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The electric susceptibility of a high-quality two-dimensional hole system is investigated experimentally by
means of radio frequency techniques in the magnetically induced solid phase. The experiments were carried
out with a heterodyne spectrometer that allows us to measure both the changes in absorption and dispersion.
For frequencies between 0.2 and 4 GHz the spectrum exhibits a series of four sharp resonances identified as
pinned magnetophonon modes of the Wigner solid. Anomalous behavior around the Landau level filling factor
of 1/5 indicates bulk and shear moduli variations that are not monotonic. The sharpness of the resonances and
the correlation of the pinning frequency with the threshold field measured in dc transport experiments are not
in agreement with the results of earlier experiments in two-dimensional electron systems. The results presented
here allow for the determination of the dominant source of disorder, and indicate that long-range order remains
in the hole solid despite the presence of impurities.
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I. INTRODUCTION

It is well known that the ground state of a system of
electrons or holes is determined by the competition between
the Coulomb interaction and the quantum fluctuations. In the
low-density limit carrier-carrier interactions dominate and
the ground state is expected to be a Wigner crystal.1 Two-
dimensional electron or hole gas at the heterojunction of
semiconductors GaAs/GaAlAs constitute experimental sys-
tems where a magnetically induced Wigner solidsMIWSd
can occur at low temperature by neutralizing the kinetic en-
ergy by means of a high magnetic fieldB. Wigner crystalli-
zation is favored at largers—the ratio of the intercarrier
spacing a to the Bohr radiusa0 of the carriers in the
semiconductor—and is observed for Landau filling factor
n,1/3 in high-mobility two-dimensional hole systems
s2DHSd.2 The same behavior is observed in high-mobility
two-dimensional electron systemss2DESd at n,1/5.3,4

The Wigner crystallization of two-dimensional electron or
hole gas in semiconductors is an interesting phenomenon,
and it is important to study the properties of such a quantum
solid. Another crucial problem in condensed matter physics
is to explain the physical properties of an ordered system in
the presence of disorder, because the residual impurities in
the host sample create a random potential that influences the
MIWS properties. These impurities pin the Wigner solid,
leading to an insulating state below a threshold electric field
measured in dc transport experiments. The first experiments
to distinguish the Wigner solid from the liquid phase were
based on the appearance of an absorption line ascribed to a
mode in which the pinned solid oscillates.3

This paper reports on the results of microwave experi-
ments on a heterojunction grown by molecular-beam epitaxy
sMBEd on the 311A surface of gallium arsenide with a den-
sity of 631010 cm−2 and a low-temperature mobility of 8
3105 cm2 V−1 s−1. Coincidentally, this is a similar density to

the sample measured by Liet al.2 However, the mobility of
the sample reported here is considerably higher than that
reported in their study. Using a custom-built high-sensitivity
heterodyne spectrometer, we have measured the microwave
absorption at finite wave vectors as a function of temperature
and magnetic field. In Sec. II we describe the experimental
methods that we have used. Section III details the results and
their analysis. A discussion of theoretical treatments of the
problem is reported in Sec. IV. Finally, the conclusions of
this work are summarized in Sec. V.

II. EXPERIMENTAL METHODS

A. Microwave experiments at finite wave vectors

The sample couples to the radio frequencysrfd field
through an opened meandering strip sectionssee Fig. 1d of

