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Microwave resonance susceptibility of a two-dimensional hole system in a weak random potential
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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 the sample measured by et al? However, the mobility of

It is well known that the ground state of a system ofthe sample re_ported hereT is considerably hi_gher thgq _that
electrons or holes is determined by the competition betweeFePOrted in their study. Using a custom-built high-sensitivity
the Coulomb interaction and the quantum fluctuations. In théeterodyne spectrometer, we have measured the microwave
low-density limit carrier-carrier interactions dominate andabsorption at finite wave vectors as a function of temperature
the ground state is expected to be a Wigner crystalo- and magnetic field. In Sec. Il we describe the experimental
dimensional electron or hole gas at the heterojunction ofnethods that we have used. Section Il details the results and
semiconductors GaAs/GaAlAs constitute experimental systheir analysis. A discussion of theoretical treatments of the
tems where a magnetically induced Wigner sdMIWS) problem is reported in Sec. IV. Finally, the conclusions of
can occur at low temperature by neutralizing the kinetic enthis work are summarized in Sec. V.
ergy by means of a high magnetic fiebd Wigner crystalli-
zation is favored at large—the ratio of the intercarrier
spacinga to the Bohr radiusa, of the carriers in the L S S
semiconductor—and is observed for Landau fl”lng factor A. Microwave experiments at finite wave vectors
v<<1/3 in high-mobility two-dimensional hole systems
(2DHS).2 The same behavior is observed in high-mobility
two-dimensional electron systen®DES at v<<1/534

The Wigner crystallization of two-dimensional electron or
hole gas in semiconductors is an interesting phenomenon, o))
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 sample couples to the radio frequengy) field
through an opened meandering strip seciisee Fig. 1 of

the presence of disorder, because the residual impurities in 32 pm

the host sample create a random potential that influences the {h

MIWS properties. These impurities pin the Wigner solid, LhLLLLLLLLLLLLLLLL «— GP
leading to an insulating state below a threshold electric field 4 pm I Si0,

measured in dc transport experiments. The first experiments wzz «— ML

based on the appearance of an absorption line ascribed to a 400 um
mode in which the pinned solid oscillatés.

This paper reports on the results of microwave experi-
ments on a heterojunction grown by molecular-beam epitaxy FIG. 1. The meander line couples the rf field to the 2DK$.
(MBE) on the 311A surface of gallium arsenide with a den-Top view of the meander linéll) The sample is laid, face down, on
sity of 6x10'° cm™ and a low-temperature mobility of 8 top of the transmission line. GP: ground plane; ML: meander line;
X 10° cn? V™t s7L, Coincidentally, this is a similar density to HS: 2DHS; BG: back gate.

| :
to distinguish the Wigner solid from the liquid phase were 02 “mI """ Aty Mttty «— 1
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the transmission line that carries the rf signal from the sourceetector is modulated; demodulating it in the spectrometer
to the detector. It is important to note that the transmissiorby lock-in detection gives the derivative gfwith respect to
line is not fabricated on the sample but is a separate strudhe back gate modulatiovigg

ture. Close contact between the two is ensured by a spring-

loaded contact on the back of the sample that also acts as a Sy =0y +idy' = 24 Npe. (3)
back gate electrode. The microwave transmission line has Ngg

been described elsewhetét consists of a gold meandering This differential technique has a very good signal-to-noise

transmission line that has a 3bimpedance in the absence ratio and allows us to make measurements that are limited

of the GaAs sample, and will be referred to here as the me- P . )
ander line. The shape of the meander line imposes that thOnly by the 2 dB noise figure of the first room-temperature

LS . gmplifier. It is interesting to compare this technique to that of
funednimeor;tte;]leprefrloglcgi O:;;hi ]:‘Irilgq %Q)l_téefén';'-rh@;g theLi et al? Their technique allows the measurement of the
quency wave sweep : Z. bsolute value of the imaginary part of the susceptibility; so,

dispersion of the meander line meets an excitation branch q ey are able to calculate the oscillator strength at a single

the hole system, the coupllng is maximized and the holle mall wave vector. The spatial period of the electric field is
absorb power from the rf field. We expect to observe a seriee | der 30m. The technique reported here allows the ob-

