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We review our work on high-frequency conductance in two-dimensional high-mobility electronic

systems in wide n-AlGaAs/GaAs/AlGaAs quantum wells. Using simultaneous measurements of the

attenuation and velocity of a surface acoustic wave we obtained both real and imaginary compo-

nents of the complex high-frequency conductance. Based on the experimental results and their anal-

ysis we conclude that close to the filling factor �¼ 1/5, as well as in the interval 0.18>�> 0.125, a

Wigner crystal pinned by disorder is formed. Both the melting temperature and the correlation

length of the pinning-induced domains in the Wigner crystal were found. In close vicinities of

�¼ 1 and 2, transitions from single-electron localization to a Wigner crystal were observed.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4975107]

1. Introduction

The nature of the ground state of a two-dimensional

electron system (2DES) in a strong transverse magnetic field

attracts the attention of many researchers. It is expected that

at low filling factors � ¼ 2p�hn=eB, where n is the electron

density in the 2DES, �h is the Planck constant and e is the

electron charge, the ground state of the system in the absence

of disorder is a Wigner crystal (WC).1–5 Competing ground

states in the same range of magnetic fields are the fractional

quantum Hall effect (FQHE) states.6,7 Both states are sup-

ported by strong electron-electron interaction, while the pin-

ning of the WC is induced by disorder. Thus, the study of

the nature of the conductivity of a 2DES requires an analysis

of the fundamental problem of the role of disorder in inter-

acting systems.

Theoretically, it has been shown that the Laughlin state

of the FQHE at �¼ p/q (where p and q are integers) is char-

acteristic of an electron fluid and is the ground state, at least

for � > 1/5.8 The theory also predicts that for � < 1/6 the

ground state of a perfect 2DES is a Wigner crystal.

However, the WC state can become the ground state already

at the filling factors slightly different from 1/5. Specifically,

the dielectric state observed around the high-mobility FQHE

state with �¼ 1/5 in n-AlGaAs/GaAs/AlGaAs is interpreted

as a disorder-pinned WC state. Figure 9 of Ref. 9 confirms

this conclusion.

Problems associated with a WC induced by a strong mag-

netic field in a 2DES have been intensively discussed since

1975, see, e.g., Refs. 1, 10, and 11. Along with dc measurements

of the magnetoresistance tensor components, hf conductance

rAC(x) has been studied by non-contact methods.

High-frequency electric field can be excited using the

non-contact coplanar waveguide (CPW) technique.12 This

method has been successfully applied in studies of 2DES

with the integer13 and fractional14 quantum Hall effects as

well as in other studies.

Another non-contact method uses an electric field

accompanying the surface acoustic wave (SAW) propagating

in a piezoelectric. Structures with the integer quantum Hall

effect (IQHE) have been studied using this method in Refs.

15 and 16 and in subsequent works, and the structures with

the FQHE have been addressed in Refs. 17 and 18. High-

frequency conductance studies provide additional informa-

tion with respect to the results of dc measurements. For

example, a characteristic resonance in the hf response allows

to elucidate the nature of the dielectric state observed in the

vicinity of the respective filling factor.

Microwave spectroscopy (MWS) based on the use of a

coplanar waveguide and acoustic spectroscopy (AS) based on

the measurement of the SAW attenuation C and velocity V
are mutually complementary. While MWS allows to study the

hf conductance of a system at frequencies 0.2–3 GHz, the AS

methods only address the range below 0.3 GHz. However, the

AS allows to determine both real and imaginary components

of the complex hf conductance from the simultaneously mea-

sured dependences of the SAW attenuation C and velocity V
on the transverse magnetic field B. It is this advantage that

was used in the present paper.
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Typically, the frequency ranges of the MWS and AS

hardly overlap. However, in Ref. 19, a method of combining

the results of these two techniques has been demonstrated

using p-Ge/GeSi structure as an example.

A detailed study of the magnetic field dependence of

rAC(x) at low temperatures of 40–400 mK showed that the

dielectric states are formed not only in the vicinity of �¼ 1/5

but also near �¼ 1 and 2, i.e., in the IQHE regime. Thus, the

physics of 2DES conductivity in the quantum Hall regime is

extremely rich. Specifically, the free energies of different

states can be very close, and even small changes in the mag-

netic field can affect their competition.