FIG. 1. The meander line couples the rf field to the 2DHS.sId
Top view of the meander line.sII d The sample is laid, face down, on
top of the transmission line. GP: ground plane; ML: meander line;
HS: 2DHS; BG: back gate.
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the transmission line that carries the rf signal from the source
to the detector. It is important to note that the transmission
line is not fabricated on the sample but is a separate struc-
ture. Close contact between the two is ensured by a spring-
loaded contact on the back of the sample that also acts as a
back gate electrode. The microwave transmission line has
been described elsewhere.3 It consists of a gold meandering
transmission line that has a 50V impedance in the absence
of the GaAs sample, and will be referred to here as the me-
ander line. The shape of the meander line imposes that the
fundamental periodicity of the field bel0=16 mm. The fre-
quency of the rf wave sweeps from 0.1 to 4 GHz. When the
dispersion of the meander line meets an excitation branch of
the hole system, the coupling is maximized and the holes
absorb power from the rf field. We expect to observe a series
of absorption lines at the intersections of the harmonics with
the magnetophonon mode of the hole MIWS. The principle
of the absorption spectrum measurement is to detect the ef-
fect of the Wigner solid on the absorption and dispersion of a
radio frequency signal. In order to determine the absorption
x9 and dispersionx8, the measurements have to be compared
with those obtained in the absence of the Wigner solid. This
is done by first recording a calibration traceEscald at a tem-
peraturesT=500 mKd above the classical melting tempera-
ture of the solid and finding the difference between this and
the low-temperature resultEstestd. This difference gives the
small change in the signal due to the effect of the solid.

In the presence of an external electric field
Eext=E0 cossvt−kxd with a wave vectork and frequencyv,
the carriers will respond by redistributing themselves. We
model the system by considering that the variation of the
susceptibility modifies the capacitance of the transmission
line. This alteration in the capacitance causes a change in the
phase and amplitude of the transmitted signal. In the limit of
linear response the transmitted field is given by

E = E0hf1 − x9sk,vdgcossvt − kLd − x8sk,vdsinsvt − kLdj,

s1d

whereL is the electric length from the source to the detector.
The spectrometer outputs an in-phase componentEx and
a quadrature componentEy. These components are obtained
from a fixed referenceEref=E0 cossvtd armed in the hetero-
dyne detector. The susceptibility of the hole solid is calcu-
lated as

x = x8 + ix9 = fDEy − iDExgfExscald − iEyscaldg/E2stestd,

s2d

where DEy=Eystestd−Eyscald, DEx=Exstestd−Exscald, and
E2stestd=fExstestdg2+fEystestdg2. The detailed justification of
this calculation and the setup of the heterodyne detector are
described elsewhere.5

For technical reasons, it is not possible to detect direct
absorptionx9 and dispersionx8 with a good accuracy be-
cause the excitation field is very small since heating must be
avoided. The signal-to-noise ratio of the measurements is
improved by modulating the carrier density of the system
with an 80 Hz, 1.5 Vrms voltage applied to a back gate
0.4 mm from the 2DHS. Part of the signal transmitted to the

detector is modulated; demodulating it in the spectrometer
by lock-in detection gives the derivative ofx with respect to
the back gate modulationVBG

dx = dx8 + idx9 =
]x

]VBG
dVBG. s3d

This differential technique has a very good signal-to-noise
ratio and allows us to make measurements that are limited
only by the 2 dB noise figure of the first room-temperature
amplifier. It is interesting to compare this technique to that of
Li et al.2 Their technique allows the measurement of the
absolute value of the imaginary part of the susceptibility; so,
they are able to calculate the oscillator strength at a single
small wave vector. The spatial period of the electric field is
of order 30mm. The technique reported here allows the ob-
servation of changes in both the real and imaginary parts of
the susceptibility at a harmonic series of wave vectors but,
due to the modulation, the oscillator strength cannot be cal-
culated absolutely.

The power of the microwave signal on the meander line is
adjusted to keep the magnitude approximately constant as
the frequency is varied. The typical power on the meander
line at the sample is −70 dBm and the typical absorption
strength is<10−3.

