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The interaction between surface acoustic waves and quasi-two-dimensional inversion electron sys-
tems on GaAs/Al„Ga& As heterojunctions is investigated in high magnetic fields and at low tem-
peratures. The interaction of the surface acoustic wave with high-mobility inversion electrons leads
to strong quantum oscillations in both the transmitted surface wave intensity as well as in the sound
velocity, rejecting the quantum oscillations of the magnetoconductivity as a function of an applied
magnetic field. We study the dependence of thip interaction on the magnetic field and on the
surface-acoustic-wave power and frequency, and discuss the results using simple models. The
inhuence of slight spatial inhomogeneities in the carrier density on the line shape of the quantum os-
cillations is analyzed in detail and related to their inAuence on the quantum Hall effect. First exper-
imental results on the interaction of surface acoustic waves with two-dimensional electron systems
in gated heterojunctions providing an adjustable carrier density are presented.

I. INTRODUCTION

Quasi-two-dimensional electron systems (2DES) as
realized in space-charge layers on semiconductors have
been studied extensively for about twenty years. ' Vari-
ous spectroscopic methods' as well as quasistatic
methods such as dc conductance, magnetocapacitance,
or measurements of the electronic specific heat have
been used for investigations of the electronic properties of
such a 2DES. The discovery of the integer quantum Hall
eff'ect (QHE) as well as the fractional quantized Hall
efFect (FQHE) led to a strong interest in the properties of
the 2DES in very-high-mobility samples in high magnetic
fields and at low temperatures.

Also the interaction between electrons in a 2DES and
acoustic phonons has attracted much attention. Direct
studies of phonon absorption and emission' by a 2DES
have been carried out with ballistic phonons at THz fre-
quencies. Here, we wish to review recent investigations
of the magnetically quantized 2DES using surface acous-
tic waves (SAW) in the radio frequency regime. "' Cor-
responding to the comparably low sound velocity, the
wavelengths A, of these lattice vibrations are in the 10 pm
range. We show that on piezoelectric semiconductors
such as GaAs the interaction between the SAW's and the
2DES in this wavelength range is dominated by the
piezoelectric field accompanying the SAW's. Thus our
experiments may be regarded as intermediate between
spectroscopic investigations of the 2DES using mi-
crowave radiation' and quasistatic transport experi-
ments. As it turns out, electron SAW interaction is very

sensitive in the regime of very small conductivities 0..
Hence our experiments are very well suited to study the
2DES in situations where its conductivity is very small.
This is the case at high magnetic fields in the QHE re-
gime near integer filling factors v of Landau levels or at
8 =0 near inversion threshold. On semiconductors, sur-
face waves have previously been used to study surface
properties' taking advantage of the fact that the SAW is
concentrated only within a relatively thin layer at the
sample surface.

In Sec. II of this report, we first give a short review of
some main aspects and features of surface acoustic
waves' on piezoelectric semiconductors like GaAs.
Then we will model the 2DES as a very thin conducting
layer on the surface of a piezoelectric insulator. In Sec.
III we briefIy describe the samples used and the experi-
mental techniques involved in our experiments. We will
discuss two diferent experimental techniques, one, in
which the SAW propagates directly on the semiconduc-
tor under investigation and another where the SAW
propagates on a strongly piezoelectric insulator in close
proximity to the sample studied. ' ' In the latter case, a
sandwich-type configuration is used, consisting of a
LiNb03 delay line and the GaAs sample under investiga-
tion. In Sec. IV we present and discuss our experimental
results. We first describe the influence of a magnetically
quantized 2DES on the transmitted SAW intensity and
sound velocity. We then quantitatively explain the ob-
served quantum oscillations using a relaxation-type mod-
el outlined in Sec. II. The next section focuses on the
power dependence of the interaction between a SAW and

7874 1989 The American Physical Society



SURFACE ACOUSTIC WAVES ON GaAs/Al„Ga& „As HETEROSTRUCTURES 7875

a 2DES. Here, we demonstrate that the 2DES can be
heated by the electric field of the SAW. Then we concen-
trate on the line-shape analysis of the observed quantum
oscillations and point out the importance of small spatial
inhomogeneities in the carrier density. This section is
followed by a brief discussion of the observed frequency
dependence of the interaction of a SAW and a 2DES. Fi-
nally, we present initial observations of this interaction in
gated heterojunctions. Here the carrier density in the
2DES can be controlled by a front gate electrode via field
effect.

II. SURFACE WAVES
ON PIEZOELECTRIC HETEROSTRUCTURES

Here c is the stiffness constant, e the piezoelectric con-
stant, and e the electric permittivity of the crystal under
consideration. The above "elastic" equation is Hooke's
law extended by the additional stress —eE due to the
piezoelectric effect. The "electrical" equation for D in-
cludes the electrical polarization eS produced by the
strain S. Generally the above equations have to be writ-
ten in tensor form, taking into account the anisotropy
arid the symmetry of the crystal and, for a SAW, its sur-
face. For simplicity, we restrict our discussion to the
one-dimensional model directly applicable only for longi-
tudinal bulk waves. Using

BS Bu BT Bu
Bx Q ()&

where u is the displacement amplitude in the x direction
and p the density of the material, one obtains a wave
equation for the problem, namely,

Bu e Bu eBD=c I+
Qf 2 Qg Q

2 (3)

Surface acoustic waves are modes of elastic energy
propagating along the surface of an elastic medium. The
displacement amplitudes essentially decay in an exponen-
tial fashion into the. bulk. Hence, the main energy Aow is
concentrated within a distance of the order of a wave-
length A, beneath the surface. The particle displacement
at and beneath the surface is elliptic, leading to an ellipti-
cal polarization of the wave.