In this paper, we focus on the study of dielectric phases

arising under the fractional quantum Hall regime near

�¼ 1/5 and 0.18>�> 0.125, as well as under the integer

quantum Hall regime near �¼ 1 and 2 using acoustic spec-

troscopy. It should be noted that the emergence of the dielec-

tric phase near �¼ 1/5 has been attributed by the authors of

Ref. 18 to the formation of a Wigner crystal pinned on disor-

der. This papers aims to review the studies of these phases

conducted using the simultaneous analysis of the real and

imaginary components of the complex conductance and to

compare the experimental results with the theory.20

2. Experimental

2.1. Methods

In this paper, we apply the so-called hybrid acoustic tech-

nique. The technique is described in detail in Ref. 16 and illus-

trated in Fig. 1(a). A sample is pressed (with springs) to the

surface of a piezoelectric crystal of lithium niobate (LiNbO3),

on which the interdigitated transducers (IDT) are formed. On

one of the IDTs, an hf electrical pulse signal is applied. Due to

the piezoelectric effect, a surface acoustic wave is generated

and propagates along the surface of LiNbO3. Simultaneously,

an ac electric field, accompanying the SAW and having the

same frequency, penetrates into the sample and interacts with

the charge carriers. This interaction results in a weakening of

the SAW amplitude (attenuation) and a change in its velocity.

The measurements were carried out in a dilution refrigerator in

a magnetic field perpendicular to the sample plane.

2.2. Samples

The samples were multilayer n-GaAlAs/GaAs/GaAlAs

structures with a wide quantum well (65 nm). The quantum

GaAs well was d-doped on both sides and located at the

depth d¼ 845 nm below the surface of the sample. The elec-

tron density in the well was n� 5.5� 1010 cm�2, and the

mobility l¼ 8.5� 106 cm2/(V s) (at T¼ 0.3 K). At this elec-

tron density, only the lowest band of spatial quantization

was filled. Samples were cut from the same chip. The varia-

tion of their electron density did not exceed 2%.

3. Experimental results and their treatment

The dependences of the attenuation C and the relative

velocity change DV/V of the surface acoustic wave were

measured in a magnetic field of 18 T in the temperature

range 40–400 mK and the frequency range 28.5–306 MHz.

Figure 2 shows the experimental dependences of the

acousto-electron coefficients C (a) and DV/V (b) at a fre-

quency f¼ 142 MHz, measured at a temperature T¼ 40 mK.

Curves obtained at other temperatures and frequencies have

a similar appearance. During the measurements, the mag-

netic field was swept from 0 to 18 T (black curve), and then

reduced to 0.3 T (gray curve). Curves describing forward

and reverse field sweeps are almost identical, indicating the

absence of hysteresis. During the experiment, we monitored

the SAW power incident on the sample. The dependences

C(B) and DV/V(B), shown in Fig. 2, were taken in the linear

regime with respect to the SAW amplitude.

3.1. Determining the hf conductance

In the linear response regime, the attenuation C and the

change DV/V in the SAW velocity are determined by the com-

ponents of the complex hf conductance, rACðxÞ � r1ðxÞ
� ir2ðxÞ. Equations linking C and DV/V with the real and

imaginary components of the hf conductance, r1 and r2, have

the form16,22,23

C ¼ 8:68
K2

2
qA

�
4pr1t qð Þ=eSV

1þ 4pr2t qð Þ=eSV
� �2 þ 4pr1t qð Þ=eSV

� �2 ; dB

cm
;

A � 8b qð Þ e1 þ e0ð Þe2
0eS exp �2q aþ dð Þ½ �; (1)

(a) (b)

SAMPLE
2D INTERFACE

2nm AlAs
2 nm GaAs
δ-doping

65 nm AlGaAs QW

0.6 nm GaAs
2 nm AlAs

2 nm AlAs
2 nm GaAs
δ-doping

2 nm AlAs

28 nm n-GaAs

510 nm AlGaAs

510 nm AlGaAs

0.6 nm GaAs

300 nm AlGaAs

FIG. 1. Schematics of the acoustic experiment (a) and the structure of the

sample under study (b).

(a)

(b)

Γ,
 d

B
/c

m

.

FIG. 2. Dependences of the SAW attenuation coefficient C (a) and the SAW

velocity change DV/V (b) on the transverse magnetic field B; f¼ 142 MHz,

T¼ 40 mK. Adapted from Ref. 21.
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DV

V
¼ K2

2
A

1þ 4pr2t qð Þ=eSV

1þ 4pr2t qð Þ=eSV
� �2 þ 4pr1t qð Þ=eSV

� �2 : (2)

Here, K2 is the constant of electromechanical coupling in

LiNbO3, q is the wave vector of the SAW, d is the depth at

which the two-dimensional layer is located, e1¼ 50, e0¼ 1

and es¼ 12 are the dielectric constants of lithium niobate,

vacuum and gallium arsenide, respectively. The distance

between the lithium niobate and the studied heterostructure

a� 5� 10�5 cm was determined from the saturation value of

the SAW velocity in a strong magnetic field at T¼ 380 mK.