?geaﬁqs;rﬂg?g Ir']rz;soﬁtr;hc? dg'tgfrstﬁg“ﬁglse 0'\;Itcveshz_irrr:';on'r?ﬁc\i’v'ltgervation of changes in both the real and imaginary parts of
9 P! S P Phe susceptibility at a harmonic series of wave vectors but,
of the absorption spectrum measurement is to detect the ef;

fect of the Wigner solid on the absorption and dispersion of %Sgtfdﬂ;%srgﬁﬁg:?lon’ the oscillator strength cannot be cal-

re}’dio frequency signal. In order to determine the absorption The power of the microwave signal on the meander line is

e e s o edsied 10 keep the magnud appoximaely consant s

is done by first recording a calibration traE(aca?I) ata terT.1— ihe frequency is var_ied. The typical power on the meander
_ . line at the sample is =70 dBm and the typical absorption

perature(T=500 mK) above the classical melting tempera- trength is<10°3

ture of the solid and finding the difference between this and5 '

the low-temperature resufi(tes. This difference gives the

small change in the signal due to the effect of the solid.

In the presence of an external electric field In earlier experiments reported by Willianet al.,b the
Eexi=Eo cogwt—kx) with a wave vectok and frequencyw,  microwave results were comparedity measurements on a
the carriers will respond by redistributing themselves. Wetwo-dimensional electron system. We report similar measure-
model the system by considering that the variation of thements for the two-dimensional hole system. The sample was
susceptibility modifies the capacitance of the transmissiogontacted in a four-wire geometry. The currght was ap-
line. This alteration in the capacitance causes a change in thied to the sample by a current source and the potential
phase and amplitude of the transmitted signal. In the limit ofdifference(V) between the voltage contacts measured. The
linear response the transmitted field is given by current flowing out of the opposite current contact was mea-

" , . sured by a current amplifier. This enables us to ensure that
E=Eol[1-x"(k w)]codwt ~kL) = x' (k, w)sin(wt ~ kL)}, there is no leakage path of the current to ground. The imped-
(1) ance of the sample under extreme conditions can exceed

whereL is the electric length from the source to the de'[ector10 G, so the voltages at the two voltage contacts are mea-
The spectrometer out u?s an in-phase compotignand 'sured by electrometers with an input impedance greater than
a quagrature componepEt/ These crc))mponentspare btained 104 Q. The electrometer outputs were measured both in a
from a fixed reference,.,=E, coset) armed in the hetero- single-ended fashion and differentially by a scanning digital

d detector. Th tibilitv of the hol lid i | voltmeter. An important feature of the arrangement is that a
Ia%gg a: ector. The susceplibility ot the hole solid 1S calcU-,rent source supplies the current and the resulting voltage

is measured. This removes the possibility of thermal run-
X=X +iy'= [AEy— iAE,J[E (cal) - iEy(caI)]/Ez(tesl), 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
where AE,=E,(tesh-E(cal), AE,=E,(tesh—E,(cal), and current directions.
E%(tesh =[E,(tesy]*+[E,(test ]2 The detailed justification of
this calculation and the setup of the heterodyne detector are Ill. EXPERIMENTAL RESULTS AND DISCUSSION
described elsewhere.

For technical reasons, it is not possible to detect direct
absorptiony” and dispersiony’ with a good accuracy be- Figure 2 shows the differential dispersion and absorption
cause the excitation field is very small since heating must bat B=17 T andT=30 mK. The spectrum exhibits four clear
avoided. The signal-to-noise ratio of the measurements iabsorption lines at frequencids, f,, f;, andf,. The sharp
improved by modulating the carrier density of the systemspike atfog=1.04 GHz is thought not to be due to the hole
with an 80 Hz, 1.5V, voltage applied to a back gate solid because it does not change with the fiBldt may be
0.4 mm from the 2DHS. Part of the signal transmitted to thean instrumental problem caused by the reflections in the

B. I-V measurements

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

FIG. 3. Variation of the resonance frequencies with the magnetic
Yield at 30 mK. The lines do not represent a fit, but are just a guide
% the eye. The error in each frequency is less than 0.01 GHz.

Nhe ratio of the resonance frequency to the width of the
resonancethat we measure, however, is much higher than
SQL:Jat seen by the earlier study.

transmission line around the sample. Because of its very lo
amplitude the resonandeg vanishes rapidly and cannot be

measured at lower magnetic fields. We shall therefore ba: " . -
g As the field decreases the lines become broader and it is

lysi f igs(i=1,2 .
our analysis on frequencids (i=1,2,3,9 ot possible to distinguish betweéq f,, andf; below 9 T.