Here we shall focus on the case where a SAW is propa-
gating on a semi-insulating piezoelectric semiconductor
such as GaAs, having near its surface a quasi-two-
dimensional electron system. We limit our discussion to
crystal cuts and propagation directions which are
piezoelectrically active, i.e., where the SAW is accom-
panied by an electric field. We will show that this
piezoelectrically induced field is the dominant cause for
the interaction between a SAW and a 2DES in hetero-
structures.

The basic equations of state that govern the propaga-
tion of elastic waves in a piezoelectric material connect
the mechanical stress T and the electrical displacement D
with the mechanical strain S and the electric field E. ' In
a simplified one-dimensional form these are

T =cS —eE and D =eS +eE .

CE Up

Usually E is less than 0.05 for all piezoelectric materials.
For surface waves, one obtains an effective coupling
coeScient K,z that differs slightly from the one derived
in Eq. (4) using bulk elastic constants since boundary con-
ditions at the crystal surface have to be taken into ac-
count. For a (100) surface on GaAs, with a SAW propa-
gating in the piezoelectric [011] direction, one finds
X', =6.4 X 10-'."

eff
The propagation of a SAW on a piezoelectric semicon-

ductor with homogeneous bulk conductivity o. has been
analyzed by several authors ' ' and we restrict ourselves
here to summarizing the essential results. The longitudi-
nal electric field E accompanying the SAW propagating
with the characteristic sound velocity can couple to the
mobile carriers in the material. This leads to induced
currents and results in Ohmic loss o.E . Since power is
transferred from the SAW, the wave will be attenuated.
Simultaneously, the sound velocity is altered by the
piezoelectric stiffening of the material. The attenuation
and the change. in SAW velocity as a function of the con-
ductivity o. in the case of a homogeneous piezoelectric
conductor are, respectively,

~ JC,s . (co, /co)r="
1+(co, /co)

2
AU +et 1

Uo 2 1+(~, /~)

Here, co, =o /(e, +E2) is the conductivity relaxation fre-

quency, e, and e2 are the dielectric constants of the
piezoelectric substrate and the half-space above it, respec-
tively. ' This conductivity relaxation frequency is the in-
verse of the time constant in which the electron system
relaxes from a perturbation by an external electric field
into its equilibrium distribution. If the ultrasonic fre-
quency co is much lower than co„ the carriers will be able
to redistribute rapidly enough to screen the external
piezoelectric field. If the frequency co is comparable or
larger than ~, this screening becomes less perfect and

Using this wave equation for homogeneous bulk materi-
als we now can discuss two limiting cases: If the material
is a very good piezoelectric conductor, with conductivity
o. = ~, the internal electric field has to vanish. Equation
(3) thus describes longitudinal sound waves in a medium
which appears to be nonpiezoelectric. The sound veloci-
ty then is vo =&c/p. If, on the other hand, the material
is a piezoelectric insulator, i.e., o. =0, Poisson's equation
requires BD /Bx =0. Then, Eq. (3) describes plane
waves in a medium with increased elastic constants
c'=c(1+e /ce) and thus U =&c'/p. This effect is
called piezoelectric stiffening and is used to define the
electromechanical coupling coefficient K as a measure of
strength of the piezoelectricity of a given material. Since
e /ce usually is a small quantity, it is convenient to
define the piezoelectric coupling coefficient

2(U —Uo)
K =
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finally at co))u, the piezoelectric field will be nearly the
same as for a corresponding insulator. Maximum at-
tenuation occurs at co=co, and piezoelectric stiffening is
observed only for cu ~ co, .

We now consider the case of a 2DES which we simply
model by a thin sheet of mobile carriers with sheet con-
ductivity o.o located directly on top of the crystal. The
thickness d of this conducting layer is assumed to be
much smaller than the wavelength of the SAW. Then the
longitudinal electric field of the SAW can only be
screened at the surface, i.e., z =0. This effect is illustrat-
ed in Fig. 1 where the normalized SAW electric potential
as a function of depth in the material for both cases
o-o=0 and o-o= ~ is shown. One clearly sees how the
SAW potential recovers with distance from the conduct-
ing surface. Equations (5) and (6) used above for the
homogeneous semiconductor apply here, too. The fact
that here the conductivity is restricted to a thin sheet re-
sults effectively in a modification of the relaxation fre-
quency u, . As shown by several authors this relaxa-
tion frequency co, now becomes dependent on the wave
vector of the SAW k =2m/A, . Now, only a thin conduct-
ing sheet of thickness d « A, and sheet conductivity
o.o=crd carries the induced currents. This is reAected in
an increase of the effective resistance by a factor 1/kd.
Hence, the conductivity relaxation frequency now be-
comes

ok
CO

6'i +E2

Thus, for the 2D case, the ratio co, /ro in Eqs. (5) and (6)
has to be replaced by the frequency-independent ratio
o /oM where o~=uo(e, +@2) and we have

2K,~ 1

1+(o ~/rr~ )
2

This is true for frequencies co(&1/~, where ~, is the
transport relaxation time of the 2DES. For these fre-
quencies o.o can be regarded as frequency independent.
Also, Eqs. (8) and (9) are restricted to the local regime,
i.e., d «k and I;„,(&k where I;„, is an intrinsic length in
the 2DES such as the electronic mean free path. Figure 2
illustrates Eqs. (8) and (9), i.e., the attenuation I per unit
length as well as the relative change hu /un =(u —vo)/vo
of the sound velocity as a function of the sheet conduc-
tivity o.~ of a 2D layer. For the special case of a (100)
GaAs surface with ks~w~~[011] the characteristic con-
ductivity o.M is about 3.3X 10 Qo '.