B. I -V measurements

In earlier experiments reported by Williamset al.,6 the
microwave results were compared toI-V measurements on a
two-dimensional electron system. We report similar measure-
ments for the two-dimensional hole system. The sample was
contacted in a four-wire geometry. The currentsId was ap-
plied to the sample by a current source and the potential
differencesVd between the voltage contacts measured. The
current flowing out of the opposite current contact was mea-
sured by a current amplifier. This enables us to ensure that
there is no leakage path of the current to ground. The imped-
ance of the sample under extreme conditions can exceed
10 GV, so the voltages at the two voltage contacts are mea-
sured by electrometers with an input impedance greater than
1014 V. The electrometer outputs were measured both in a
single-ended fashion and differentially by a scanning digital
voltmeter. An important feature of the arrangement is that a
current source supplies the current and the resulting voltage
is measured. This removes the possibility of thermal run-
away in which an applied voltage causes a current that heats
the sample, which in turn allows more current to flow. The
I-V characteristics of the sample were measured in both
current directions.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Microwave absorption measurements

Figure 2 shows the differential dispersion and absorption
at B=17 T andT=30 mK. The spectrum exhibits four clear
absorption lines at frequenciesf1, f2, f3, and f4. The sharp
spike at f00=1.04 GHz is thought not to be due to the hole
solid because it does not change with the fieldB. It may be
an instrumental problem caused by the reflections in the
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transmission line around the sample. Because of its very low
amplitude the resonancef5 vanishes rapidly and cannot be
measured at lower magnetic fields. We shall therefore base
our analysis on frequenciesf i si =1,2,3,4d.

Swept frequency spectra are obtained for fixed magnetic
fields and temperatures. At low magnetic fields, the spectrum
exhibits no particular structure. At filling factor below
n=1/3, pronounced and well-resolved resonant lines appear
in the spectrum. These lines move to higher frequencies and
become sharper and stronger as the magnetic field increases.
Their appearance reveals the presence of an excitation
branch consistent with the formation of the MIWS. This par-
ticular excitation branch has been interpreted as resulting
from the pinning of the system by impurities when its shear
modulus is finite7,8 within the classical oscillator model.9,10

Absorption spectra have been measured at temperatures from
30 to 500 mK. The spectra become well defined as the tem-
perature decreases. The resonances disappear above 200 mK,
although the dc transport measurements indicate the insulat-
ing behavior up to 350 mK at 17 T. Absorption lines may
still be present but are too weak to be measured. The melting
point of a Wigner solid at highB is given by the classical
melting temperatureTcm.11 For this sample the value ofTcm
s<450 mKd is consistent with the results of dc transport
measurements.

The four absorption lines are field dependent. The most
intriguing features are the local minima in the amplitude and
absorption frequencies close ton=1/5. This feature was to-
tally unexpected and is dissimilar to the behavior at say
n=1/3, where no absorption takes place due to the incom-
pressibility of the liquid phase. Ignoring this behavior close
to n=1/5 for amoment, the general trend is for the frequen-
cies and amplitudes to increase with magnetic field and for
the width of the resonances to decrease. As shown in Fig. 3
all the resonance frequencies do not have the same behavior
at high B. Above 13 T f1, f2, f3 increase withB, while f4
increases and reaches a maximum from which it starts de-
creasing whenB is increased. The frequency dependence of
the lowest frequency absorption is very similar to that re-
ported by Liet al.2 in a similar density hole gas. TheQ factor

sthe ratio of the resonance frequency to the width of the
resonanced that we measure, however, is much higher than
that seen by the earlier study.

As the field decreases the lines become broader and it is
not possible to distinguish betweenf1, f2, and f3 below 9 T.
Even if f00 does not change withB, its amplitude does due to
its closeness tof1. This makes the latter difficult to follow at
low B. As the temperatureT is reduced, the absorption am-
plitude increases. This may be proof that the sample is not
heating. However, there is no particular effect ofT on the
absorption frequenciesf i si =1,2,3,4d.