Swept frequency spectra are obtained for fixed magnet’i"% . A .
fiel At i fiel h ven if fyg does not (_:hange witB, its ampl_ltL_Jde does due to
lelds and temperatures. At low magnetic fields, the spectru Its closeness td,. This makes the latter difficult to follow at

exhibits no particular structure. At filling factor below low B. As the temperaturd is reduced. the absorption am-
v=1/3, pronounced and well-resolved resonant lines appeaPW " perature 1 uced, ption 8
rg)ltude increases. This may be proof that the sample is not

in the spectrum. These lines move to higher frequencies al tino. However. there is n rticular effectTobn th
become sharper and stronger as the magnetic field increas ating. However, there 1S no particular efiect o €
sorption frequenciek (i=1,2,3,9.

Their appearance reveals the presence of an excitatio
branch consistent with the formation of the MIWS. This par- B. Nonlinear 1-V measurements

ticular excitation branch has been interpreted as resulting I . .
L . L : In the liquid phase the 2DHS behaves like an ohmic con-
from the pinning of the system by impurities when its Shearductor, with a linear current-voltage characterigtiéC). In

modulus is finité® within the classical oscillator mod&f-° id oh we observe nonlinearity in the VG due t
Absorption spectra have been measured at temperatures frotr'he Solid phase, we observe noniinearity e ue to

30 to 500 mK. The spectra become well defined as the ten;E;Eming by disorder. When the external field is high enough

ratur ] “The resonan i ; ve 2 overcome the_ p_inning force, the sample starts conducting
perature decreases. The resonances disappear above 200 urrent and exhibits a linear IVC. The threshold voltage

although the dc transport measurements indicate the insu'ﬂ-at separates the insulating from the conducting regime is

ing behavior up to 350 mK at 17 T. Absorption lines may N . L .
still be present but are too weak to be measured. The meItin?fOWn In Fig. 4 as a f_unct|on of the magnetic field. Ignolrmg
point of a Wigner solid at higlB is given by the classical € anomglous behaymr closert'91./5, thegeneral trend is
melting temperaturd,,,'* For this sample the value &t for V1 to increase \_Nlth magnetic fle_ld. This increase means
(=450 mK) is consistent with the results of dc transport mcreased_locallzatlon, _anc_i hence mcr_eased pinning of the
holes at higher magnetic fields. Intensive dc transport mea-

measurements. . ; ;

L . urements with this hole sample and the conduction mecha-
The four absorption lines are field dependent. The most. ) . ) .

isms have been described in an earlier publicatfon.

intriguing features are the local minima in the amplitude and"
absorption frequencies close te1/5. This feature was to- C. Discussion of results

ta_IIy unexpected and is _d|SS|m|Iar to the behavior gt S8 The first task is to identify the wave vectors of the micro-
v=1/3, where no absorption takes place due to the incom-

pressibility of the liquid phase. Ignoring this behavior CIOSeWave absorptions. The four resonance frequencies are inter-

t0 v=1/5 for amoment. the general trend is for the fre uen_preted as characteristic frequencies of a madearising
)V : e g : rthe eqUEN-5m the coupling of the transverse mofde?+ w2]Y2 of the
cies and amplitudes to increase with magnetic field and fo

. . . . 2 271/2
the width of the resonances to decrease. As shown in Fig. ole solid with the longitudinal mOdéwp'mO] by the

all the resonance frequencies do not have the same behavigipgnetic field?

at high B. Above 13 Tf,, f,, f5 increase withB, while f, 5 (0] + 0)) (0 + )

increases and reaches a maximum from which it starts de- w_= w2 ' (4)
creasing whem is increased. The frequency dependence of ¢

the lowest frequency absorption is very similar to that re-wherewy is the pinning frequency, understood as the natural
ported by Liet al2in a similar density hole gas. Ti@factor  frequency of shear oscillation of the MIWS in the random
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FIG. 4. Variation of the threshold voltage with magnetic field at
30 mK. The errors on these data points are small compared to the Filling Factorv
size of the points. The threshold voltage increases with magnetic 0;3 °'|25 0;2 °‘|15
field. The dip observed ai=0.2 is discussed in the text. (b)