Equations (1) and (2) allowed us to calculate the real

and imaginary parts of the hf conductance from simulta-

neous measurements of C and DV/V. The thus-obtained

dependence r1(B) for f¼ 142 MHz is shown in Fig. 3. As

can be seen in the figure, there is a rich pattern of oscillations

corresponding to the integer and fractional quantum Hall

regimes. It should be noted that in the vicinity of the conduc-

tivity minima, corresponding to FQHE and IQHE, character-

istic features—bursts—are observed. Below we will discuss

the dependence of the conductivity components on the mag-

netic field and frequency in more detail.

3.2. High-frequency conductance in the filling factor range
0.21� m�0.125

3.2.1. Frequency dependence of the hf conductance
at 0.21� m� 0.19

Figure 4(a) shows the magnetic field dependences of the

real components of the hf conductivity r1 for different fre-

quencies near �¼ 1/5, and Fig. 4(b) displays the frequency

dependence of the real and imaginary components of the

conductance in a magnetic field B¼ 11.6 T. As can be seen

in Fig. 4(b), at f� 100 MHz the real component of the con-

ductance r1 has a maximum, while at the same time the

imaginary component r2 changes its sign. The resonant

nature of the rAC(f) dependence is in agreement with the

results of Refs. 17, 18, and 24, in which the features of the

dependences of the conductivity and resistivity on the mag-

netic field, temperature and frequency near �¼ 1/5 are attrib-

uted to the formation a pinned Wigner crystal (WC). The

resonant nature of the rAC(f) dependence was also observed

in our work for �¼ 0.21.

3.2.2. Frequency dependence of the hf conductance
at 0.18 > m > 0.125

As was noted in Introduction, theoretical calculations

show that the ground state of 2DES in strong magnetic fields

� < 1/6 is a WC. We conducted acoustic studies of the hf

conductance for 0.18>�> 0.125.

Figure 5 shows the dependences of r1 and r2 at different

temperatures at a frequency f¼ 28.5 MHz on the magnetic

σ 1
, O

hm
-1

FIG. 3. Magnetic field dependence of r1, f¼ 142 MHz, T¼ 40 mK.

σ 1
, 1

0-5
 O

hm
-1

MHz

σ 1, 1
0-5
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-1

.

.

.

.

.

FIG. 6. Frequency dependences of r1 for different filling factors. Inset:

magnetic-field dependence of r1 (86 MHz). T¼ 40 mK. Adapted from Ref. 25.
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FIG. 4. (a) Magnetic field dependences of r1 for different frequencies near

�¼ 1/5. f, MHz: 28.5 (1), 85 (2), 142 (3) 191 (4), 256 (5), 306 (6). (b)

Frequency dependence of r1 and r2 at �¼ 0.19; T¼ 40 mK. Adapted from

Ref. 21.
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FIG. 5. Magnetic field dependences of r1 and r2 at different temperatures T,

mK: 40 (1), 74 (2), 87 (3), 100 (4), 112 (5), 122 (6), 160 (7), 240 (8);

f¼ 28.5 MHz. Inset: frequency dependences of r1 and r2 at the filling factor

�¼ 0.18 (B¼ 12.2 T). T¼ 40 mK. Adapted from Ref. 25.
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field in the range 12–18 T, which corresponds to 0.18>�
> 0.125. The frequency dependences of r1 and r2 for

�¼ 0.18 are shown in the inset to Fig. 5. At T¼ 40 mK in a

magnetic field 18 T>B> 12 T, the frequency dependence of

r1 exhibited a maximum at f� 90 MHz, while r2 changed

sign near the same frequency, indicating the resonance

nature of the hf conductance rAC(f). The presence of a reso-

nance is characteristic for the pinned Wigner crystal state.

Figure 6 shows the frequency dependences of r1 for dif-

ferent filling factors. The curves exhibit peaks at

f� 90 MHz, and their amplitude decreases with the magnetic

field, as illustrated in the inset in Fig. 6.

3.2.3. Temperature dependence of the hf conductance
at 0.21 > m > 0.125

The temperature dependences of r1 for different filling

factors in the region 0.18>�> 0.125 are presented in Fig. 7

for different magnetic fields (filling factors). The curves

exhibit maxima, which are reduced in magnitude and shifted

toward higher temperatures with lowering the filling factor.

Similar dependences were also observed at other frequencies.