For conductivities O.o«o.M the attenuation per unit
length is proportional to the conductivity, for o.o))O.M
it is proportional to 1/sr~. The sound velocity changes in
a rather steplike fashion in the vicinity of oo=o.M be-
tween the two limiting cases discussed above.

Since our experiments are mostly carried out in mag-
netic fieMs applied perpendicularly to the heterojunction,
we have to consider the magnetic-field-induced anisotro-
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(bj
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DEPTH z/XgAg
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FICs. l. Absolute value of the SAW electric potential ~gsA~~

as function of depth into bulk in units of the SAW wavelength
Both cases of free (o.&=0) and metallized (cr&= ~ ) CxaAs

surface are depicted (after Ref. 37).

FIG. 2. Attenuation coe%cient I per unit wave vector k (a)
and change in sound velocity EU/Uo (b) in units of X,& as a func-
tion of the sheet conductivity o.& of the 2DES which is assumed
to be located on top of the crystal surface. The conductivity o.~
is given in units of o.M as defined in the text.
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py of the conductivity, expressed by the magnetoconduc-
tivity tensor. If the longitudinal electric field in the SAW
defines the x direction, the sheet conductivity o.z in Eqs.
(8) and (9) has to be replaced by the diagonal tensor com-
ponent o.„.We want to emphasize that here the interac-
tion between a surface acoustic wave on a piezoelectric
substrate and a 2DES is only described by the interaction
of the longitudinal electric Geld of the SAW with the
mobile carriers. This piezoelectric interaction can be de-
scribed completely classically and is of relaxation type.
The deformation potential interaction turns out to be
negligible in comparison to the piezoelectric interaction
for frequencies up to several GHz. Thus we omit it in
the discussion of our experiments.

III. KXPKRIMKNTAL NOTES

For our experiments we use two configurations with
the SAW either propagating on the heterostructure itself
or on a piezoelectric insulator brought in close contact to
the heterostructure of interest, as discussed in the follow-
ing. In a later section we will consider the experimental
requirements necessary to study gated heterojunctions
with SAW's.

A. Direct coupling

A sketch of a typical sample configuration used to
study the interaction of a SAW propagating on the semi-
conductor structure containing the 2DES is shown in
Fig. 3. We start with conventional GaAs/Al Ga, As
heterojunctions grown by molecular-beam epitaxy
(MBE) on a semi-insulating (100) GaAs substrate. A part
of the MBE-grown layer containing the high-mobility
2DES is chemically removed to define a conventional
Hall bar mesa. Indium diffused contacts allow us to
simultaneously measure p and p of the 2DES in a
magnetic field. On both sides of this mesa we fabricate
interdigital transducers forming a SAW delay line.
They are prepared directly on the semi-insulating GaAs
substrate to avoid capacitive coupling to the 2DES. The

crystal cut used here (i.e., (100) surface, [110] propaga-
tion) results in the highest achievable electromechanical
coupling coeKcient for surface waves on GaAs.

In the heterojunction, the thickness of the GaAs cap
layer, the Si-doped Al Ga& As layer, and the undoped
spacer add up to typically 100 nm and thus are much
smaller than the SAW penetration depth. Our experi-
ments are carried out at low temperatures (T S4.2 K)
and in high magnetic fields (B 5 12 T) applied perpendic-
ularly to the surface of the sample. The SAW delay line
operates at a fundamental wavelength X=p, where p is
the period of the interdigital transducer structure. As
sketched in Fig. 4 a radio frequency fo

= v /p is fed into
one of the transducers to generate a coherent and mono-
chromatic SAW. With short rf pulses (0.1—1 psec) we
periodically produce SAW packets at typical repetition
rates of 10 kHz that are transmitted through the hetero-
junction and detected after typical delay times of 2 psec
at the opposite transducer. Then they are amplified and
analyzed in phase and intensity using the experimental
setup as depicted in Fig. 4. The SAW intensity is record-
ed with a diode detector. The phase deviation due to the
interaction with the 2DES is obtained by homodyne mix-
ing using a phase-locked loop (PLL) that keeps the phase
difference between signal and reference constant by con-
trolling the generator frequency. This frequency change
is recorded and calibrated in units of velocity change, us-
ing b, v/v =(Af/f)l/L. Here I is the spatial separation
of the two transducers on the sample and I. is the length
of the interaction region, i.e., the length of the Hall bar
containing the 2DES. Standard boxcar integrating tech-
niques then provide signals proportional to the SAW in-
tensity and phase, respectively, as a function of the mag-
netic field B. A typical SAW intensity signal as measured
at the boxcar input is displayed in Fig. 5. By special
design of the transducers the excitation of higher har-
monics of the fundamental frequency fo is also possible.
This is illustrated in Fig. 6, where the frequency spectrum
of a typical SAW delay line on GaAs is depicted.

[10
PHASE

[011]

GENERATOR

MIXER

BOXCAR

FIG. 3. Typical sample geometry as used in SAW experi-
ments. On standard MBE-grown heterostructures we prepare a
Hall bar-shaped active mesa containing the high-mobility
2DES. Interdigital transducers are fabricated photolithographi-
cally directly onto the GaAs substrate. The inset shows a sec-
tion of a transducer. The SAW wavelength A, is given by the
periodicity p of the transducer (from Ref. 11).