N 60+ .
potential; wy, is the plasma frequencyy, is the cyclotron é /A/A_A—A%A—A\A__Aﬂ
frequency, andy, is the transverse phonon frequency, which z o
will be neglected in our analysis because the wave vector § 49. -
values used in the experimen{ga<1l) make w; much e
smaller than the other frequencies. From the four absorption E ot oo o |
frequencies we calculate, self-consistently, the pinning fre- 5 204 1
quency wgy with respect toB using thew_ formula and as- £ p—o- 0o RSFiIme 0 —o——o—0
suming thatw, is uniform. Then, we extract the plasmon ft" T=30mK
frequency corresponding to each absorption line. Pinning
and plasmon frequencies are shown in Fig. 5. Except for the 0 s 10 12 i 15
behavior aroundv=1/5, w, increases withB while wy, is B (Tesla)

independent oB. This result strengthens our analysis. The

mean value of each plasmon frequency: 0, 18, 30, and g, 5. variation of the pinning frequendy) and the plasmon
53 GHz, corresponds to perfectly screened plasmon frequefrequenciegb) with magnetic field at 30 mK. Here, the first peak is

cies at wave vectorsg=0, q=(p=2m/No, =20y, and  assumed to be the uniform mode and the others harmonics of the
g=4qy. N\p=16 um is the fundamental periodicity of the meander line wave vector.

field, imposed by the shape of the meander line. The pres-

ence of the meander line at a distance of O from the i 1, clear reason to explain these plasmon frequency values,
2DHS makes the carrier-carrier interactions partlally_or fuIIyeXCept banking on the variation of the holes effective mass.
screenedw_ can then be built experimentally, assuming thatSo the first analysis is more consistent

f, corresponds to the uniform mod#;, fs, f, correspond, The presence of several lines in the spectrum brings much
respectively, to the fundamental of the meander line, the,¢omation. In return, the line multiplicity makes the prob-
second- and the fourth-harmonics. The lifie(see Fig. 2 | more complicated because each absorption line has to be
could be the third harmonic. It is impossible to study thejgepiified properly. The main problem of this indexing is the

behavior offs because its amplitude is too weak. The Weak'intensity of the uniform mode. The coupling field g0 is

ness or the total absence of the third harmonic have beegy, jnqyction field whose amplitude is much smaller than the
observed elsewheYe®during the measurements of the mag- excitation field at finiteq
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, The microwave results and thev measurements consis-
in the presence of the meander line and the back gate. THently show that the behavior of the solid phase changes
amplitude of the third harmonic is the smallest of the firstaroundv=1/5. Thepinning frequency, th€ factor, and the
four harmonics, illustrating that this harmonic is weakly ex-amplitude of the resonances all go through local minima, as
cited in the system studied here. do the melting temperature and threshold field of the solid.
Another fit was tried, assuminfj to be the fundamental. The magnetophonon and plasmon frequencies both go
It gives exactly the same pinning frequency as the first analythrough local minima and maxima. However, none of these
sis, but the plasmon frequencies obtained are too low, faproperties indicates that the system simply becomes liquid at
away from the lowest limit expectedully screenedl There  »=1/5. Theexact nature of the system at this filling factor is

D. The effect atv=1/5
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15— - - - T - 2. This suggests that some heating may have been caused by
T=30mK the current. At 100 nA, the amplitude has been greatly re-
B =17 Tesla duced. Comparisoffof the decay of the absorption ampli-

10 e f, 1 tudes with current at 30 mKwith the variation of the ab-

sorption amplitudes with temperature indicates that, if
heating is indeed the cause of this effect, the temperature of
i the sample at 100 nA is approximately 70 mK. It is interest-

Fractional Change in
Absorption (1/1000)

5_
ing that the current applied has no effect on the resonance
frequencies. This suggests that the solid experiences the
0. ) same pinning forces when it is slidifgbove the threshold

T T r . ; voltage as when it is stationary.

0 100 200 300 400 500 The presence of resonances at such high currents is an
Current | (nA) important result. Measurements of the threshold voltage by

different groups have produced two very different interpreta-

current at 17 T and 30 mK. Comparison of this decay with thetic_ms' WiIIiams et al® measured a clear threshold at an ap-

variation of the resonance amplitudes with temperature indicateB!/i€d Potential of order 50 mV and currents of order 10 nA.

20 i
that, if heating induced by the dc current is indeed the cause of thi€ther author¥?° observed a threshold atlgmuch lower exci-
decay, the temperature of the sample at 100 nA is approximatel{Ation voltages, of order 10QV. Jianget aI_. . suggested. that
70 mK. the higher threshold voltage seen by Williams was simply a

sudden melting of the solid due to heating by the current.

owever, the persistence of resonances to currents as high as
Ebo nA shows that the solid is still present and that this
melting has not taken place.

FIG. 6. Decay of the absorption amplitudes with a driving dc

unclear, but it is reasonable to assume that the effects are
some way due to the influence of the low-energy fractiona
quantum Hall(FQH) state atv=1/5.

