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Wigner Crystallization and Metal-Insulator Transition of Two-Dimensional Holes
in GaAs at B 5 0
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We report the transport properties of a low disorder two-dimensional hole system (2DHS) in th
GaAsyAlGaAs heterostructure, which has an unprecedentedly high peak mobility of7 3 105 cm2yV s,
with a hole density of4.8 3 109 , p , 3.72 3 1010 cm22 in the temperature range of50 mK , T ,

1.3 K. From theirT , p, and electric field dependences, we find that the metal-insulator transition in zero
magnetic field in this exceptionally clean 2DHS occurs atrs  35.1 6 0.9, which is in good agreement
with the critical rs for Wigner crystallizationrc

s  37 6 5, predicted by Tanatar and Ceperley for an
ideally clean 2D system. [S0031-9007(99)08518-X]

PACS numbers: 71.30.+h, 73.20.Dx, 73.20.Mf
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It is well known that the ground state of a two
dimensional (2D) electron or hole system realized
semiconductors atB  0 is expected to be a Wigne
crystal (WC) in the low density limit when carrier-carrie
interaction becomes dominant over the kinetic energy
the carriers. Tanatar and Ceperley [1] from their Mon
Carlo simulation for ideally clean systems find that t
critical density, expressed in terms of the dimensionl
parameterrs, is rs  37 6 5. We note thatrs is the
Coulomb energy to Fermi energy ratio, given byrs 
sppd21y2mpe2y4p h̄2´´0, wheremp is the effective mass
p the charge carrier density, and´ the dielectric constant
Disorder, which is always present in any experimen
system, also plays important roles. In the clean lim
it is expected to pin the WC, rendering the syste
into an insulator. In the highly disordered dirty limi
the Coulomb interaction is negligible, or can be trea
as a small perturbation; the system is better descri
by single particle localization. In between, when bo
interaction and localization are equally important, neith
the electronic processes nor the nature of the phas
known and there is no clear physical picture for t
system at the present time. Also, it is believed tha
the disorder is not too strong, it can enhance Wig
crystallization. Chui and Tanatar [2] found from the
Monte Carlo studies that the disorder they put in th
model can stabilize the WC phase atrs as low as 7.5.

On the experimental side, a number of publicatio
[3–10], since the discovery by Kravchenkoet al. [3] of
a 2D metal-insulator transition (MIT) in high mobility
Si metal-oxide-semiconductor field-effect transistors
MOSFET’s) atrs ø 10, have reported transport studie
in the largers regime of 2D electron or hole systems
several different semiconductor heterostructures. Th
studies generally do not address the properties in
insulating phase. They focus mostly on the nature of
metallic phase and the scaling behavior near the M
Their results agree with the conclusion of Kravchen
0031-9007y99y82(8)y1744(4)$15.00
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et al. [3] that there is a MIT in high mobility samples, an
the critical density for the transition varies fromrs ø 5
in Si0.88Ge0.12 to rs ø 28 in p-GaAs. In the case of
the low mobility samples, the origin and nature of th
insulating phase can be inferred from earlier Si MOSF
experiments, where a crossover from weak localization
strong localization is observed as the carrier density
decreased. In high mobility samples, which show MIT
at rs ø 10, Pudalovet al. [11] first studied the transpor
characteristics in the insulating phase and attributed th
to those of a pinned WC. However, Shashkinet al. [12]
and Masonet al. [13] subsequently found that singl
particle localization gives a better description and t
transport is via hopping in the presence of a Coulom
gap. It thus appears that in the regime where disorder
localization must be treated on equal footing, transp
andI-V characteristics do not allow us to identify wheth
the insulating phase is a WC. A more desirable appro
to the problem has to come from clear identification
a 2D system in the clean limit, where the physics
expected to be simpler and theoretical predictions m
reliable.