To the left of the maxima, the temperature dependences

of r1 exhibit a dielectric behavior, which can be described

by the Arrhenius law. In this case, as shown in the inset of

Fig. 7, jr2j> r1. This fact, as well as the shape of the fre-

quency dependences r1 in this range of magnetic fields, can

be attributed to the manifestation of a pinned Wigner crystal.

To the right of the maximum, jr2j decreases rapidly with

increasing temperature. r1 also decreases with increasing

temperature but much more slowly than jr2j. Therefore, to

the right of the maximum, jr2j<r1. Thus, at the maxima

there is a change of the conduction mechanisms, which can

be interpreted as the melting point Tm of the Wigner-crystal.

Magnetic field and temperature dependences of r1 near

the filling factor �¼ 1/5 are shown in Fig. 8. For �¼ 0.19

and 0.21, r1 decreases monotonically with temperature. In

these magnetic fields, only the right-hand side of the above

picture is observed which corresponds to the melting of the

WC. Indeed, the lower the magnetic field, the lower the

melting temperature of the WC. Therefore, in the vicinity of

�¼ 1/5, there is only the right branch of the general picture

of the existence of a WC. We suppose that at �¼ 1/5, the

fractional quantum Hall state is realized. Thus, in a very nar-

row vicinity of �¼ 1/5, there occurs a change of the domi-

nant conduction mechanism.

Let us now turn back to the determination of the melting

point of the WC. The dependence of the Wigner-crystal

melting point, which is determined as the maximum of the

temperature dependence, on the filling factor, Tm(�), is

shown in Fig. 9 (curve 1). The figure also shows (curve 2)

the data of Ref. 26, where the temperature dependence of the

resonance amplitude at a frequency corresponding to the

pinned mode of a WC has been studied for different filling

factors in a similar sample using the microwave technique.

Tm(�) has been defined therein as the temperature at which

the resonance in the frequency dependence of rxx disappears.

The Tm(�) dependences 1 and 2 exhibit similar behavior,

however the resonance conductance maximum disappears at

a higher temperature compared to that of changing the con-

duction mechanism. We can assume that the melting points

determined by these two methods correspond to the upper

and lower boundaries of the transition from the Wigner crys-

tal (glass) to the electron fluid.

3.2.4. Nonlinear phenomena in the region 0.21 > m > 0.125

We also measured the dependence of the hf conductance

on the magnitude of the electric field accompanying the

K

K

σ 1
, 1

0-6
 O

hm
-1

σ 1, |
σ 2|, 

10
-6

 O
hm

-1

FIG. 7. Temperature dependences of r1 for different filling factors �: 0.18

(1), 0.17 (2), 0.16 (3), 0.145 (4), 0.125 (5). f¼ 28.5 MHz. Inset: temperature

dependences of r1 and jr2j for �¼ 0.13, f¼ 28.5 MHz, T¼ 40 mK. Adapted

from Ref. 25.

σ 1
, O

hm
-1

. . . .

. . . .

. .

K

(b)

FIG. 8. (a) Magnetic field dependences of r1 at different temperatures T,

mK: 40 (1), 45 (2), 67 (3), 82 (4), 95 (5), 105 (6), 117 (7) 130 (8), 147 (9),

and 345 (10). (b) Temperature dependences of r1 for �¼ 0.19 (�), 0.20 ($)

and 0.21 (�). f¼ 142 MHz. Adapted from Ref. 21.

K

. . . . . . . .

FIG. 9. 1 - dependence of the melting temperature Tm on the filling factor �
for different frequencies f, MHz: 28.5 ($), 86 (�), 142 (3); 2 - melting

temperature Tm, as defined in Ref. 26 using microwave spectroscopy.

Adapted from Ref. 25.
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SAW. The electric field of the SAW is determined by the

equation27

jEj2¼K2 32p
V

e1þ e0ð Þzqe�2q aþdð Þ

1þ 4pr1 xð Þt qð Þ=eSt
� �2 W;

z qð Þ� e1þ e0ð Þ esþ e0ð Þ� e1� e0ð Þ es� e0ð Þe�2qa
h i�2

: (3)

The notation is the same as in Eqs. (1) and (2), W is the SAW

input power normalized to the width of the acoustic beam.

