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Magneto-optical evidence for depinning of the Wigner crystal by an electric field
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We investigate the influence of an electric field on the radiative recombination of two-dimensional
electrons in the Wigner-solid regime. We find a threshold enhancement of the intensity of the
luminescence accompanied by the appearance of noise, which we associate with a sliding of the
pinned Wigner solid by the electric field. Our results indicate that the melting of the Wigner solid
occurs in two steps and can be characterized by two critical temperatures.

The liquid-solid phase transition in a two-dimensional

(2D) system has attracted considerable theoretical in-
terest over the last sixty years. Much of this interest
stems from the reduction in the dimensionality which
leads to novel properties of the solid phase and it." inelt-
ing behavior when compared to the more familiar three-
dimensional (SD) case. ' The solid phase is unusual in
that an infinite crystal is unstable with respect to long-
wavelength (q 0) phonon oscillations. However, Monte
Carlo calculationsz demonstrate that stability may be
achieved by the formation of a polycrystalline domain
structure, which has a mean domain size which decreases
with increasing temperature.

Recent experiments have probed the condensation
of electrons in GaAs-Gai Al As heterojunctions into a
2D solid phase (Wigner crystal). In this system, the elec-
tron density is high and a strong magnetic field perpen-
dicular to the 2D layer is required to induce the crystal-
lization. Transport measurements on the solid phase
reveal low electric-field thresholds in the electrical con-
ductivity and signal noise, which are associated with the
Wigner crystal domains depinning out of the disorder
potential at the heterojunction interface. The depinning
threshold signifies a rigid solid phase of electrons (a fluid

phase cannot be pinned) and its disappearance with in-

creasing temperature is identified with the melting of the
Wigner crystal.

In a previous paper, we studied the optical properties
of 2D electrons in GaAs-Gai Al As heterojunctions in
the regime of the Wigner crystallization. We found that
below a critical filling factor (v, =0.28) and below a crit-
ical temperature (T,=l 41& at 26 T) .an additional line

appeared in the luminescence spectrum which we associ-
ated with the formation of a pinned Wigner solid. In this
work, we correlate previous electrical and optical mea-
surements by studying the effect of an electric field on
the luminescence spectrum. We observe an electric field
threshold enhancement in the optical intensity of the ad-
ditional line which is accompanied by an appearance of

noise in the luminescence signal. We interpret this behav-
ior in terms of the electric-field depinning of the Wigner
crystal domains and note the clear link with the transport
measurements. 5 " By modulating the electric field, we are
able to detect the additional line independently from the
main luminescence line and find a two-step melting pro-
cess of the Wigner solid with increasing temperature.

The samples studied are high quality GaAs-
Al~ Ga As heterojunctions with a b-doped layer of Be
acceptors in the GaAs buffer layer. s An electric field is
applied by two dift'used indium dots 2.5 mm apart on
a sample measuring 3x1.5 mm~. The luminescence was
measured inside a dilution refrigerator using an optical
fiber access and we ensured that the sample was uni-
formly illuminated during the measurement. In Fig. 1(a),
we show two luminescence spectra measured for a het-
erojunction with an electron concentration of 5.5xlo
cm 2 at B=16 T (v=0. 135) under zero applied voltage
and under a voltage of 5 mV. Under zero voltage, the I~
line, which we associate with the formation of the pinned
Wigner solid, shows up as a low energy shoulder to the
main I~ line. In the electric field, the intensity of the
I2 line increases several times whereas the main Ii line
(corresponding to the liquid phase) remains the same.

The selective enhancement of the weaker I2 line in the
electric field allows it to be separated from the main Ii
line by recording diA'erential luminescence spectra with
a low-frequency voltage modulation (f=10—60 Hz). Dif-
ferential spectra are shown in Fig. 1(b) and only a single
asymmetric peak at the energy of the I2 line is observed.
The dependence of the intensity of this peak on the mod-
ulation voltage is shown in Fig. 2(a): there is a threshold
at FT——2 mV followed by a sharp increase over the volt-

age range 2 to 3.5 mV. Above the threshold, the signal
becomes very unstable and the noise level, measured as
the average deviation of the differential signal from its
mean value, is plotted in Fig. 2(b). Both the differential
intensity and signal noise show threshold increases in the
electric field. A Hall bar sample was also measured under
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FIG. 1. (a,) Luminescence spectra measured at 8=16 T
and T=80 mI& under zero applied voltage and under an ap-

plied voltage of 5 mV. (b) Differential luminescence spectra
obtained for various applied voltages. The peaks labeled Iq

and I2 correspond to liquid and solid phases, respectively.

similiar experimental conditions and displayed a strong
instability in the resistance p near the threshold.

The threshold behavior of the luminescence signal and
its noise level (as well as the observed instability of p ) is
similar to the transport measurements of Goldman et al. s

of an electric-field threshold in the conduction and of re-
lated noise generation. They explained their results in
terms of the depinning of the Wigner crystal by the elec-
tric field. In our case, a depinning of the Wigner crystal
leads to an increase in the luminescence intensity. We as-
sociate this with the ineffectiveness of a pinned Wigner
crystal in radiative recombination. In a strong magnetic
field, the extent of the 2D electron wave function in a
pinned VVigner solid is defined by the magnetic length.
The holes participating in the recombination process are
bound to acceptors and the combined localization of both
the electrons and holes makes the luminescence ef6ciency
of the pinned Wigner solid very low. However, an elec-
tric field depinning of the Wigner solid domains results
in the collective motion of the 2D electrons and thereby
leads to an increase in the luminescence intensity of the
solid line. The noise is due to the instability of the de-

pinning process near threshold and has been observed
in the depinning of both charge-density waves and of
the classical electron solid on liquid helium.