B. Nonlinear I -V measurements

In the liquid phase the 2DHS behaves like an ohmic con-
ductor, with a linear current-voltage characteristicsIVCd. In
the solid phase, we observe nonlinearity in the IVC due to
pinning by disorder. When the external field is high enough
to overcome the pinning force, the sample starts conducting
current and exhibits a linear IVC. The threshold voltageVT
that separates the insulating from the conducting regime is
shown in Fig. 4 as a function of the magnetic field. Ignoring
the anomalous behavior close ton=1/5, thegeneral trend is
for VT to increase with magnetic field. This increase means
increased localization, and hence increased pinning of the
holes at higher magnetic fields. Intensive dc transport mea-
surements with this hole sample and the conduction mecha-
nisms have been described in an earlier publication.12

C. Discussion of results

The first task is to identify the wave vectors of the micro-
wave absorptions. The four resonance frequencies are inter-
preted as characteristic frequencies of a modev− arising
from the coupling of the transverse modefvt

2+v0
2g1/2 of the

hole solid with the longitudinal modefvpl
2 +v0

2g1/2 by the
magnetic field13

v−
2 =

svt
2 + v0

2dsvpl
2 + v0

2d
vc

2 , s4d

wherev0 is the pinning frequency, understood as the natural
frequency of shear oscillation of the MIWS in the random

FIG. 2. Fractional change in absorption and dispersion due to
back-gate modulation at 30 mK and 17 T. The spectrum exhibits
pronounced and well-resolved resonant lines. The frequencies
marked are described in the text.

FIG. 3. Variation of the resonance frequencies with the magnetic
field at 30 mK. The lines do not represent a fit, but are just a guide
to the eye. The error in each frequency is less than 0.01 GHz.
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potential; vpl is the plasma frequency,vc is the cyclotron
frequency, andvt is the transverse phonon frequency, which
will be neglected in our analysis because the wave vector
values used in the experimentssqa!1d make vt much
smaller than the other frequencies. From the four absorption
frequencies we calculate, self-consistently, the pinning fre-
quencyv0 with respect toB using thev− formula and as-
suming thatv0 is uniform. Then, we extract the plasmon
frequency corresponding to each absorption line. Pinning
and plasmon frequencies are shown in Fig. 5. Except for the
behavior aroundn=1/5, v0 increases withB while vpl is
independent ofB. This result strengthens our analysis. The
mean value of each plasmon frequency: 0, 18, 30, and
53 GHz, corresponds to perfectly screened plasmon frequen-
cies at wave vectorsq=0, q=q0=2p /l0, q=2q0, and
q=4q0. l0=16 mm is the fundamental periodicity of the
field, imposed by the shape of the meander line. The pres-
ence of the meander line at a distance of 0.2mm from the
2DHS makes the carrier-carrier interactions partially or fully
screened.v− can then be built experimentally, assuming that
f1 corresponds to the uniform mode;f2, f3, f4 correspond,
respectively, to the fundamental of the meander line, the
second- and the fourth-harmonics. The linef5 ssee Fig. 2d
could be the third harmonic. It is impossible to study the
behavior off5 because its amplitude is too weak. The weak-
ness or the total absence of the third harmonic have been
observed elsewhere14,15during the measurements of the mag-
netoresistance of a 2D electron gas in GaAs with metallic
gratings periodically spaced on it. Otherwise, this fact is sim-
ply understood by fitting the amplitude of the electric field
coupled with the 2D hole gas with respect to each harmonic,
in the presence of the meander line and the back gate. The
amplitude of the third harmonic is the smallest of the first
four harmonics, illustrating that this harmonic is weakly ex-
cited in the system studied here.

Another fit was tried, assumingf1 to be the fundamental.
It gives exactly the same pinning frequency as the first analy-
sis, but the plasmon frequencies obtained are too low, far
away from the lowest limit expectedsfully screenedd. There

is no clear reason to explain these plasmon frequency values,
except banking on the variation of the holes effective mass.
So, the first analysis is more consistent.

The presence of several lines in the spectrum brings much
information. In return, the line multiplicity makes the prob-
lem more complicated because each absorption line has to be
identified properly. The main problem of this indexing is the
intensity of the uniform mode. The coupling field atq=0 is
an induction field whose amplitude is much smaller than the
excitation field at finiteq.