The dependences of r1 on the electric field E are shown

in Fig. 10(a) for the filling factors in the range of

0.18>�> 0.125. The curves r1(E) are similar to the temper-

ature dependences shown in Fig. 7, i.e., the variation of r1 as

a function of E is equivalent to the temperature induced

behavior. Figure 10(b) shows the dependence of jr2j on E
for different �. It should be noted that the r2(E) dependences

at different filling factors are similar. A comparison of the r1

and jr2j components at a frequency of 28.5 MHz and

�¼ 0.125 is shown in the inset of Fig. 10(b). To the left of

the maximum of r1(E), jr2j> r1. This relation between the

components of the conductance is consistent with the theo-

retical predictions20 for the Wigner crystal. To the right of

the maximum, jr2j drops rapidly and becomes much smaller

than r1. This indicates a change in the hf conductance mech-

anism with increasing the SAW electric field, similar to what

occurs with increasing temperature, and which can also be

attributed to the melting of the Wigner crystal.

The dependences of r1 and r2 on the SAW electric field

for �¼ 0.19 and 0.21 are also analogous to the temperature

dependence. Since the temperature and intensity dependen-

ces of r1 are qualitatively similar, it can be concluded that

the main mechanism of the non-linearity is the heating of

2DES electrons by the electric field of the SAW.

3.3. Discussion of the experimental results that identify
a Wigner crystal

Response of a pinned WC to an external spatially homo-

geneous ac electric field corresponds to the fluctuations of

single domains around pinning centers, arising in a random

potential.20,28,29 The characteristic frequency of the oscilla-

tions xp (pinning frequency) depends on the degree of

disorder and the magnetic field and has a spread determined

by the size variation of individual domains. In a WC there

are oscillations of two types: transverse (magnetophonon)

and longitudinal (magnetoplasmon). The latter are associated

with the fluctuations of the electron density. The characteris-

tics of these modes depend on the amplitude and the correla-

tion length n of the random potential responsible for pinning.

In general, the WC oscillations are characterized by hybrid

modes with magnetophonon and magnetoplasmon compo-

nents. The parameters of the potential determine the resonant

frequency xp and affect its dependence on the magnetic

field.

For hf conductivity, the behavior of which is determined

by the relation between the WC elastic characteristics, the

degree of disorder and the magnetic field, two regimes can

be distinguished

ðaÞ 1	 xc=xp0 	 g; ðbÞ 1	 g	 xc=xp0; (4)

where xc is the cyclotron frequency, g �
ffiffiffiffiffiffiffiffi
k=b

p
, b and k are

the longitudinal and transverse elastic moduli of the WC,

and xp0 is the pinning frequency at B¼ 0. In the case of

n
 lB ¼ ð�hc=eBÞ1=2
, the expression for the complex hf con-

ductance can be represented as20

r xð Þ ¼ �i
e2nx

m�x2
p0

1� iu xð Þ

1� iu xð Þ½ �2 � xxc=x2
p0

� �2
; (5)

where the function u(x) is different for the regimes (a) and

(b). Our experimental results are consistent with the regime

(b), for which

uðxÞ � ðx=XÞ2s; x	 X; ðb1Þ
const; X	 x	 xc; ðb2Þ;

(
(6)

where X � x2
p0g=xc and s is the critical exponent. In accor-

dance with Ref. 20 s¼ 3/2.

In the case of (b1), Eq. (5) can be written in the form

r(x)� r0 s(x/X), where

r0 �
e2ng2

2m�xc
; s ~xð Þ ¼ �2

i~x 1� i~x3ð Þ

g 1� i~x3ð Þ2 � g~xð Þ2
h i ; (7)

and ~x ¼ x=X.

Dependences of the real and imaginary parts of s on x/X
for g¼ 2, 5 and 10 are shown in Fig. 11.

According to Eq. (7), with increasing the magnetic field

the magnitude of the maximum of r1(x) decreases. This was

actually observed in our experiments; see the inset in Fig. 6.

However, as shown in Fig. 6, the resonant frequency is

almost independent of the magnetic field, which is not con-

sistent with the calculations predicting the dependence of the

form xp / x�1
c . It should be noted, however, that the spe-

cific nature of our experimental method does not allow to

trace the impact of small changes in the frequency on r. This

is due to the fact that the harmonics of the IDT eigenfre-

quency have to be used in the measurements.

Our data presented in the inset in Fig. 5 do not allow to

accurately determine the frequency of the maximum conduc-

tance, which limits the accuracy of the model. Nevertheless,

(b)

σ 1
, 1

0-6
 O

hm
-1

σ 2
, 1
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σ 2|, 
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FIG. 10. Dependences of r1 (a) and r2 (b) on the electric field E of the

SAW for different filling factors �: 0.18 (�), 0.17 ($), 0.16 (�), 0.15 (�),

0.145 (3), 0.135 (�), 0.125 (�). f¼ 28.5 MHz, T¼ 40 mK. Inset: depend-

ences of r1 and jr2j on the electric field of the SAW, �¼ 0.125,

f¼ 28.5 MHz, T¼ 40 mK. Adapted from Ref. 25.
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our model gives the shape, which is approximately similar to

that of the experimental curves at g¼ 5. Taking into account

that the maximum of r1(x) occurs at xmax/2p� 86 MHz,

which corresponds to x/X¼ 0.44, we can calculate X
¼ xmax=0:44 � 1:2� 109 s�1. The pinning frequency in a

magnetic field20 xp � 0:44Xmax ¼ 0:44x2
p0g=xc.

