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Abstract

We have measured the surface acoustic wave velocity shift in a GaAs/AlGaAs heterostructure containing a two-dimensional electron system

(2DES) in a low-density regime (!1010 cmK2) at zero magnetic field. The interaction of the surface acoustic wave with the 2DES is not well

described by a simple model using low-frequency conductivity measurements. We speculate that this conflict is a result of inhomogeneities in the

2DES, which become very important at low density. This has implications for the putative metal–insulator transition in two dimensions.

q 2005 Elsevier Ltd. All rights reserved.
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The apparent metal–insulator transition [1] in two-dimen-

sional electron systems (2DES) continues to attract intense

interest, in large part because the basic physics is still not

understood. For example, is the ‘metallic’ phase essentially a

weakly localized Fermi liquid or an exotic non-Fermi liquid

stabilized by strong Coulomb interactions [2,3]? Is the transition

itself governed by the straightforward physics of classical

percolation of 2D electrons in a random potential [4,5], or is a

more exotic zero temperature quantum phase transition at work

[2]? Although experimental evidence for inhomogeneities in the

2D density has begun to emerge [6,7], and support the

percolation picture [8–10], the issue is not yet closed.

In order to address these questions we have examined the

conductivity and homogeneity of low-density 2D electron

systems using two very different, and somewhat unconven-

tional, probes. First, the propagation of high frequency (0.1–

1 GHz) surface acoustic waves (SAW) across the region of the

sample containing the 2D electron gas was observed. As the 2D

system is depleted, by increasing the (negative) voltage on a

metal gate electrode on the heterostructure surface, the SAW
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experiences a velocity shift. This velocity shift reflects both the

local conductivity of the 2DES and, when the system is strongly

inhomogeneous, the fraction f of the sample area occupied by

2D electrons. Second, the 2D sheet conductivity was obtained

by measuring the complex admittance Y of the 2DES/gate

system at low frequencies (10 Hz–10 kHz) and then applying a

distributed RC circuit model. An advantage of both the SAW

and capacitive techniques is their high sensitivity to very small

conductivities. We find, however, that the two techniques yield

dramatically different results at very low density and argue that

this conflict reflects the breakup of the 2D system into a

landscape of puddles and dry spots. In particular, we stress that

the SAW technique, which is contactless, is sensitive to the

presence of isolated patches of 2D electrons, which develop

when the average density of the system is reduced below the

percolation threshold for bulk conduction.

The samples used in this experiment are modulation-doped

GaAs/AlGaAs heterostructures grown by molecular beam

epitaxy (MBE). The majority of the data presented here were

obtained from a single-interface structure containing a 2DEG

buried dZ600 nm beneath the sample surface. In its as-grown

state the 2DES has a sheet density of NsZ1.4!1011 cmK2 and

a mobility of about 3!106 cm2/Vs at low temperatures. The

2DES is confined to a square mesa, 2 mm on a side. A single

arm extends outward from the midpoint of one side of this mesa

to a diffused in Ohmic contact. An aluminum gate electrode
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Fig. 1. SAW fractional velocity shift Dv/v at 671 MHz and TZ300 mK as a

function of gate voltage in two 2DES samples cut from the same MBE wafer.

The two traces correspond to orthogonal propagation directions relative to the

GaAs crystal axes. Linear portions of the data for VgOK16 V reflect a strain

effect while upward jumps near K1.7 V signal the depletion of the 2DES.
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Fig. 2. Depletion-induced jump SAW velocity shift in a single layer 2DES

sample vs. gate voltage at various frequencies. Inset: collapse of same data sets

onto a single curve after normalization by the net jump in Dv/v at each

frequency. The 120 MHz data is not included in the inset owing to its much

lower signal-to-noise ratio.
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covers most of the square mesa, although a narrow strip along

the side containing the contact arm is left uncovered. When the

gate is biased to reduce the electron density underneath it, this

uncovered strip, which remains at the as-grown density, serves

to establish an approximate equipotential along one edge of the

gated region. This simplifies the analysis of the gate-2DES

admittance measurements. Two interdigitated SAW transdu-

cers are positioned off mesa, one on each side as shown in the

inset of Fig. 1. Standard homodyne techniques are used to

measure the velocity shift of SAWs propagated across the

2DES. The fundamental frequency of the transducers is

120 MHz, but measurements up to w1.3 GHz were performed

using transducer harmonics. SAW and gate admittance

measurements were done at excitation levels low enough to

ensure linear response. Simultaneous SAW and gate admit-

tance measurements were performed at TZ300 mK in a 3He

immersion cryostat. Additional admittance measurements (on

the same sample) were also performed at temperatures down to

50 mK in a dilution refrigerator.

Due to the piezoelectricity of GaAs, SAWs interact with a

2DES near the sample surface, experiencing both attenuation

and velocity shifts dependent upon the frequency and

wavevector dependent conductivity sxx(q, u) of the electron

gas. Previous SAW studies of 2DESs in the quantum Hall

effect regime have shown that the SAW response is well-

described by a homogeneous DC conductivity model [11,12].