In this Letter, we report transport measurements o
2D hole system (2DHS) in GaAsyAl xGa12xAs, which
has an unprecedentedly high peak mobility,mp  7 3

105 cm2yV s. This mobility, approximately twice as high
as previously studied 2DHS, allowed us to reachp as
low as 4.8 3 109 cm22. From a systematic study o
density, temperature, and bias dependences of the
transport, we find a MIT atrs  35.1 6 0.9, which is in
good agreement withrs  37 6 5 predicted for the WC
transition by Tanatar and Ceperley. We also examine
dependence ofrs at the MIT, from all 2D electron and
hole systems that have been reported to show MIT’s,
the disorder in the sample and show that our sample
indeed in the clean limit. In the rest of this paper, w
present this result and also describe in detail related n
transport characteristics from our 2DHS.
© 1999 The American Physical Society
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The 2DHS is created in a modulation dop
GaAsyAl xGa12xAs heterostructure grown on thes311dA
surface of a GaAs substrate by molecular-beam epita
A backgate, used to change the density, is situa
250 mm away from the 2DHS and does not screen
carrier-carrier interaction. Since the holes are produ
by modulation doping, the background neutralizi
charges are immobile. In contrast, the 2D carriers
the insulated gate field-effect transistors used in ot
experiments [3–7] are capacitively induced by applyin
voltage to a metallic gate located close to the 2D syste
In such transistors, the background neutralizing char
are mobile and the carrier-carrier interaction is screene

The sample was a rectangle of4.2 3 0.4 mm2 cut
along the f2̄33g direction, after the wafer was thinne
to 250mm. Resistivity (r) was measured by a fou
probe method. To avoid sample heating, the current
limited to below 1 nA, and the voltage was measur
across two contacts separated by 0.7 mm located nea
center. An ac technique using a lock-in amplifier at
frequency,10 Hz was used whenever possible. At lo
densities where capacitive coupling becomes signific
a dc method was employed. The sample was coo
in the mixing chamber of a dilution refrigerator. Thre
samples cut from the same wafer were studied, and
showed MIT’s with the same characteristics. Howev
the data reported in this Letter were collected over th
cooldowns on the same sample. The sample was war
up to room temperature between cooldowns.

Figure 1 shows theT dependence ofr, measured in
the zero current limit, in the range50 mK , T , 1.3 K,
for 4.8 3 109 # p # 3.72 3 1010 cm22 or 16.0 # rs #

44.4. For p . 2 3 1010 cm22 (the two bottom traces)
the sign of drydT , which has been usually used
distinguish the metallic phase from the insulating phase
positive in the entireT range, showing metallic behavio
For p # 7.2 3 109 cm22 (the four top traces),drydT
is always negative exhibiting the characteristic of
insulator. In the intermediate range ofp, however, there
is a peak inr resulting from drydT , 0 at high T
and drydT . 0 at low T . This peak starts to appea
at p  1.98 3 1010 cm22; it becomes more pronounce
and shifts to a lower temperature asp decreases. The
maximum is atT ø 0.7 K at p  1.98 3 1010 cm22,
andT ø 0.18 K at p  9.0 3 109 cm22. The presence
of such a peak makes it ambiguous to tell whether
2DHS is in the metallic phase or insulating phase us
the sign of drydT as the criterion. For example, a
p  9.0 3 109 cm22, if the measurements are made on
down to 0.3 K, one would conclude from the factdrydT
is negative that the 2DHS is in the insulating phase, wh
the data below 0.18 K indicate that the 2DHS is, in fa
in the metallic phase.

However, this ambiguity can be avoided if we defi
the phase as metallic when theI-V curve is superlinear
sd2IydV 2 , 0d and insulating when it is sublinea
sd2IydV 2 . 0d. Figure 2 is the differential conductanc
.
d

d

r

s.
s

s

he

t,
d

ll
,
e
d

s

FIG. 1. T dependence ofr: from the top curve,p  0.48,
0.55, 0.64, 0.72, 0.90, 1.02, 1.27, 1.98, 2.72, and 3.72
units of 1010 cm22. The inset shows the dependence ofrc

s on
1yt, from various 2D systems; this work (filled circle), 2DH
in GaAsyAlGaAs (open circles [7–9]), 2DES AlAsyGaAlAs
(filled triangle [6]), 2DHS in Si0.88Ge0.12ySi (filled square [10]),
and 2DES in Si MOSFET (open triangles [3–5]).mpyme 
0.37, 0.46, 0.18, and 0.19 forp-GaAs [17], n-AlAs [18],
p-Si0.88Ge0.12 [19], andn-Si MOSFET.