SAMPLE

TE TO N ENS Y

FIG. 4. Schematic diagram of the experimental setup used to
investigate the interaction between a SAW, and a 2DES as ex-
plained in the text. The sample is located in the center of a su-
perconducting solenoid at low temperatures.
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FIG. 7. Sketch of a sandwich system consisting of a
Y-cut, Z-propagating LiNb03 SAW delay line and a
GaAs/Al„Ga& As heterostructure. The sample is pressed face
down onto the piezoelectric substrate on which the SAW propa-
gates. Interaction with the 2DES is mediated via the SAW elec-
tric field, which penetrates into the heterostructure sample
(from Ref. 17).

FIG. 5. Typical oscilloscope trace of the received SAW in-
tensity signal as measured with the diode detector. At time A

the emitting transducer launches a short SAW packet (0.2—1

psec) which reaches the receiver at time 8. The signals at 8 can
be separated from the electromagnetic pickup by use of stan-
dard boxcar integrating techniques.

B. Proximity coupling

Proximity coupling is another useful technique to ob-
serve the magnetoacoustic interaction between a SAW
and a 2DES. ' ' In this case the SAW is excited not on
the heterostructure sample itself but on a separate
piezoelectric substrate which is brought into intimate
contact with the heterostructure. For this purpose we
use Y'-cut, Z-propagating LiNb03 delay lines, which have
a very high electromechanical coupling coefficient
(K,It=0.048). Such an arrangement is shown in Fig. 7.
The heterostructure sample is mechanically pressed face

down on top of the delay line. If the air gap between the
delay line and the heterostructure sample is considerably
smaller than the wavelength of the SAW, the SAW elec-
tric field can penetrate into the sample and interact with
the 2DES. This system is acoustically mismatched, so
that the SAW propagates on the LiNb03 substrate only.
For such a sandwich arrangement the characteristic con-
ductivity cr~ in Eqs. (8) and (9) has to be replaced by a
modified o-M depending also on kzo, where zo is the
thickness of the air gap. ' The interaction between the
SAW electric field of the delay line and the 2D electrons
of the sample vanishes exponentially with the distance be-
tween the two components. Nonetheless, with a reason-
able air gap zo of a few pm and SAW wavelengths of
some 10 pm, the observed quantum oscillations in the
amplitude and phase of the SAW signal are of the same
order as those measured directly on GaAs. This is due to
the fact that the coupling coe%cient IC,& entering Eqs. (8)
and (9) is now that of LiNb03 being bigger than that of
GaAs by 2 orders of magnitude.

28.6
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I'

C

cj

gAW QAYELENGTH (gm)
14.3 9.5 7.2 5.7 4.8

I I I I I

(100) CiaAs

[011] propag.

f =85.1MHz

1;
'jl

100

I

200 300 400
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FIG. 6. Transmitted frequency spectrum of a SAW delay line
having transducers with period p =33 pm as used in our experi-
ments. Higher harmonics of the fundamental frequency fo can
also be generated.

C. Gated heterostructures

We also study the interaction of a SAW and a 2DES in
gated heterostructure samples. By the use of a front gate
electrode and a gate voltage between this gate and the
2DES one is able to deplete the 2D channel of mobile car-
riers. The use of a front gate, however, directly affects
the effectivity of the SAW technique. As shown in Sec.
II, a metallized surface shortens the electric field of the
SAW, and thus suppresses the interaction with the 2DES
close to the surface. One can avoid such detrimental
effects by either using back gates or gating across a
thinned LiNb03 delay line. The latter techniques, how-
ever, usually limit the tunability of the carrier density in
the 2DES and often cause problems with respect to
homogeneity of the depleted 2DES. Hence we choose a
gating technique where the front gate is kept at a certain
distance from the 2DES. A suitable spacer is an insulat-
ing photoresist film of thickness d =100—500 nm with
the gate electrode on top of it. Here, the surface wave
propagates at the interface between insulator and sample
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surface. Since the gate plane then is above the GaAs-
resist interface, we expect the SAW field at the plane of
the 2DES to be screened much less than it would be by a
gate on the GaAs surface itself (see Fig. 1). Initial experi-
mental results using gated heterostructure samples are
given in Sec. IV E.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Quantum oscillations in the SAW propagation

As shown in Sec. II, SAW's are most sensitive to a con-
ducting surface layer at relatively low sheet conductivi-
ties o.~=o.I. Therefore SAW experiments are appropri-
ate to study reg™esof low dynamic conductivity o of
a 2DES that occur at low temperatures in quantizing
magnetic fields 8 or, at 8 =0 T, near inversion threshold.
In high magnetic fields the magnetoconductivity o of a
high-mobility sample exhibits strong Shubnikov —de Haas
oscillation, caused by the complete quantization of the
energy spectrum of the 2DES. Deep minima of o are
observed whenever the Landau level filling factor
v=X, h /eB, where N, is the areal electron density in the
2DES, is close to an integer i (i = 1,2, 3, . . . ). Simultane-
ously the Hall resistance p becomes quantized, i.e.,
p =h /( e i ) Thus . SAW studies give a direct insight
into the conductivity oscillations in the quantum Hall re-
gime and might lead to a better understanding of the
QHE.

Here, we want to discuss the inhuence of a completely
quantized 2DES in a strong magnetic field on the propa-
gation parameters of a SAW, transmitted through the
heterojunction. The measured magnetic field dependen-
cies of these parameters in a typical heterojunction, i.e.,
the transmitted SAW intensity and the change in SAW
velocity hv/vo, are shown in Figs. 8(a) and 8(b), respec-
tively. The measurements are made at sufBciently low
SAW amplitudes to avoid nonlinear effects discussed in
the following section. For comparison, Fig. 8(c) displays
the magnetoconductivity o, (8) of the sample as de-
duced from measurements of p„„(8)and p„~(8) in Hall
bar geometry.