Furthermore, the pinning frequency in zero magnetic

field xp0

xp0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xcX=g:

p
For g¼ 5, X¼ 1.2� 109 s�1 and xc¼ 3.2� 1013 s�1 (B
¼ 12.2 T and �¼ 0.18) we obtain

xp0 ¼ 8:7� 1010 s�1:

Thus, the regime (b) of Eq. (4) also occurs in these magnetic

fields.

Estimating the mean correlation length L of the WC

domains

L ¼ 2pct=xp0;

where ct¼ (b/nm*)1/2� 4� 106 cm/s is the speed of the WC

transverse mode for a given n, we obtain L� 3� 10�4 cm.

This length is much greater than the distance between the

electrons a¼ 4.8� 10�6 cm and the magnetic length

lB¼ 7.3� 10�7 cm

L
 a
 lB:

Fulfillment of this inequality allows us to apply the theory of

Ref. 20 in our estimates. Thus, the interpretation of the

obtained results as the excitation of the pinned modes of a

WC, according to the theory,20 is consistent.

3.4. High-frequency conductance near m 5 1 and 2

Figure 3 shows that in our experiments, the dependence

of the hf conductance on the magnetic field exhibits specific

features in the vicinity of the filling factors �¼ 1 and 2: the

IQHE regions are separated by sharp bursts of conductiv-

ity—each of the conductivity minima is surrounded by two

sharp maxima. We analyzed the frequency and temperature

dependences of the real r1 and imaginary r2 components of

the hf conductance in these regions of magnetic fields.

Figure 12(a) shows the dependences of r1 on the magnetic

field at a frequency of 28 MHz at different temperatures and

the dependence of jr2j on B at 40 mK near �¼ 1. Figure

12(b) presents the temperature dependences of r1 and jr2j at

the same frequency at �¼ 1.

As follows from Fig. 12(a), the dependences r1(B) and

jr2j(B) exhibit minima in the magnetic field corresponding

to �¼ 1, and at the same time jr2(x)j>r1(x). When the

magnetic field deviates from this condition (�¼ 1), jr2(x)j
becomes smaller than r1(x). Figure 12(b) shows that r1 and

r2 measured at �¼ 1 increase with increasing temperature to

400 mK and in the entire temperature range jr2j> r1. The

temperature dependences of r1 and r2 for �¼ 2 behave

similarly.

The frequency dependence of r1 in this temperature

range is weak: for an 11-fold frequency change r1 varies

only by 20%. Furthermore, plotting the magnetic field

dependence of r1 at the minima �¼ 2, 4, 6, 8, 10 yields

r1ðxÞ / B�1:8. This dependence is close to the theoretical

r1ðxÞ / B�2, calculated on the basis of the two-site model

for the attenuation of an SAW by localized carriers.31 Note

that in a system with a not-so-high mobility, in which only

the integer quantum Hall effect occurs, the behavior of r1 is

well described by the one-electron picture, including the

electron trapping by a random potential (disorder).

According to this view, for an integer � the Fermi level is in

the middle between the Landau levels, while the electron

states are localized due to disorder and the low-temperature

dc conductance rDC is exponentially small. Furthermore the

hf conductance is determined by electron hopping between

neighboring potential minima, resulting in the relation r1(x)


 rDC. In this case, the hf response can be explained by the

two-site model (see Refs. 32 and 33 and the references

therein). According to this model, a pair of electron energy

minima is described as a two-level tunnel system (TLS) with

.
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FIG. 11. Dependences of Re s and Im s on x/X for g¼ 2, 5 and 10. Adapted

from Ref. 25.
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FIG. 12. (a) Magnetic field dependences of r1 at different temperatures T,

mK: 40 (1), 87 (2), 122 (3), 160 (4), 240 (5), 380 (6), and r2(B) dependence

at 40 mK in the of �¼ 1. (b) Temperature dependences of r1 and jr2j for

�¼ 1. f¼ 28 MHz. Adapted from Ref. 30.
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the diagonal splitting D and tunnel splitting K(r); the inter-

level separation E ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D2 þ K2

p
. At low frequencies, the hf

response is due to the relaxation of the nonequilibrium occu-

pancy of the minima. The respective relaxation rate33

1

s E; rð Þ ¼
1

s0 Tð ÞF
E

kT

� �
K rð Þ

E

� �2

; (8)

where k is the Boltzmann constant and FðxÞ / x2 at x 	 1

and is about unity at x 
 1. Equation (8) assumes that the

occupancy relaxation is due to the interaction with phonons.