sdIydV d plotted againstV at p  9.0 3 109 cm22, taken
at several temperatures below and above ther maximum,
as marked by the arrows in the inset. In sharp cont
to drydT , which shows a metallic behavior below an
an insulating behavior aboveT  0.18 K, the dIydV vs
V taken at all four temperatures show superlinearI-V
characteristics, i.e.,dIydV decreases with increasingV .
Such a superlinearI-V characteristic is observed dow
to p  8.1 3 109 cm22. When p is reduced below
7.3 3 109 cm22, where r shows monotonic increas
with decreasingT , the I-V curve becomes sublinea
indicative of an insulating phase. It should also
pointed out that identifying the metallic phase and
insulating phase based on the sign ofd2IydV 2 gives
exactly the same result as that obtained using the sig
drydT at our lowestT .

Using the sign ofd2IydV 2, we locate the MIT atp 
7.7 6 0.4 3 109 cm22, or equivalently atrs  35.1 6

0.9 using mpyme  0.37. At the MIT, r is approxi-
mately 35 kV at T ! 0, and EF is calculated to be
0.58 K. The criticalrs for the MIT in our sample is ap
proximately 4 times that in high mobility Si MOSFET
and 25% larger than that in previously studied high
mobility 2DHS in GaAsyAlGaAs, of which mp ø 4 3

105 cm2yV s is approximately half that in our 2DHS. It i
1745
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FIG. 2. dIydV in the metallic phase near the MITsp 
9.0 3 109 cm22d at four different temperatures marked b
the arrows in the inset. Qualitatively same nonlinearI-V
characteristics are seen at all four temperatures. In cont
drydT shows a metallic behavior below and an insulati
behavior aboveT  0.18 K.

clear from this result that thers, at which the 2D MIT is
observed, depends strongly on the disorder in the 2D
tem. In the inset of Fig. 1, we plotrc

s , the 2D MIT critical
rs, from all samples reported in the literature as a fun
tion of the scattering rate of the 2D carriers, defined
1yt  eysmpmpd, which gives a simple measure of th
disorder and also takes into account the differences in
effective massmp of the charge carriers in different ma
terial systems. It is clear that for1yt . 1 3 1011 sec21,
where all the high mobility Si MOSFET data lie,rc

s is
approximately constant. The data from the 2D syste
in GaAsyAlGaAs heterostructures, which are known
have low disorder and show fractional quantum Hall
fect characteristics in high magnetic fields, are all in t
1yt , 1 3 1011 sec21 regime. In this low scattering rat
region, rc

s shows a steep increase with decreasing1yt

and extrapolates torc
s  30 , 40 as1yt ! 0. Our data,

shown as the filled circle in the figure, are in the cle
limit, and the observedrc

s  35.1 6 0.9 is in good agree-
ment with thers  37 6 5 for the WC transition pre-
dicted by Tanatar and Ceperley.