D. The effect at n=1/5

The microwave results and theI-V measurements consis-
tently show that the behavior of the solid phase changes
aroundn=1/5. Thepinning frequency, theQ factor, and the
amplitude of the resonances all go through local minima, as
do the melting temperature and threshold field of the solid.
The magnetophonon and plasmon frequencies both go
through local minima and maxima. However, none of these
properties indicates that the system simply becomes liquid at
n=1/5. Theexact nature of the system at this filling factor is

FIG. 4. Variation of the threshold voltage with magnetic field at
30 mK. The errors on these data points are small compared to the
size of the points. The threshold voltage increases with magnetic
field. The dip observed atn=0.2 is discussed in the text.

FIG. 5. Variation of the pinning frequencysad and the plasmon
frequenciessbd with magnetic field at 30 mK. Here, the first peak is
assumed to be the uniform mode and the others harmonics of the
meander line wave vector.
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unclear, but it is reasonable to assume that the effects are in
some way due to the influence of the low-energy fractional
quantum HallsFQHd state atn=1/5.

One possible semiclassical explanation is that, atn=1/5,
some regions of the crystal melt, while others remain solid.
This effect would explain the reduction in absorption ampli-
tude, and also the drop inQ. The melting point is determined
by the temperature at which theI-V characteristic becomes
linear. If a conducting channel through the system existed at
n=1/5, the I-V would become linear at all temperatures,
which is not the case. Similarly, we would expect a large
change in the pinning frequency and the threshold voltage.

In order to understand these effects atn=1/5, a fully
quantum-mechanical description of the system is required.
An attempt at such a description is provided by Maksym.16

He has proposed that at FQH filling factors inside the MIWS
phase there is indeed a change of symmetry in the two point
correlation functions of the carriers. Although his calcula-
tions were carried out for the electron system close to
n=1/7, it is to beexpected that similar results will hold for
2DHS close ton=1/5.Both microwave absorption measure-
ments andI-V measurements were performed with the 2DHS
down to n=1/8, and noanomaly was found around filling
factorn=1/7. In this model, the hole wave functions are less
well localized atn=1/5, which means that the pinning and
hence threshold field will be reduced, in much the same way
that reduced localization at low magnetic field reduces the
pinning in Fertig’s model.17,18 It is also reasonable that the
melting temperature of the crystal is lower atn=1/5 in this
model, and that the mixing of different lattice types should
give a broadened, lower amplitude resonance.

E. The effect of an applied current

Figure 6 shows the effect on the resonances of an applied
dc current at 17 T and 30 mK. FromI-V measurements, the
threshold currentIT is 0.1 nA at 17 T and 30 mK. A small
current of 10 pA has little effect on the resonance, but a
current of 10 nA reduces the amplitude by a factor of order

2. This suggests that some heating may have been caused by
the current. At 100 nA, the amplitude has been greatly re-
duced. Comparisonsof the decay of the absorption ampli-
tudes with current at 30 mKd with the variation of the ab-
sorption amplitudes with temperature indicates that, if
heating is indeed the cause of this effect, the temperature of
the sample at 100 nA is approximately 70 mK. It is interest-
ing that the current applied has no effect on the resonance
frequencies. This suggests that the solid experiences the
same pinning forces when it is slidingsabove the threshold
voltaged as when it is stationary.

The presence of resonances at such high currents is an
important result. Measurements of the threshold voltage by
different groups have produced two very different interpreta-
tions. Williamset al.6 measured a clear threshold at an ap-
plied potential of order 50 mV and currents of order 10 nA.
Other authors19,20 observed a threshold at much lower exci-
tation voltages, of order 100mV. Jianget al.19 suggested that
the higher threshold voltage seen by Williams was simply a
sudden melting of the solid due to heating by the current.
However, the persistence of resonances to currents as high as
100 nA shows that the solid is still present and that this
melting has not taken place.