At low magnetic fields (8 ~ 1 T) the magnetoconduc-
tivity o (8) changes by an order of magnitude due to
the high mobility of the 2DES (p =500 000 cm2/V sec) in
this sample Therefore this region is omitted for clarity
in Fig. 8(c). The SAW intensity [Fig. 8(a)] and the
change in SAW velocity [Fig. 8(b)], however, remain
nearly unchanged in this magnetic field range. At higher
magnetic fields strong quantum oscillations appear in the
SAW intensity I(B) and in b, v (8)/vo, which coincide in
position with deep minima in o„(8). Deep minima in

o„(B)always occur. if the Fermi level is located between
two Landau levels, i.e., for integer filling factors v.

The quantum oscillations in the SAW intensity I (8 )

appear different from those in a, (8) since the SAW at-
tenuation [Eq. (8)] is not a linear function of o (8). For
the regime, where cr „(8)& o M, i.e., for high magnetic
fields or low filling factors v, the quantum oscillations in
the SAW intensity reveal a characteristic feature. They

are split into two distinct minima, which are neither ob-
served in b, v (8 ) /v o nor in cr„„(8). This splitting is a
kind of fingerprint of the interaction between a SAW and
a 2DES in a strongly quantizing magnetic field. It occurs
when o „(8) drops to very low values below crM.
Traversing such a deep minimum, cr„„(8) passes o M
twice, leading to the occurrence of two maxima in the at-
tenuation 1 (8) or, in turn, of two nunima in the
transmitted SAW intensity I(8)=Ioexp( —I L). Here L
is the length of the interaction region, i.e., the length of
the Hall bar in propagation direction. The center max-
imum of I(B) of such a split quantum oscillation then
corresponds to the minimum values of o (8).

I ~ ~ ~
~ ~ ~ ~

1dB/cm

I ~

2x10

1x 10

0 1 2 3 0 5 6 7 8

MAGNETIC FIELD B (T)
9 10

FIG. 8. SAW intensity I (B) (a) and change in sound velocity
b, v /vo (b) after transmission through a heterojunction with elec-
tron density %, =3.5 X 10" cm as function of the magnetic
field B at a SAW wavelength k = 33 pm and temperature
T =4.2 K. Trace (c) shows, for comparison, the magnetocon-
ductivity o „(B) as extracted from measurements of p (B) and

p„~ (B) in Hall bar geometry. As explained in the text the quan-
tum oscillations in I (B) and in hv (B) /v o reAect the oscillations
of cr„,{B) in the regime of very low conductivities o„=o.~.
The dotted lines in (a) and (b) are the results of calculations us-

ing Eqs. (8) and {9)and o„ from (c). Best agreement between
experiment and calculation is obtained by using

jef 6.4 X 10 and o.~ =4 X 10 Q~ ' (from Ref. 1 1).
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The effect of piezoelectric stiffening caused by the re-
duced screening of the SAW is clearly observed in Fig.
8(b). For each minimum in cr„(B)the sound velocity in-
creases, as predicted by Eq. (9). The dotted lines in Figs.
8(a) and 8(b) are the corresponding quantities calculated
using Eqs. (8) and (9) and cr (B) from Fig. 8(c). To
achieve best agreement between the calculation and the
experimental data, we here used o.M=4X10 Q~ ' and
K ff 6.4 X 10 . This o.I compares well with the one
calculated above from the measured sound velocity and
known dielectric constant (o ~ =3.3 X 10 Q~ '),
whereas the value used here for K,& is the same as mea-
sured by other authors. ' Figure 8 displays representa-
tive results for a given temperature and SAW wave-
length. For lower temperatures and for higher SAW fre-
quencies the agreement between our model and the ex-
perimental results is similarly satisfying. Nevertheless,
for most samples we find small deviations from the pre-
dictions of the simple relaxation-type model discussed
above. The most apparent difference is that the double
minima in I(B) do not have equal amplitudes as predict-
ed by Eq. (8). We will discuss this phenomenon in Sec.
IV C. Apart from these deviations, the classical conduc-
tivity relaxation model, as presented in Sec. II, provides a
good description of the inhuence of a quantized 2DES in
a strong magnetic field under QHE conditions on the
SAW propagation parameters.

I(B). Electron heating by means of the SAW electric
field is distinctly different from heating via a drift electric
field applied between source and drain contacts. Since
the SAW electric field is partially screened by the 2DES
the field amplitude, for a given mechanical amplitude of
the SAW, decreases with increasing conductivity of the
electron gas as E(a~)=En(1+(rr~lcr~) ) ' . This has
to be included in a quantitative analysis. Though we
have performed such an analysis which can describe the
experimental observations it presently contains too many
unknown parameters to gain more physical insight.
However, SAW traces measured at different lattice tem-
peratures and low power levels show that heating of or-
der 10 K is necessary to produce traces comparable to
the highest power levels (Fig. 9).