In this model the expected relation between the fractional

velocity change and the conductivity s of the 2DES is

Dv

v
Z

a2=2

1 C ðsxx=sMÞ2
(1)

where a depends upon the strength of piezoelectricity in GaAs,

the product qd of the SAW wavevector q and depth d of the

2DES beneath the sample surface, and the presence of a highly

conducting metal gate on that surface.The characteristic

conductivity sM, which reflects the ability of the 2DES to

screen the SAW electric field, also depends on qd, but is

typically sMz7!10K7 UK1 under the conditions of the

present experiments [13]. The smallness of sM implies that,
at least at zero magnetic field, SAW velocity shifts will occur

only when the 2DES is close to depletion.

Fig. 1 shows the measured SAW fractional velocity shift Dv/

v at 671 MHz as a function of top gate voltage in two samples

cut from a single h100i-oriented GaAs wafer. The solid and

dashed traces refer to SAW propagation along the h110i and

h1 �10i crystallographic directions on the surfaces of these

samples. For gate voltages VgOK1.6 V a simple linear

dependence of Dv/v is observed, with opposite signs for the

two different crystal directions. Unrelated to the conductivity

of the 2DES, this effect reflects a gate-induced uniaxial strain

in the GaAs sample: an electric field applied along h100i

slightly contracts the sample along h110i while simultaneously

expanding it along h1 �10i. The observed slopes of the data are

consistent with simple modeling of the induced strain. We

remark that this gate-induced rotational symmetry breaking

may have implications for the anisotropic electronic phases

recently discovered in high mobility 2DESs at high Landau

level occupancy [14]. Fig. 1 also shows that when Vg is reduced

below K1.6 V, both traces exhibit a jump upward in the

velocity shift. This jump signals the depletion of the 2DES

under the gate. While the data shown in Fig. 1 were obtained

using a sample containing a double layer 2DES, the same

qualitative effects are observed in the single layer 2D system,

described earlier, to which we now turn.

The SAW velocity increases upon depletion of a buried

2DES because the piezoelectric field accompanying the elastic

wave is no longer screened by the electron gas. Since the SAW

electric field penetrates to a depth of about one wavelength, the

depletion-induced jump in Dv/v is frequency dependent [15].

Fig. 2 shows this dependence in our single layer 2DES sample.

Interestingly, the various curves all have the same shape; by

normalizing each jump to unit height, all the data collapse onto

a single curve. We shall return to this point later.

Fig. 3 displays gate admittance data taken at TZ300 mK

with 1.3 kHz excitation. The real and imaginary parts of these

typical data are plotted vs. the DC gate voltage Vg. Both traces

have been normalized by uC, the product of the(angular)
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Fig. 3. Real and imaginary parts of the gate admittance, Y, normalized by UC, at

1.3 kHz. The low frequency conductivity sxx is extracted from such data near

the peak in Re(Y/uC).
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measurement frequency and the gate capacitance CZ670 pF,

itself determined from the admittance near VgZ0 where

resistive effects are negligible. As depletion is approached

Im(Y) falls while Re(Y) exhibits a maximum. This behavior

reflects the increasing sheet resistance R of the 2DES, and the

peak in the real part of the admittance occurs where uRCz1,

as one would expect for a circuit consisting of a resistor and

capacitor in series. However, in order to quantitatively

determine the conductivity sxx from our data, we follow

Dultz and Jiang [16] and model the device as a one-

dimensional distributed RC circuit, as shown in the inset to

Fig. 3. While such modelling in principle allows determination

of the full Vg dependence of sxx from admittance data taken at a

single frequency u, we instead only extract values of sxx at the

gate voltages Vg surrounding the peak in Re(Y), where the

measurement is most sensitive to sxx. The frequency is then

changed, Y(Vg) re-measured, and the analysis repeated. In this

way a complete determination of sxx(Vg) is obtained.

Fig. 4 shows sxx, in units of the conductance quantum e2/

hz3.9!10K5 UK1, vs. Vg and 2D density Ns at TZ400, 150,

and 50 mK. The calibration of density vs. gate voltage was

obtained by observing the quantum oscillations in Im(Y)

induced by a small perpendicular magnetic field [17]. The

figure shows that for densities NsO8!109 cmK2, the 8-fold

change in temperature has negligible effect on the conductivity,
10-4

10-2

100

σ x
x 

 (
e2

/h
)

-1.10 -1.08 -1.06

Vg  (volts)

2 4 6 8 10

Ns   (109 cm-2)

 400 mK
 150 mK
 50 mK

Fig. 4. Conductivity vs. gate voltage (and density) at three temperatures. For

densities below about 7!109 cmK2 the 2DES appears to have an insulating

ground state.
suggesting that the 2DES is in the ‘metallic’ phase. At lower

densities however, the conductivity falls with temperature, ever

more rapidly as Vg and Ns are reduced. For Ns!6!109 cmK2

the 2DES in our sample is almost certainly an insulator in the

TZ0 limit. These data suggest that the metal–insulator

transition in our sample occurs at Nsz7!109 cmK2 where,

interestingly, sxxze2/h.