IV. COMPARISON WITH THEORY

In order to correlate the pinning frequency with the
threshold field, we use the classical oscillator modelsCOMd
of Fukuyama and Lee,9,10 which assumes that the Wigner
solid may be unstable to domain formation in a random po-
tential. Each domain is an oscillator which moves in a har-
monic potentialV0=NDm* f0

2u2, whereND is the number of
carriers in each domain,m* is the effective mass of a
hole, andu is a displacement from an equilibrium position.
In the presence of an electric field alongu, the potential is
V=V0−NDeEu. At threshold, the domains are depinned and
the pinning frequency is expressed in terms ofET as
f0<ÎeET/m*a. Figure 7sad shows an obvious deviation from
the predicted behavior, although this relation is well verified
for the 2D electron solid.13

According to the COM, one expects that above the thresh-
old current, the solid experiences no pinning, andv0→0.
The invariance of the pinning frequency with an applied dc
current sId suggests that, even though the applied field is
higher thanET, the Lorentz force may not be big enough to
overcome the pinning forces in the transverse direction. Fur-
thermore, increasing the applied current leads to an increase
in the Lorentz force and the solid is depinned and progres-
sively recovers its long-range order as the displacement ve-
locity increases. This fact should manifest itself on peaks
becoming sharper asI increases. But, the width of the reso-
nances are already sharp and do not change withI, suggest-
ing that the long-range order is conserved in the system, in
spite of the presence of impurities. The behavior of the reso-
nances with an applied dc current cannot be understood
within the COM. The solid is sliding and subjected to the
same random potential as when it is stationary.

The pinning mechanism strongly depends on the nature of
the dominant source of disorder. One possible source is

FIG. 6. Decay of the absorption amplitudes with a driving dc
current at 17 T and 30 mK. Comparison of this decay with the
variation of the resonance amplitudes with temperature indicates
that, if heating induced by the dc current is indeed the cause of this
decay, the temperature of the sample at 100 nA is approximately
70 mK.
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charged impurities close to the 2DHS. A numerical calcula-
tion of the pinning potential21 arising from this type of dis-
order leads to the strong pinning mechanism described by the
COM, and agrees with the threshold field values previously
measured in transport experiments with electron samples.22,23

The pinning frequency measured for the hole system—
50 GHz atn=0.2—from rf experiments implies an unaccept-
ably high impurity concentration17,18 if the strong pinning
mechanism is considered.

Another possible source of disorder is the GaAs/GaAlAs
interface imperfections. In reality, this interface is not per-
fectly flat and is expected to contain a series of pits and
terraces.24,25A carrier trapped in a pit is closer to the donor
layer and may therefore be pinned. A recent quantum har-
monic modelsQHMd sRefs. 17 and 18d assumes the Wigner
solid not to be deformable and calculates the pinning fre-
quency as a function of the pit size distribution and the prob-
ability to find a carrier pinned in a pit. The pinning frequency
found here increases linearly with the magnetic field, and the
rf absorption is expected to be very sharp.

In a strong pinning mechanism, the solid is broken in
several domains. The COM assumes that domains oscillate
independently of each other in a potential arising from ran-
domly arranged impurities. Their pinning forces are thus
quite different. A large distribution of individual pinning fre-
quencies is expected and leads to the broadening of the col-
lective response of the system. TheQ factor is<1 as mea-
sured in electron systems.3,8,26 The sharpness of the
absorption lines in this hole samples5øQ factorø40d indi-
cates a strongly correlated system if the domain formation
assumption were retained. This would imply that the do-
mains are strongly correlated, indicating that the long-range

order remains. A hole sample of similar density and less
good mobility measured by Liet al.2 showed a sharp
resonancesQ factor <5d. Its pinning frequency is 34.5 GHz
at n=s6.36d−1, while we find 36 GHz atn=s6.4d−1. It
is surprising to have similar pinning frequency values for
two hole solids with quite different disorder configurations
if one considers the COM. Apparently there is no reason to
justify strong pinning forces having the same amplitude in
both samples.