To experimentally confirm that the thermal activation
of o;„ is not induced by lattice heating but caused by
electron heating of the free carriers alone and thus is
quasi-instantaneous, we have fabricated a special sample
with two pairs of transducers operating at different fre-
quencies. One of them is fed with high-power rf bursts
and is used to heat the 2DES, whereas the other, operat-
ing at low power, can probe the time scale on which the
electrons relax their energy. By changing the time delay

B. Power dependence

As demonstrated above, the interaction between a
SAW and a 2DES is strongest in the regime of the QHE.
In this regime, we also have studied the dependence of
the SAW attenuation on incident power, i.e., on the am-
plitude of the SAW. A representative result of such in-
vestigations is given in Fig; 9 for four different power lev-
els. Here the dependence of a given split quantum oscil-
lation in the SAW intensity I(B) around v=4 on incident
SAW power is depicted. With increasing power the split-
ting of the oscillation disappears. One observes a de-
crease of the center maximum in I (B) and simultaneous-
ly a decrease of the separation of the double minima on
the B scale. At the highest power level in Fig. 9 both
minima merge. The same behavior is observed for all
split oscillations that occur at low temperatures. Oscilla-
tions corresponding to higher filling factors or equivalent-
ly to lower magnetic fields, however, begin to disappear
at lower power levels.

Generally we use short SAW packets ( =1 psec) and
sufficiently low repetition rates ( = 10 kHz) to avoid
thermal heating of the whole sample. We interpret the
observed power dependence as resulting from heating of
the 2DES by the electric field of the SAW. The center
maximum of a split oscillation in I(B) corresponds to a
deep minimum in cr (B) at integer filling factor v. The
Fermi level in this case lies in the center of the mobility
gap between two adjacent Landau levels. An increasing
electron temperature T, thermally activates carriers from
the lower Landau level to the higher one. Such an activa-
tion causes an increase of the minimum in o.„(B),which
in turn will lead to a decrease of the center maximum in

Od
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FICx. 9. Quantum oscillation in the transmitted SAW intensi-
ty for filling factor v=4 as function of the magnetic field B. The
sample is identical to the one of Fig. 8. Parameter is the relative
intensity of the high-frequency signal applied to the emitting
transducer. With increasing power the splitting of the oscilla-
tion disappears and both minima merge on the B scale. This is
interpreted in terms of an increased electron temperature as de-
scribed in the text (from Ref. 11).
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that is covered by the SAW. The detected SAW signal
I(8) is proportional to the width JY, since a transducer
integrates over its aperture. In the small signal approxi-
mation which is valid here with I L «1, we can write
I(8)=ID(1—1"1) where / now is an effective interaction
length given by l =F/W. We now assume the carrier
distribution on the heterojunction area to be inhomo-
geneous. For simplicity, we consider several independent
homogeneous domains of area F;, each of which has a
somewhat different conductivity a „' (8) and thus a
slightly different 1;(8). The total transmitted SAW in-

tensity then will be

(10)

FIG. 10. Amount of splitting LI/I of a v=4 quantum oscil-
lation in the transmitted SAW intensity as obtained in a time-
resolved "heat and probe" experiment. EI/I is given as a func-
tion of the time delay h~ between the heating and the probing
SAW pulse. The wavelength of the high-power heating pulse is

A~ =10pm, that of the low-power probing pulse is A,, =16 pm.
The splitting only disappears if both pulses completely overlap.

Aw between the excitation of the pulses we can vary their
actual spatial separation on the sample. A delay 6~=0
corresponds to the complete overlap of the two SAW
packets. The result of such an experiment is shown in
Fig. 10. Here, the amount of splitting AI/I of an oscilla-
tion of the probing pulse amplitude is plotted against the
time delay b ~ between the heating and the probing pulse.
A substantial decrease of b,I/I is only observed for
5~=0, i.e., if both SAW packets completely overlap. We
thus conclude that within the time resolution of our ex-
periments (approximately 50 ns), mainly given by the
finite length of the SAW packets, the heating effect is in-
stantaneous. We can therefore rule out lattice heating as
cause for the activation, since such an effect has a time
constant in the range of msec. .

C. Line shape of the quantum oscillations
in the SAW intensity

Heie, /,. =F~/p'and g;F, =F. Different carrier densities

N„ in the different domains cause different attenuations
I;(8). For a given magnetic field these correspond to
slightly different filling factors v; =N„h/eB. .

A simulation of the inAuence of such small inhomo-
geneities on the transmitted SAW intensity is depicted in
Fig. 11. Here we only assume two domains of different
density and model each minimum in o''„(8) by a parabo-
la. This model results in an asymmetry in the split oscil-
lation of the SAW intensity I(B). To confirm our as-
sumption of the role of inhomogeneities on the line shape
of split quantum oscillations in I(8), we have studied a
sample in which we have intentionally created two
domains of different carrier densities. For that purpose a
small area ( =15%%uo) of the sample is illuminated by a fo-
cused light emitting diode (LED) for short periods of
time. Due to the persistent photoeffect ' we thus can
successively increase the carrier density X, in the il-

luminated domain. The result of such an experiment is
shown in Fig. 12, where the development of a split oscil-
lation in I (8) under illumination is depicted.

1.5

Here, we want to discuss in detail the line shape of
quantum oscillations in the transmitted SAW intensity
I(B) that are split in high magnetic fields, i.e., at low
filling factors v. the main difference between the model
presented in Sec. II and the experimentally observed line
shape is the fact that for a given miniinum in o (8) the
two observed minima in the SAW intensity have different
depths. This observation is consistently made on most of
the samples investigated. Equation (8) predicts that the
maximum attenuation of the SAW per unit length
is given by I',„=kK,s /4. Hence, for a given
interaction length L the minimum value of intensity
transmitted through the heterojunction region is
L;„=Ioexp( —I',„L). This value should be the same
for all double minima in I(B). As it has been shown, '

this is only true if one assumes the conductivity o (8) to
be perfectly homogeneous across the whole heterojunc-
tion area F = WL. Here 8'is the width of the Hall bar

v1 F2-0

tn GM

.1aFt t ( ] t
2

~xx ') ',/ / oxx

I

6.5 7 75 8
MAGNETIC FIELD B(T)