In order to understand the electron phase diagram, it
is important to identify which phase —liquid or solid—
forms the ground state for the electronic system. In
Fig. 3, the relative spectral positions of the I& (liquid)
and I2 (solid) lines are plotted. The energy (AE) is given
by the measured shift of the points from the cyclotron
energy 2h~, extrapolated from the low-field points. The
downward cusps in the dependence of the liquid line 3

at fractional filling factors v=3 5 and 7 reflect the for-
mation of an incompressible Fermi liquid separated by
an energy gap from the excited states. No correspond-
ing structure is seen in the solid line (I2) as many-body
correlation effects are not expected to produce an incom-
pressible ground state in this phase.
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FIG. 2. The dependence of (a.) the intensity and (b) the
noise level of the I2 line in the differential spectrum on applied
voltage.

FIG. 3. The spectral positions of the Ir (liquid) and Iq
(solid) lines as a function of magnetic field. The energy (AE)
is the shift relative to the cyclotron energy increase 2'~, .
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FIG. 4. The integrated intensity of the I2 line for a 5-
rnU voltage modulation as a function of magnetic field. The
positions of filling fractions v=~ and ~ are indicated.

Theoretical calculations predict that the formation of
an incompressible Fermi liquid at v=5 7 and 9 low-
ers the energy of the liquid phase to below the solid
phase. This implies that the liquid phase forms the
ground state at these fractions whereas away from these
fractions (and below a critical filling factor), the solid
phase is expected to be stable. The presence of the in-
compressible Fermi liquid and the consequential melting
of the solid phase has been observed in the vicinity of
v=5 using transport measurements. ~ In the optical mea-
surements, both the liquid (Ii) and solid (Iq) lines are
present in the spectra implying that the two phases co-
exist and this is thought to he either a dynamic effect
under the illumination or due to a small amount of inho-
mogeneity in the 2D electron concentration. However, in
either case, the intensities of the two luminescence lines
should reveal the relative stabilities of the two phases and
hence the ground state of the system. In Fig. 4, the dif-
ferential intensity of the Is line for a voltage modulation
of 5 mV is plotted as a function of magnetic field. The
line appears below a critical filling factor v, =0.27 ajid has
intensity minima at v=5 and 7. The onset at v, =0.27
represents the boundary below which the Wigner crystal
is stable in this sample. The intensity minima at v=s
and 7 are matched by int, ensity maxima in the liquid line
Ii (Ref. 6) and the complimentary oscillations in the in-
tensities of the two peaks support the formation of the
liquid phase at these fractions.

Our previous measurements showed that the Iq lumi-
nescence line exists up to a relatively high critical temper-
ature I;=1.5 K.s Such a high value of T, strongly differs
from transport and radio-frequency measurements
which report critical temperatures in the range 100—500
mK. In Fig. 5, we show the temperature dependence of
the differential intensity of the I2 line down to 60 mI&

for a filling factor v=0, 135 and a voltage modulation of
5 mV. The curve is marked by two temperature thresh-
olds at which the intensity drops sharply: at the first
threshold T, i ——350 mI& there is a 30%%uo decrease and this
is followed by a second threshold at a higher temperature
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FIG. 5. The temperature dependence of the I2 line inten-
sity for a 5-mV voltage modulation showing two sharp de-
creases at T,q and T,2. The dashed line is a guide for the
eye.

T,g ——1,2 Ik. The classical 2D melting temperature for this
electron concentration is 420 mI& (Ref. 1) and it therefore
seems reasonable to assign the first threshold to the melt-
ing of the Wigner solid. The transition temperature is
expected to drop below the classical melting temperature
as the filling factor increases. The assignment of the sec-
ond threshold is not clear. The presence of two distinct
thresholds might indicate two separate phase transitions.
Indeed, 2D melting theory predicts a possible intermedi-
ate "hexatic" phase between the liquid and solid phases.
This phase is characterized by quasi-long-range orienta-
tional order and has physical properties similiar to a liq-
uid crystal. However, the depinning threshold persists
beyond T,i and the description of the electrons in this
temperature range as a nonrigid liquid crystal is clearly
invalid. Another possible explanation of the existence of
the Ig line above T, p would be to accept that the melting
temperature depends on the electron solid domain size
and hence with increasing temperature from T, q to T,2,
the mean domain size drops to zero. Monte Carlo simu-
lations find that the mean domain size decreases with in-
creasing temperature. However, a continuous decrease in
domain size, although accounting for the additional lumi-
nescence line existing to well above the classical melting
temperature, would be expected to give a. continuous de-
crease in its intensity and this conflicts with the presence
of two sharp thresholds in the temperature dependence.
Neither proposed mechanism can fully account for the
observed two-step intensity decrease and further study is
required to identify the structure of the electron phase in
this regime.

In conclusion, we have studied the influence of an elec-
tric field on the luminescence from 20 electrons in the
Wigner solid regime. The electric-field threshold behav-
ior, the intensity minima at v=- and 7, and the pres-
ence of a critical temperature close to the classical melt-
ing temperature all indicate radiative recombination from
electrons in a pinned Wigner solid.
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