Interaction matrix elements contain the electron-phonon

coupling constant as well as the tunnel interaction between

the sites K(r), which decreases exponentially with increasing

distance between the minima. Accordingly, s�1ðE; rÞ /
K2ðrÞ and the phonon density of states at the frequency of

E/�h. However, only the configurations with E 
 kT are

important since the configurations with E
 kT are frozen in

their ground state. Let us consider separately the factors

determining the relaxation rate in Eq. (8). The factor s�1
0 ðTÞ

corresponds to a system with E¼ kT, and the dimensionless

function F, which depends on the details of the electron-

phonon interaction, is normalized so that F(1)� 1. Since

K(r)<E, the time s0 has the physical meaning of the mini-

mum relaxation time for TLS with the level splitting E¼ kT.

The theory predicts that (with logarithmic accuracy)33

r1ðxÞ / minfx; s�1
0 ðTÞg; jr2ðxÞj� r1ðxÞ: (9)

The first expression in Eq. (9) has a simple qualitative

interpretation. Let us consider a TLS with E� kT—such sys-

tems play a major role. The TLS contribution to the attenua-

tion of a SAW depends on the product xs. Very fast systems

with s 	 x�1 do not contribute significantly to the attenua-

tion since the occupancy follows adiabatically a change in

the amplitude of the hf electric field. Very slow systems with

s 
 x�1 also do not contribute to the attenuation since the

occupancy does not have enough time to follow a change in

the hf electric field. Thus, the optimal two-level systems con-

tributing to the attenuation have s�x�1.

On the other hand, since K(r) depends exponentially on

r, there exists an exponentially wide range of systems with

the relaxation times longer than s0(T). Therefore, if xs0	 1,

the optimal pairs with xs� 1 can always be found, and those

are the pairs that contribute to the attenuation. On the con-

trary, for xs0
 1 there is no optimal pairs, and the attenua-

tion is determined mainly by the pairs with s� s0.

Analyzing our results, we conclude that the behavior of

r1 and r2 in our samples at �¼ 1 is described by the relaxa-

tion absorption of a SAW by localized electrons, providing

x
 s�1
0 , see Eq. (9). Indeed, calculations based on Eq. (8)

show that the main contribution to the relaxation rate s�1
0

occurs due to the piezoelectric interaction between the local-

ized electrons and phonons. In this case,33 s�1
0 / T (for

T¼ 40 mK, s0¼ 1.4� 10�8 s).

Thus, the whole set of the temperature, frequency and

magnetic field dependences of the real components of the hf

conductance r1, as well as the relation jr2j>r1 allows us to

conclude that at the minima of r1(B), hopping hf conductiv-

ity is realized, which can be described in terms of the two-

site model31,34 for xs0> 1.

Now let us discuss the r1(B) dependence in the vicinity

of �¼ 1. The r1(B) dependences near �¼ 2 are similar. As

shown in Fig. 12(a), the minimum of r1 at �¼ 1 is sur-

rounded by peaks, the height and the position of which

depend on the temperature. The temperature dependences of

r1 at a frequency of 28.5 MHz for different values of the fill-

ing factors in the range 0.9 � 1.1 are shown in Fig. 13.

Similar dependences were observed for other frequencies.

First, let us consider the temperature dependences of r1

for �¼ 1.1 (0.9). The electronic states at these � can be char-

acterized as a Wigner crystal. This conclusion is based on

the following evidence: (1) an increase in the conductance

with respect to �¼ 1 by almost an order of magnitude; (2)

different temperature dependences of r1 at �¼ 1 and �¼ 1.1

(0.9); the temperature dependence of r1 at �¼ 1.1 (0.9) is

the same as that for �¼ 0.19 (see Fig. 8(b)) at the melting of

a WC; (3) the frequency dependence of r2(x) shown in the

inset of Fig. 13 for various �, exhibits a sign reversal for

�¼ 1.1 at a frequency �140 MHz, which is also characteris-

tic of a WC. According to Ref. 35, the frequency at which r2

changes sign is equal to the pinning frequency of a WC. At

this frequency a maximum should be observed in the fre-

quency dependence of r1. However, we did not observe this

maximum, presumably due to the limited sensitivity of our

method. The conclusions about the formation of a WC at

these filling factors have previously been made in Ref. 36

using the method of microwave spectroscopy.