1 ~~

V1

0.5

FIG. 11. Simulation of the inhuence of a small spatial inho-
mogeneity in the carrier density on the line shape of a split
quantum oscillation in the SAW intensity (solid line). For sim-
plicity, two discrete carrier density domains are assumed. The
smaller one has conductivity o and covers 14% of the active
sample area. It has a density N, & that is only 5% larger than the
one of the dominant domain (X,&,

o.„' ). The B dependence of
o' and o„ is included by the dashed line.
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FIG. 16. Development of the v=4 quantum oscillation in the
transmitted SAW intensity with application of short (5 psec)
source-drain drift pulses of strength E~ at a repetition rate of 10
kHz at a temperature of T =4.2 K. In (a) with increasing pulse
amplitude a second higher density domain appears and in-
creases. In (b) the accumulative effect of pulses of fixed heights

E~ is studied. Here t is the total time for which pulses are ap-
plied (from Ref. 12).

pulses. Continuing the experiment with a constant am-
plitude of the drift pulses generating a field of E =30
V/cm, a further increase of the area occupied by the
higher density domain is observed.

Similar results are obtained by replacing the electrical
drift pulse by a high-power SAW pulse. Here too, a per-
sistent inhomogeneity in the carrier density of the sample
can be generated. Experimentally we find that in this
case the strength of the magnetic field is important for
generating inhomogeneities in the carrier density. This
phenomenon we assume to be caused by the SAW electric
field which is screened in the absence of magnetic fields
and only becomes strong at magnetic fields corresponding
to integer filling factors. At present, such electric-field-
induced persistent inhomogeneities are not well under-
stood. In particular, the electric fields that can generate
such inhomogeneities are surprisingly low and seem to
depend on the design of the heterojunctions. Further
studies are needed to identify the origin of these phenom-
ena.

In our opinion, SAW techniques are particularly useful
to study the inhuence of small spatial inhomogeneities of
a 2DES. Here we want to mention the relation between
inhomogeneities and the apparent density of states be-
tween Landau levels. The magnetic field dependence of
many quantities that depend on the density of states such
as capacitance or specific heat have been successfully
modeled by the assumption of a finite density of states be-
tween Landau levels. There have also been suggestions to
explain the integer quantum Hall effect only on bases of
small spatial inhomogeneities in the carrier density.
Eiere, SAW techniques may provide a test for this inho-
mogeneity model of the quantum Hall effect.

D. Frequency dependence

5E
LJ

4

100 200 300 400
SAW FREQUENCY (MHz)

500 600

FIG. 17. Frequency dependence of the maximum attenuationI,„ofa SAW by a 2DES. Different samples are labeled by the
wafer number.

The frequency dependence of the interaction between a
SAW and a 2DES has been studied on various samples
with transducers of different periodicities. ' This is
necessary, since for an interdigital transducer of a given
period p only a narrow frequency band is accessible.
Therefore we either have to change the transducer
geometry or to operate the transducer on higher harmon-
ics. We have prepared different transducer structures on
the same sample such that we can excite several SAW
frequencies on the same heterostructure. The results of
such experiments are summarized in Fig. 17. Here we
plot the maximum attenuation I,„as obtained from
measurements of the minimum transmitted SAW intensi-
ty versus the SAW frequency. The relaxation model as
expressed by Eq. (8) predicts a linear increase of this max-
imum attenuation with frequency or wave number of the
SAW and is given by I m»=kK«/4. In Fig. 17 the solid
line depicts the expected frequency dependence of I
using a sound velocity of Uo =2959 m/sec and an effective
electromechanical coupling coefficient E ff 6.4X 10
Both values agree very well with those found in litera-
ture. ' For frequencies up to 300 MHz or, equivalently,
for wavelengths down to approximately 10 pm no
significant deviation is observed from the linear depen-
dence within experimental error. For higher frequencies
we consistently observe deviations corresponding to a de-
crease in the slope dI „/der. Within the relaxation
time Inodel we cannot describe the deviation and a more
sophisticated theory would be needed. Such a theory
should include nonlocal corrections of the interaction be-
tween a SAW and a 2DES. For high frequencies the
SAW wavelength may become comparable to intrinsic
lengths l;„, in the 2DES and thus kh;„, =1 which would
cause nonlocal effects to be rejected in the SAW attenua-
tion. These intrinsic lengths may be related to localiza-
tion in the quantum Hall regime or to diffusion effects
that have been neglected up to now.
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E. Gated heterostructures
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FICx. 18. First experimental results for. the interaction of a
SAW with a 2DES on gated heterojunctions. For the sample in

(a) we display the magnetic field dependence of the SAW inten-
sity at diff'erent gate voltages Vg. For the sample in (b) we show
the gate voltage dependence of the SAW phase signal at two
magnetic fields 8 and B =0 T. V,h indicates the inversion
threshold.

We recently succeeded in observing the interaction of
surface acoustic waves and a 2DES in gated heterostruc-
tures. Here, we are able to control the carrier density
and hence the conductivity of the 2DES by use of a front
gate electrode. Between the surface of the heterojunction
sample and the gate electrode we deposit a thin insulating
photoresist layer to increase the distance between the
metal electrode and the 2DES to avoid shortening of the
SAW electric field. The thickness of this layer is of the
order of some hundred nm, still much smaller than typi-
cal SAW wavelengths. The SAW on these gated samples
thus propagates on the interface between the photoresist
layer and the heterostructure sample. The distribution of
the piezoelectric potential here is more complicated. than
depicted in Fig. 1, since there is no piezoelectricity in the
insulating photoresist layer.