One possible semiclassical explanation is that;=at/5,

some regions of the crystal melt, while others remain solid. IV. COMPARISON WITH THEORY
This effect would explain the reduction in absorption ampli- o .
tude, and also the drop i@. The melting point is determined !N order to correlate the pinning frequency with the

by the temperature at which theV characteristic becomes threshold field, we use the classical oscillator md@®DMm)
linear. If a conducting channel through the system existed #f Fukuyama and Le®,® which assumes that the Wigner
»=1/5, thel-V would become linear at all temperatures, SOlid may be unstable to domain formation in a random po-
which is not the case. Similarly, we would expect a Iargeten“?"- Each _domam is *ag oscillator Wh_lch moves in a har-
change in the pinning frequency and the threshold voltage.MoNIC pqtentlalVo=Nom_fol{2, whereNp, is the number of

In order to understand these effectsiat1/5, afully ~ carrers in each domainm is the effective mass of a
quantum-mechanical description of the system is required?0l€, andu is a displacement from an equilibrium position.
An attempt at such a description is provided by Mak§m. N the presence of an electric field alongthe potential is
He has proposed that at FQH filling factors inside the MIWSY=Vo~NpeEu At threshold, the domains are depinned and
phase there is indeed a change of symmetry in the two poif!l® PInning_frequency is expressed in terms Bf as
correlation functions of the carriers. Although his calcula- fo= Ve€Er/ma. Figure 7a) shows an obvious deviation from
tions were carried out for the electron system close tdhe predicted behavior, although this relation is well verified
v=1/7, it is to beexpected that similar results will hold for for the 2D electron solid?®
2DHS close tov=1/5. Both microwave absorption measure-  According to the COM, one expects that above the thresh-
ments and-V measurements were performed with the 2DHSCId current, the solid experiences no pinning, ang-— 0.
down to v=1/8, and noanomaly was found around filling The invariance of the pinning frequency with an applied dc
factor »=1/7. Inthis model, the hole wave functions are lesscurrent (1) suggests that, even though the applied field is
well localized atr=1/5, which means that the pinning and higher thanEr, the Lorentz force may not be big enough to
hence threshold field will be reduced, in much the same wag@Vvercome the pinning forces in the transverse direction. Fur-
that reduced localization at low magnetic field reduces théhermore, increasing the applied current leads to an increase
pinning in Fertig’s model?18 It is also reasonable that the in the Lorentz force and the solid is depinned and progres-
melting temperature of the crystal is loweriat1/5 inthis  Sively recovers its long-range order as the displacement ve-

model, and that the mixing of different lattice types shouldlocity increases. This fact should manifest itself on peaks
give a broadened, lower amplitude resonance. becoming sharper dsincreases. But, the width of the reso-

nances are already sharp and do not change hehggest-

ing that the long-range order is conserved in the system, in

spite of the presence of impurities. The behavior of the reso-
Figure 6 shows the effect on the resonances of an appliedances with an applied dc current cannot be understood

dc current at 17 T and 30 mK. FromV measurements, the within the COM. The solid is sliding and subjected to the

threshold current; is 0.1 nA at 17 T and 30 mK. A small same random potential as when it is stationary.

current of 10 pA has little effect on the resonance, but a The pinning mechanism strongly depends on the nature of

current of 10 nA reduces the amplitude by a factor of ordetthe dominant source of disorder. One possible source is

E. The effect of an applied current

235319-5
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40 @ T — order remains. A hole sample of similar density and less
o " good mobility measured by Let al? showed a sharp

A resonancéQ factor =5). Its pinning frequency is 34.5 GHz

at »v=(6.3671, while we find 36 GHz atv=(6.47L 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

0 A 8 both samples.

(ET (vim))'? Using a Gaussian variational approximati@iA) Chitra

et al?” calculated the conductivityr,, of a weakly pinned

©) y y MIWS as a function of the frequency;,, exhibits two ab-
sorption lines: one at the pinning frequensy and the other
resonance ab=w.+ wy, Wherew, is the cyclotron frequency.