Let us analyze the temperature dependences of r1 in the

entire range of the filling factors 0.9 � 1.1. At low tem-

peratures for all �, the conductance r1 first increases with

increasing temperature. However, when r1 reaches a value

corresponding to �¼ 1.1 (0.9), the temperature dependence

changes, and the conductance begins to decrease with

increasing temperature. Note that the characteristic tempera-

ture of the crossover decreases with increasing the deviation

of the filling factors from unity, j� � 1j.
We believe that the observed initial increase in the con-

ductance with increasing temperature is due to the hopping

mechanism of conductivity at low temperatures for all �
(except �¼ 1.1 (0.9)). According to this mechanism, the

conductance of a localized phase may be represented as a

K

σ 1
, 1

0-6
 O

hm
-1

MHz

σ 2, 1
0-7

 O
hm

-1

.

.

.

.

.

.

.

.

. .
.

.

.

.

FIG. 13. Temperature dependences of r1 (f¼ 28.5 MHz) for different filling

factors �. The values of � are shown in the figure. Inset: frequency depen-

dence of r2 for different filling factors, T¼ 40 mK. Adapted from Ref. 30.
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one-electron expression for xs0
 1, so that r1ðxÞ
/ g2s�1

0 � g2T, where g is the one-electron density of

states.33 As j� � 1j grows in the range j� � 1j  0.1, g and,

respectively, the slope of the r1(T) dependence increase.

With increasing the conductance, there appear the condi-

tions suitable for the formation of a WC, so the characteristic

temperature of the crossover decreases with increasing the

deviation of the filling factor from unity.

Thus, in the integer quantum Hall regime for the filling

factors exactly equal to 1 and 2, there occurs a strong one-

electron localization of the charge carriers. However, at

�¼ 1.1 (0.9), based on the temperature dependence of r1

and the sign reversal in the frequency dependence of r2, we

can conclude that a pinned Wigner crystal is formed. For the

intermediate values of � from 1 to 1.1 (1 to 0.9), the conduc-

tance r1 initially increases with increasing temperature, as

for a strongly localized state �¼ 1, and then drops as for

�¼ 1.1 (0.9). Thus, in the range 0.9 � 1.1 the system

undergoes a crossover from strong single-electron localiza-

tion to an electron crystal. Similar transitions were observed

near �¼ 2, i.e., in the range of 1.9 � 2.1.

It should be noted that in the FQHE regime there are a

large number of minima of r1 for � with odd denominators.

At small deviations from these �, conductivity bursts with

the temperature dependence of r1 / T�1, as for a WC, are

observed. However, the absence of a resonance frequency

dependence rAC(f), as well as the fulfillment of the relation

r1 
 jr2j, does not allow to determine unambiguously the

conduction mechanism at those � and in their vicinity.

4. Conclusion

Measurements of the attenuation and velocity changes

of the SAW were performed on a sample of n-AlGaAs/

GaAs/AlGaAs with a single quantum well and high mobility

in a transverse magnetic field up to 18 T at temperatures of

40–400 mK. From these data the real and imaginary compo-

nents of the hf conductance rAC(x)� r1(x) � ir2(x) were

determined. In a magnetic field, the oscillations of the hf

conductance corresponding to the integer and fractional

quantum Hall effects were observed. The dependences of the

above quantities on the magnetic field, frequency and tem-

perature in the range corresponding to the filling factors of

0.21>�> 0.125 and T¼ 40 mK were interpreted as a mani-

festation of the formation of a WC with the long-range order

broken by pinning on inhomogeneities. Based on the

reported experimental data and their comparison with the

theory,20 the correlation lengths in the Wigner crystal (glass)

and its melting temperature were determined. A very narrow

vicinity of �¼ 1/5 is an exception, where a WC is apparently

not formed, and the Laughlin state is the ground state.

With regard to the integer quantum Hall regime, it was

shown that for the filling factors exactly equal to 1 and 2,

there occurs a strong single-electron localization of the

charge carrier, and at �¼ 0.9 and 1.1, as well as 1.9 and 2.1,

a pinned Wigner crystal is formed. In the ranges

0.9 � 1.1 and 1.9 � 2.1 there occurs a crossover from

the regime of strong single-electron localization to an elec-

tron crystal.

Thus, the competition of electron-electron interaction

and disorder leads to a very rich picture, describing the

behavior of the hf conductivity of a 2DES at low tempera-

tures and in strong transverse magnetic fields. Moreover, the

ultrasound studies significantly complement the data

obtained from static and microwave measurements.
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