Surface acoustic wave and low frequency gate admittance

measurements offer different perspectives onto the depletion of

the 2D electron gas. Fig. 5 compares these two different

techniques by displaying both the normalized SAW velocity

shift (Dv/v)n at 856 MHz and the low frequency conductivity

sxx as functions of gate voltage Vg and density at TZ300 mK.

We stress that these data are obtained from the same sample

during the same cooldown from room temperature [18]. In

particular, while systematic errors may exist in the conversion

of gate voltage to density, such errors do not impact the

comparison of the velocity shift and conductivity at a given

gate voltage. It is clear from the figure that the SAW velocity

shift begins to occur near VgZK1.07 V where Nsz8!
109 cmK2. At this gate voltage the conductivity determined

from the gate admittance measurements is roughly sxxze2/h.

This is surprising since e2/h is roughly 50 times larger than sM.

According to Eq. (1) the normalized velocity shift at such a

conductivity should be negligible ((Dv/v)nz4!10K4).

Equally surprising is the persistence of noticeable variation

in Dv/v down to sxxz10K5e2/h, some 2000 times less than sM.

These qualitative observations are rendered concrete by the

dashed line in Fig. 5 which gives the normalized SAW velocity

shift calculated by inserting the observed low frequency

conductivity sxx into Eq. (1). This calculation predicts that the

jump in Dv/v should occur over a much narrower range of gate

voltages and conductivities than is actually observed. This fact

is the central result of our work.

The conflict between the SAW velocity shift data and the

low frequency conductivity measurements suggests that the 2D

electron gas in our sample becomes inhomogeneous near

depletion. Obviously, in the presence of strong inhomogene-

ities Eq. (1) for the SAW velocity shift cannot be expected to
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Fig. 5. Low-frequency conductivity sxx and normalized SAW velocity shift

(Dv/v)n vs. gate voltage and 2D density [18] at TZ300 mK. The dashed line is

the prediction of Eq. (1) with the measured sxx inserted.



L.A. Tracy et al. / Solid State Communications 137 (2006) 150–153 153
apply. For example, if an otherwise high conductivity

(sxx[sM) 2DES is pierced by a number of holes, a SAW

velocity shift can be expected. In a gated device like ours, the

magnitude of the shift will depend on the size of the holes

relative to the distance d to the metal gate [19], their spatial

distribution, and the fraction f of the sample area still occupied

by electrons. Similarly, if the 2DES has become so depleted

that no bulk conduction is possible and only isolated pockets of

electrons remain, the SAW velocity shift will nonetheless

register their presence and eventual depletion at more negative

gate voltage. These observations, which admittedly gloss over

many subtleties, nonetheless offer a qualitative explanation for

the basic facts displayed in Fig. 5.

All semiconductor-based 2D electron systems are inhomo-

geneous. If the average density is high the inhomogeneities are

unimportant. Near depletion, however, inhomogeneities dom-

inate the system behavior. One obvious source of such

inhomogeneities is statistical fluctuations in the Si donor

population[4,5]. The 2DES, which is situated a distance ds

from the Si donor sheet, responds to these flucutations by

varying its own density. Pikus and Efros [20] have shown that

for randomly distributed donors with areal concentration C, the

rms density fluctuation of the 2DES is dNsZ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C=8pd2

s

p
.

Assuming C equals the 2DES density of the as-grown sample,

1.4!1011 cmK2, this formula gives dNsz1!1010 cmK2 for

our sample in which dsZ70 nm. While this number seems even

larger than needed to understand the results in Fig. 5, we

remark that independent experiments [21] have suggested that

the Pikus–Efros formula overestimates dNs, presumably

because the donor distribution is not truly random. If donor

density fluctuations are the dominant source of 2DES density

inhomogeneity, then the length scale for these inhomogeneities

will be the donor setback distance ds. This is consistent with

our observation that the shape of the SAW velocity shift near

depletion is independent of frequency since our minumum

SAW wavelength is lminZ2.2 mm[ds.

The preceding discussion suggests that the onset of

insulating behavior in the 2DES in our sample is roughly

coincident with the onset of inhomogeneity-induced SAW

velocity shifts, at a density near 7–8!109 cmK2. At lower

densities the system becomes increasingly inhomogeneous and

more strongly insulating. At the lowest gate voltages, where

sxx/sM, the still changing velocity shift suggests a system of

virtually isolated puddles of electrons with a tiny, very strongly

temperature-dependent, hopping conductivity. These findings

are in good agreement with recent local compressibility

measurements on other 2D systems [6]. Thus the apparent

2D metal–insulator transition is very likely strongly influenced

by inhomogeneity and may be better described as a percolation

transition than a homogeneous quantum phase transition. A

comprehensive theory of SAW propagation in gated samples

with inhomogeneous 2D electron systems near the percolation

threshold is needed in order to pursue a more quantitative

analysis of this question.
In conclusion, we have studied the conductivity of a low-

density 2D electron gas via two different techniques, surface

acoustic wave propagation and low-frequency gate admittance

measurements. We find that the two methods are in strong

conflict at low density. This conflict ensues near the apparent

metal–insulator transition and progressively worsens as the 2D

system is depleted. We suggest that these results reflect the

inhomogeneous nature of real 2D systems at very low density.
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