Using a Gaussian variational approximationsGVAd Chitra
et al.27 calculated the conductivitysxx of a weakly pinned
MIWS as a function of the frequency.sxx exhibits two ab-
sorption lines: one at the pinning frequencyv0 and the other
resonance atv=vc+v0, wherevc is the cyclotron frequency.
The value ofvc/v0 s<25d is in agreement with what we
measure in rf experiments. At 17 T, the pinning frequency is
40 GHz while the cyclotron frequency is about 103 GHz.
Within this model, the effect of disorder depends on the rela-
tive sizes of the length scalesl0 and lc, wherelc is the radius
of the hole orbitals and thus is associated properly with the
2DHS. Here,l0 is the range of correlation of the weak dis-
order potential of the substratesnot of a possible disorder in
the crystal of the 2DHS itselfd. The most relevant case, ac-
cording to our results, is when the disorder correlation length
l0 is smaller than the magnetic length,lc=Î" /eB. The pin-
ning frequency and the threshold field increase withB and
v0 varies asv0~ET

4/5. But, the resonance line broadens asB
is increased. Figure 7sbd shows the plot of the pinning fre-
quency determined from rf measurements as a function of
the threshold field measured from the dc transport
experiments. We find a linear relation betweenf0 and ET

4/5.
This correlation between experimental results indicates that
in the hole system the pinning mechanism is ruled by short-
range random potential. Another interesting feature of the
GVA is the fact that the results of the COM can be recovered
when l0 is higher thanlc. The absorption frequency then
varies asB−1, and ET is independent ofB. Breaking in
domains is not expected.

The standard COM interpretation, which describes elec-
tron systems with a good accuracy, does not apply to 2DHS.
Indeed, no single theory is able to explain all the experimen-
tal results:Q factor, pinning frequency, pinning frequency
increasing withB, threshold field, threshold field increasing
with B, relative amplitude of the resonances, the temperature
effect,… .

V. CONCLUSION

In this paper we have presented the results of finite wave
vector microwave absorption measurements on a 2DHS in
the magnetically induced insulating phase. We have mea-
sured, in both absorption and dispersion, four resonance lines
that have been identified as the zero wave vector and har-
monic modes of the meander line. The microwave absorption
lines can unequivocally be identified with the magne-
tophonon dispersion curve of a pinned magnetically induced
Wigner solid. The pinning and the plasmon frequencies have
been calculated. The plasmon frequencies have no magnetic
field dependence, while the pinning frequency varies with

FIG. 7. Pinning frequency against threshold field. Closed sym-
bols refer to experimental data and the lines refer to the fits.sad The
experimental results deviate obviously from the classical oscillator
model. sbd Agreement between the experimental data and the
Gaussian variational approximation.
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magnetic field. The pinning frequency has been compared to
the longitudinal threshold field measured in dc measure-
ments. These results do not agree with the classical model of
a crystal broken into independent domains as observed in 2D
electron systems, but support the theoretical pictures of
Fertig17,18 and Chitraet al.,27 who both propose models in
which the pinning is due to short-range disorder such as the
disorder at the interface of the heterojunction.

Both bulk and shear moduli of the 2DHS Wigner
solid vary nonmonotonically aroundn=1/5, and thetem-
perature versusB phase diagram exhibits an anomalous
behavior close to this filling factor. Finite pinning frequency
and finite threshold field at lowT at n=1/5 areevidence of a
solid state, and therefore the system has not melted. The
most likely explanation is that there is a change in the sym-
metry of the phase close ton=1/5, as predicted by
Maksym16 for a 2DES.

Microwave experiments made with a dc current through
the sample show that the current has no effect on the pinning
frequency. This is not yet well understood, so more detailed
measurements, particularly close to the threshold, would
prove valuable. The persistence of the resonances in the pres-
ence of high dc currents shows that the solid is not melted by
heating due to the current.
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