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Quantum Oscillations in the Surface-Acoustic-Wave Attenuation
a Two-Dimensional Electron System
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The interaction of surface acoustic ~aves with a two-dimensional electron system is investigated
on GaAs/Ga~ „Al„As heterojunctions at low temperatures ( T 4. 2 K) and high magnetic fields
10 T). Surface acoustic waves are propagated through the heterojunction containing a high(
mobility two-dimensional electron gas and situated between the emitting and receiving transducers.
The interaction between the two-dimensional electron system and the surface acoustic wave produces strong quantum oscillations in the sound attenuation and the sound velocity which can be
quantitatively explained.
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in quasi twointeraction
The electron-phonon
dimensional electron systems (2DES) in metal-oxidesemiconductor or semiconductor heterostructures has
attracted much attention in recent years. The interaction between optical phonons and a 2DES has been
resonances'
and the
studied via magnetophonon
resonant magnetopolaron observed in cyclotron resonance experiments. ~ 3 The theoretical description of
this interaction is rather advanced. 4 Similarly successof the interaction
ful has been the investigation
between ballistic acoustic phonons and a 2DES via the
deformation potential. s Here we report a first experimental study of the influence of a 2DES in a
piezoelectric semiconductor structure on the propagation of coherent surface acoustic waves (SAW). The
experiments show that the complete quantization of a
2DES in a strong magnetic field causes giant quantum
reflecting the
oscillations in the SAW attenuation
characteristic Shubnikov-de Haas oscillations of the
conductivity in a 2DES.6 We believe that our experiments not only are of fundamental interest but also
may provide the basis for novel devices using acoustoelectric phenomena in a 2DES.
A sketch of the sample and the experimental configuration is given in Fig. 1. The sample is a GaAsl
grown
by
Gat „Al„As (x = 0.37) heterojunction
molecular beam epitaxy on a Cr-doped semi-insulating
GaAs(100) substrate. The single-interface heterojunction consists of a l-p, m-thick, unintentionally
doped,
p-type GaAs layer (%„=2&&10t4 cm 3), a 20-nmthick undoped Gat „Al„As spacer, a 35-nm-thick n
type Gat „Al As layer doped with Si to a free-carrier
and a 20-nm-thick
concentration of 1.2x10
GaAs cover layer. At 4. 2 K the heterojurIction contains electrons at a concentration of 3.2&&10 cm
with a zero-field mobility of p, =517000 cm2/V sec.

cm,

Except for an area of 2X4. 5 mm2 in the center of the
sample, the Gat „AI„As is chemically removed. Surface acoustic waves are generated and detected at a
fundamental frequency of about 70 MHz with standard
transducers which are prepared directly
interdigital
onto the GaAs substrate on both sides of the central
area carrying the 2DES. SAW pulses of typically 1p, sec duration are propagated along the [011] direction
and analyzed in amplitude and phase by use of homodyne detection and standard boxcar integration techniques. 7 The sample is located at the center of a superconducting solenoid providing fields up to 12 T perpendicular to the sample surface.
The magnetic field dependences of the detected
SAW intensity and phase, measured at sufficiently low
SAW amplitudes
to avoid nonlinear effects, s are
shown in Figs. 2(a) and 2(b), respectively. For comparison Fig. 2(c) displays the magnetic field dependence of the conductivity cr (8) in the 2DES as extracted from measurements
of p (B) and p~(B),

t10

FIG. 1. Sketch of the GaAs/Gal

„Al As sample with intransducers (h. =39 p, m, 10 finger pairs) and dc
contact pads. The heterojunction layer is chemically removed except for the area indicated between the transducterdigital

ers.
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zation field, produced by the SAW and propagating
with phase velocity u, with the conductivity o. of the
two-dimensional sheet of charge situated at the heterointerface. a 'o
Since here the acoustic
junction

~

wavelength X =2vr/k is large compared with the thickness of the heterojunction
as well as the Fermi
~a~elength ~F and the mean free path I = vFT of the
carriers in the 2DES, one can neglect the acoustic
loading by the Gai „Al„As layer as well as nonlocal
effects. In the weak-coupling limit and with neglect of
diffusion effects, one obtains for the attenuation coefficient I and the change in SAW velocity normalized
to the velocity up= u(o.
respectively, 8 'p
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FIG. 2. Magnetic field dependence of (a) the SAW i«enthrough the
sity I/Ip and (b) phase after transmission
single-layer heterojunction at T = 4. 2 K. The phase signal is
calibrated in units of velocity change Av/up. (c) The conon a referductivity a. as extracted from measurements
NAGNETlC
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ence Hall bar fabricated on the same wafer. Since fT increases dramatically with decreasing 8 belo~ 1 T and is
a(B=O) =2.6x10 2 (0/ ) ', this region has been omitted for clarity. The dotted lines in (a) and (b) indicate a fit
from (c),
according to Eqs. (1) and (2) using cr