First experimental results concerning the interaction
between a SAW and a 2DES in gated heterostructures
are shown in Fig. 18 for two different samples. In Fig.
18(a) the transmitted SAW intensity is plotted versus the
magnetic field for different gate voltages V . The SAW .

wavelength for this sample is A, = 16 pm and the thickness

of the photoresist layer is d =460 nm. Hence the total
distance of the gate electrode from the plane of the 2DES
is about 4% of the SAW wavelength. The threshold gate
voltage at which complete depletion of the 2D channel
occurs is around V,h-——8 V. By varying the gate volt-
age between V =0 V and V = —4 V the carrier density
of the sample can be reduced from N, (0 V) =3.6X 10"
cm down to N, (

—4 V)=1.8X10" cm . This is
clearly seen by a shift of the corresponding quantum os-
cillations in I (8) towards lower magnetic fields.

For a different sample, we show in Fig. 18(b) the
detected phase signal of the SAW as a function of the
gate voltage for different magnetic fields. The insulating
photoresist layer on this sample has a thickness of
d =300 nm and the SAW wavelength is A, =8 pm. The
smaller insulator thickness leads to a smaller threshold
gate voltage, in this case V,h

———3.8 V as indicated by an
arrow. The pronounced quantum oscillations in the
B =2 T and B =3 T traces correspond to the change in
sound velocity caused by the minimum in o. around the
filling factor v=2. The sharp step around Vg = V,h indi-
cates the piezoelectric stiffening in the conductivity range
0. ~ o.~ near inversion threshold. There the interaction
between the SAW and a 2DES may be investigated even
in the absence of magnetic fields, as 0. always drops
below o ~ for V approaching V,h.

V. CONCLUSION AND PERSPECTIVES

We have studied the interaction between surface acous-
tic waves and quasi-two-dimensional electron systems in
GaAs/Al Ga& As heterostructures. At low tempera-
tures and in high magnetic fields we observe quantum os-
cillations in the propagation parameters, namely the in-
tensity and the sound velocity of the SAW. These oscilla-
tions reAect the Shubnikov —de Haas oscillations of the
magnetoconductivity of the 2DES. Moreover, the in-
teraction between the SAW and a 2DES becomes strong-
est in magnetic field regions where the magnetoconduc-
tivity cr (8) drops to very low values, i.e., in the regime
of the quantum Hall effect. We have shown that even
there the interaction can be described quasiclassically by
a simple relaxation-type model in which the 2DES
inAuences the SAW solely via its sheet conductivity.

The integrative character of SAW experiments makes
them very sensitive to changes in the spatial distribution
of the sheet conductivity or the carrier density on the
sample area. This we use to semiquantitatively describe
the line shape of the observed quantum oscillations in the
SAW intensity by assuming very small inhomogeneities
in the areal carrier density. Such small inhomogeneities
and their inhuence on, e.g., the quantum Hall effect are in
general not visible in standard dc magnetoresistance ex-
periments. We also show that spatial inhomogeneities in
the carrier density can be generated if electrical drift
pulses are applied to the 2DES via source-drain contacts.
Here, SAW experiments again prove a sensitive tool for
studies of spatial inhomogeneity.

At high SAW intensities the quantum oscillations of
the transmitted SAW intensity show a characteristic
dependence on the amplitude o the SAW. We interpret
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this behavior as an increase of the electron temperature
in the electric field of the surface wave. Experimentally
we show that this "phonoconductive" response is instan-
taneous within the time resolution of our experiment.

Further, we have studied the frequency dependence of
the interaction by using different SAW wavelengths. Up
to frequencies of 300 MHz or, equivalently, down to
wavelengths of 10 pm no deviations from the behavior
predicted by the simple classical model are observed. For
higher frequencies or shorter wavelengths we consistently
observe a decrease in the maximum attenuation which
will be the subject of further investigations.

We have demonstrated that interaction of a SAW with
a 2DES also can be observed in a sandwich structure
where the SAW is excited and detected on a separate
piezoelectric medium. Here the 2DES interacts with the
electric field of the SAW by means of proximity coupling.
This very simple, contactless, and nondestructive tech-
nique is a useful tool for the characterization of hetero-
structure samples without the need for special sample
preparation.

Finally, we have presented initial experimental results
on the interaction of surface acoustic waves with a 2DES
in gated heterojunction samples. Here, we can control
the carrier density and hence the conductivity of the
2DES by use of a front gate electrode. This way, a new
field of investigations is opened. We now can study the
interaction between a SAW and a 2DES on samples with
very low carrier densities. In high magnetic fields and at
low temperatures we thus should be able to enter the re-
gime of the fractional quantum Hall effect and the transi-

tion of the 2DES to the Fermi liquid state. Also, experi-
ments on samples with laterally microstructured gate
electrodes become accessible. Thus we may hope to
study the interaction between SAW's and quasi-one-
dimensional electron systems (1DES). Another impor-
tant aspect of gated heterostructure samples is the possi-
bility of acoustic charge transport in the potential wells
of the SAW. This should be observable if the 2D channel
is depleted to just above threshold, i.e., at very low car-
rier densities. Beside the scientific interest this hetero-
junction acoustic charge transport can play an important
role in rf signal processing devices. Studies of the in-
teraction of a SAW and a 2DES near conductance
threshold make experiments possible even at zero mag-
netic field. By application of a gate bias we can cover the
range of conductivity where the interaction becomes
strongest, i.e., o. =o.~. At the same time the mobility of
the carriers in the system remains nearly unchanged.
This gives rise to the question of whether acoustic
amplification can be observed in these systems.
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