In the clean limit, a WC is expected to be pinned, givi
rise to a depinning threshold voltage, which is charac
ized by a sudden increase in current as the applied vol
exceeds the threshold. In Fig. 3, thedVydI taken atrs 
44.4 is plotted againstV . At 50 mK, thedVydI is nearly
constant untilV reaches about 1.5 mV, beyond which
drops rapidly by an order of magnitude atV ø 3 mV.
This is suggestive of the depinning threshold expected
a pinned WC. In the WC conduction model proposed
Chui [14], where the WC is weakly pinned by the potent
of remote dopants, transport is expected to be mediate
1746
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the creation of dislocation pairs through quantum tunn
ing. The energy needed to create a dislocation pair le
to a conduction threshold voltage. The observed thresh
voltage of 1.5 mV, corresponding to a field of 2.1 Vym,
is in reasonable agreement with Chui’s model, accord
to which the depinning threshold field estimated for o
sample isEd  0.09nia2e2y´d3  2.5 Vym. Here,ni 
8 3 1011 cm22 is the remote doping impurity density
a  sppd21y2, and the doping impurity setback distan
d  1200 Å. However, there are caveats. The pinni
gap deduced fromEd, Dp  h̄seEdympad1y2 ø 2.7 K, is
not consistent with the observation that no well-defin
depinning threshold feature is seen when the thermal
ergy is still much smaller than the gap. In Fig. 3, the d
show no clear threshold atT as low as 145 mK. More-
over, as shown in the inset of Fig. 3, theI-V curve atT
as low as 50 mK is linear within the experimental res
lution at voltages below 1.5 mV. This Ohmic conductio
below the depinning threshold voltage cannot be explai
by a possible backgate leakage current, which is much
than 1 pA.

Finally, we turn to the overall symmetry in the non
linear transport properties of our low disorder 2DHS
its density is varied across the MIT. Shaharet al. [15]
recently reported a new symmetry across the quantum
liquid to Hall insulator transition. They find that theI-V
curves in the quantum Hall liquid phase can be map
into theI-V curves in the Hall insulator phase by simp
interchangingI with V . ThisI-V inversion symmetry can
be viewed as reflecting the charge-flux duality symmetry
the composite boson description of the fractional quant
Hall effect. More recently, Kravchenkoet al. [4] and
Simonianet al. [16] reported a similar reflection symmetr
across the 2D MIT, although its origin is still unclear at t

FIG. 3. dVydI at p  4.8 3 109 cm22 is plotted against
V at T  50 mK (open circles), 145 mK (filled circles)
and 284 mK (triangles). The inset shows theI-V curve at
T  50 mK.
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FIG. 4. (a)dIydV vs I in the insulating phase and (b)dVydI
vs V in the metallic phase at 50 mK. The numbers shown n
to the symbols are the densities in units of1010 cm22. The
correspondingrs values are in parentheses.

present time. We have made a detailed comparison of
I-V characteristics in the metallic and insulating phases
our sample and find that they are qualitatively differe
Instead of comparingI-V with V -I in the two phases,
we compare their derivatives which are more sensitive
changes in the curvature. In Figs. 4(a) and 4(b),dIydV
in the insulating phase anddVydI in the metallic phase
are shown againstI andV , respectively. In the metallic
phase, asV increases,dVydI initially increases, but stops
increasing atV ø 0.15 mV. Above this characteristic
voltage,dVydI stays constant toI as high as 100 nA, the
highest current used in our measurements. If we ass
a reflection symmetry with respect to a straight line in t
I-V curve corresponding to a sheet resistivityr  35 kV

at the MIT, the characteristic voltage of 0.15 mV in th
metallic phase implies a characteristic current of 2.5 nA
the insulating phase, above whichdIydV should remain
constant. It is clear from Fig. 4(a) that such a characteri
current is absent in all traces of thedIydV vs I in the
insulating phase. We conclude that theI-V reflection
symmetry across the 2D MIT is not observed in our da
in the ranges ofI andV shown in Fig. 4.

To summarize, we presented transport properties o
2DHS that undergoes a MIT atrc

s  35.1 6 0.9, which
is unambiguously determined using the sign ofd2IydV 2

rather thandrydT . The dependence ofrc
s on disorder,

from all 2D electron and hole systems that have been
ported to show MIT’s, indicates that our 2DHS is in th
clean limit, and the value ofrc

s in our sample is in good
agreement withrs  37 6 5 expected for the WC transi
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tion by Tanatar and Ceperley. In the insulating phase
conduction threshold that is quantitatively consistent w
the WC conduction model of Chui is found, but the pi
ning gap estimated from the observed threshold field is
large compared with our observations. We also find t
the I-V reflection symmetry across the MIT is absent
our low disorder 2DHS.
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