(rM=4x10

7

(0/

),

and

n=3. 2x10

measured on a Hall-bar sample fabricated on the same
wafer. At low magnetic fields (8 & 1 T) the SAW intensity and phase are nearly constant, whereas
as expected for a high-mobility
drops dramatically
heterojunction. For 8 & 1 T both the SAW intensity,
or equivalently
the attenuation,
and phase exhibit
characteristic structures which coincide in position
with the Shubnikov-de
Haas oscillations of a. (8).
One remarkable feature of the quantum oscillations in
the SAW attenuation is that they appear to split at
higher magnetic fields whereas no such splitting is observed in either the phase signal or the conductivity
o. (8) of the 2DES. As it turns out, the occurrence
of this splitting yields a sensitive test for a theoretical
description of the magnetic field dependence of the
SAW attenuation as does the fact that the magneticfield —induced SAW attenuation appears not to exceed
a value of I" = 2. 2 dB/cm.
The interaction of the SAW with the 2DES can be
described as a relaxation-type interaction of the polari-

a(8)-

/cr

(1)

)' '

Here n is an effective piezoelectric coupling coefficient
and eo and e, are the dielectric constants of the vacuum and the semiconductor.
Using recent literature
values for the [011] direction of a (100) GaAs surface" one expects a = 3.6 x 10 4 and o- = 3.3 x 10
(0/&) '. Equation (1) predicts that with decreasing
conductivity o- the SAW attenuation increases until a
maximum is reached when o. =o. . For even lower
values of o. I decreases again. This is in good agreement with the experimental observation. For a given
quantum oscillation in a. (8), where o. (8) drops
e.g. „ the one around 8 7 T, the sound atbelow
tenuation reaches two maxima with increasing 8 as
predicted by Eq. (1) if one uses o. =a. (8). The
magnetic field dependence of the observed intensity
I/lo and velocity change Av/vp are well described by
Eqs. (1) and (2), respectively, if we use the experimental cr (8) [Fig. 2(c)] and n and o. as fit parameters. The results are entered as the dotted line in Figs.
2(a) and 2(b), respectively. This fit to the experimeno. =4x10 7 (0/Cl) ' and n
tal data yields
= 3.2x 10 4. Both values agree reasonably well with
the ones predicted above with use of data from a pure
GaAs surface. However, there are minor differences
between the experimental observation and the simple
theory that are consistently observed. For example, at
low magnetic field we observe a change in I/Ip and
Av/up that is not predicted by the above theory. For a
given quantum oscillation that exhibits splitting, the
low-field minimum in I/Ip is always smaller than the
high-field minimum.
The maximum attenuation also
seems to increase with magnetic field. To describe
these observations a more refined theoretical model is
needed. If, at a given 8, we vary o- (8) either by
changing the sample temperature or by changing the
carrier density n, via illurnation with band-gap radia-

cr,

=

PHYSICAL REVIEW LETTERS

VoLUME 56, NUMaER. 19

tion, Eqs. (I) and (2) qualitatively correctly predict the
observed changes of the quantum oscillations in the
SAW attenuation and phase.
At higher SAW intensities, as in Fig. 2, we observe
changes in the SAW attenuation that are consistent
with carrier heating in the 2DES by the SAW Figure
3 illustrates these power-dependent
effects for the
oscillation in the intensity occurring at
quantum
around 3.7 T. With increasing SAW power the maximum in I/lo occurring when a (8) is very low
[a. (8) &( cr ] is decreasing whereas the double
minima in I/Io decrease their separation on the 8 scale
until they merge at high SAW intensities lo. To relate
these changes in I with changes in o. (8) we have
measured the change of rr (8) at the highest power
level in Fig. 3 in a time-resolved pulsed experiment,
using the contact pads on the sample. We use short
SAW pulses (
I p, sec) and a low repetition rate
100 Hz) to avoid thermal heating of the whole
(
sample. The change that is observed in rJ (8) by application of the high-power
rf pulse is Err (8)
=2~10 ' (0/ ) ' and consistent with the change
measured in I (8). Within the time resolution of the
I p, sec) the response in a (8) to the
experiment (
SAW pulse is instantaneous. We thus conclude that at
high power levels the SAW pulse causes carrier heating in the 2DES which decreases the mobility'2 and
thus the minima in a (8). This "phonoconducti~"
response in turn decreases the minima in the SAW at-

—

—
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tenuation. At these high-power levels we also detect a
magnetic-field-dependent
voltage between two contact
pads situated along the long side of the sample, when
source and drain contacts are shorted. This indicates
the occurrence of an acoustoelectric current in the
2DESs and will be discussed in detail elsewhere.
In summary, we have observed quantum oscillation
in the SAW attenuation and phase which are caused by
the interaction of the SAW with a 2DES. The interaction is well described by a simple theory in the smallsignal limit. At large SAW intensities we observe
SAW-induced changes in the conductivity as well as
saturation effects in the SAW attenuation, both of
which can be explained by hot-electron effects. Our
experiments demonstrate that SAW measurements are
a sensitive probe of changes in the magnetoconductivity of a 2DES at magnetic fields, where a (8) becomes very small. Since the occurrence of
) 0
correlates with the occurrence of plateaus in o~(8),
i. e. , the quantum
Hall effect, '3 SAW studies may
prove valuable for a better understanding of the quantum Hall effect. One can also expect novel phenomena in the propagation of SAW through a 2DES, when
the electron drift velocity uD exceeds the SAW velocity or when the electron mean free path I exceeds the
SAW wavelength A. . Thus far the SAW experiments
reported here mark only the beginning of a novel area
of experiments on semiconductor structures with a
2DES and may eventually result in new acoustoelectric
devices employing a 2DES.
We wish to thank A. V. Chaplik and B. Luthi for
stimulating discussions. The financial support of the
Deutsche Forschungsgemeinschaft
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