The value ofw./w, (=25) 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®XBHz.
Within this model, the effect of disorder depends on the rela-
T =30 mK tive sizes of the length scalésandl., wherel, is the radius
0 10 20 of the hole orbitals and thus is associated properly with the
(ET v/im))¥5 2DHS. Here|l, is the range of correlation of the weak dis-
order potential of the substrataot of a possible disorder in
FIG. 7. Pinning frequency against threshold field. Closed symthe crystal of the 2DHS itself The most relevant case, ac-
bols refer to experimental data and the lines refer to the(8tsthe  cording to our results, is when the disorder correlation length
experimental results deviate obviously from the classical oscillatot0 is smaller than the magnetic length= Vh/eB. The pin-
model. (b) Agreement between the experimental data and thening frequency and the threshold field increase vltiand
Gaussian variational approximation. w Varies asw, E°. But, the resonance line broadensBas
is increased. Figure(l) shows the plot of the pinning fre-

20

Pinning Frequency (GHz)

T=30mK

40

20

Pinning Frequency (GHz)

charged impurities close to the 2DHS. A numerical calcula . .
tion of the pinning potentidt arising from this type of dis- 94eNCY determln_ed from rf measurements as a function of
order leads to the strong pinning mechanism described by tH8€ threshold field -measured from the dc transport
COM, and agrees with the threshold field values previoushgXPeriments. We find a linear relation betwefgnand E;™.

measured in transport experiments with electron sanfpfés. This correlation between experimental results indicates that
The pinning frequency measured for the hole system—in the hole system the pinning mechanism is ruled by short-
50 GHz atvy=0.2—from rf experiments implies an unaccept- fange random potential. Another interesting feature of the
ably high impurity concentratid®'® if the strong pinning GVA is the fact that the results of the COM can be recovered

mechanism is considered. when |, is higher thanl.. The absorption frequency then
Another possible source of disorder is the GaAs/GaAlAsvaries asB™, and Er is independent ofB. Breaking in
interface imperfections. In reality, this interface is not per-domains is not expected.
fectly flat and is expected to contain a series of pits and The standard COM interpretation, which describes elec-
terraceg*25 A carrier trapped in a pit is closer to the donor tron systems with a good accuracy, does not apply to 2DHS.
layer and may therefore be pinned. A recent quantum hardndeed, no single theory is able to explain all the experimen-
monic model(QHM) (Refs. 17 and 1Bassumes the Wigner tal results:Q factor, pinning frequency, pinning frequency
solid not to be deformable and calculates the pinning freincreasing withB, threshold field, threshold field increasing
quency as a function of the pit size distribution and the probWwith B, relative amplitude of the resonances, the temperature
ability to find a carrier pinned in a pit. The pinning frequency effect,... .
found here increases linearly with the magnetic field, and the
rf absorption is gxpgcted to be very sharp. o . V. CONCLUSION
In a strong pinning mechanism, the solid is broken in
several domains. The COM assumes that domains oscillate In this paper we have presented the results of finite wave
independently of each other in a potential arising from ranvector microwave absorption measurements on a 2DHS in
domly arranged impurities. Their pinning forces are thusthe magnetically induced insulating phase. We have mea-
guite different. A large distribution of individual pinning fre- sured, in both absorption and dispersion, four resonance lines
guencies is expected and leads to the broadening of the cdhat have been identified as the zero wave vector and har-
lective response of the system. T@efactor is=1 as mea- monic modes of the meander line. The microwave absorption
sured in electron systemd$:?®6 The sharpness of the lines can unequivocally be identified with the magne-
absorption lines in this hole sample< Q factor<40) indi-  tophonon dispersion curve of a pinned magnetically induced
cates a strongly correlated system if the domain formatiotWigner solid. The pinning and the plasmon frequencies have
assumption were retained. This would imply that the do-been calculated. The plasmon frequencies have no magnetic
mains are strongly correlated, indicating that the long-rangdield dependence, while the pinning frequency varies with
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magnetic field. The pinning frequency has been compared to Microwave experiments made with a dc current through
the longitudinal threshold field measured in dc measurethe sample show that the current has no effect on the pinning
ments. These results do not agree with the classical model @fequency. This is not yet well understood, so more detailed
a crystal broken into independent domains as obse_rved in 2R\easurements, particularly close to the threshold, would
electron systems, but support the theoretical pictures of o6 valuable. The persistence of the resonances in the pres-

inL7,18 H 27 i
Fertig""'® and Chitraet al,*" who both propose models in ¢ o high dc currents shows that the solid is not melted by
which the pinning is due to short-range disorder such as thﬁeating due to the current

disorder at the interface of the heterojunction.

Both bulk and shear moduli of the 2DHS Wigner
solid vary nonmonotonically around=1/5, and thetem-
perature versuB phase diagram exhibits an anomalous ACKNOWLEDGMENTS
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