the acoustic velocity anomaly seen in

metals by Brockhouse, Rao, and Woods, and

predicted by Kohn. ' However, the gain anomaly
is much stronger than the velocity anomaly. The
velocity and gain depend on Re@(q, &u) and Ime(q,
u), respectively, where Re@(q, u) is the real
part of the dielectric response function e(q, &u)";

e(q, &u) is related to the conductivity by e(q, &u) = I
+ o(q, ~)/4vicu T.he velocity anomaly appears (in
the absence of collisions and at zero tempera-
ture) as a logarithmic singularity in sRee(q, ~)/sq
at q = 2k F, the gain anomaly appears as a dis-
continuity in Ime(q, ~} at q = 2kF, and hence the
singularity in elms/Sq is stronger than that in
S Res/Sq. When collisions are included, the de-
rivatives of e(q, ~) are large but finite at q = 2k F,

but the gain anomaly is still found to be much

larger than the velocity anomaly.
The large value of &e(q, &u)/&q at q= 2kF can be

traced to the sharpness of the Fermi sphere
coupled with the requirement of conservation of
energy and momentum. Anything that reduces
the sharpness of the Fermi sphere (such as finite
temperature or carrier concentration inhomo-
geneities) or that relaxes the conservation re-
quirements (such as collisions} will reduce S~(q,
cu)/Sq at q = 2k F, this in turn reduces the rate of
change, with respect to q, of the acoustoelectric
gain near q = 2k F. The anomalies are increasing-
ly difficult to see as the temperature is increased
or the scattering time is decreased.

For the range of parameters found in degener-
ate semiconductors, the attenuation or gain ano-
maly at q = 2k F is a sensitive measure of the Fer-

mi surface; the attenuation anomaly is also a
sensitive probe to determine the Fermi surface
of metals but the difficulties of observing attenua-
tion or gain at q = 2k F in metals are considerable.
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Schultz and J. W. Woo. We are also indebted to
N. S. Shiren, E. Burstein, M. Pomerantz, J. A.
Armstrong, and J. F. Woods for helpful discus-
sions, and to D. R. Vigliotti for expert experi-
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