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We report on the transport measurements of two-dimensional holes in GaAs field-effect transistors with
record low densities down to 7�108 cm−2. Remarkably, such a dilute system �with Fermi wavelength ap-
proaching 1 �m� exhibits a nonactivated conductivity that grows with temperature approximately as a power
law at sufficiently low temperatures. We contrast it with the activated transport found in more disordered
samples and discuss possible transport mechanisms in this strongly interacting regime.
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The question of how a strong Coulomb interaction can
qualitatively alter an electronic system is fundamentally im-
portant. It has generated great interest in studying the trans-
port in two-dimensional �2D� electron systems.1 Since the
interaction becomes effectively stronger with lower 2D elec-
tron density, samples with the most dilute carriers are desir-
able to probe the interaction effects. As the density is low-
ered, strong enough disorder can localize the carriers so that
the interaction effect is smeared by the insulating behavior.
Therefore, a clean 2D environment is vital to uncover the
underlying interaction phenomena.

For a long time, dilute 2D carriers have been known as
insulators characterized by activated conductivity. Specifi-
cally, in an Anderson insulator,2,3 the conductivity follows
the Arrhenius temperature dependence ��e−Eg/kBT, where Eg
is the mobility edge with respect to the Fermi level. The
energy relaxation due to phonons in the impurity band results
in a softer exponential dependence ��e−�T* / T��

, realized via
the variable-range hopping �VRH� process.4,5 Here, the ex-
ponent �=1/3 for noninteracting electrons,4 while �=1/2 if
the Coulomb gap opens up at the Fermi level.5 Finally,
strong Coulomb interactions are believed to crystallize the
2D system,6 which then can become pinned by arbitrarily
small disorder. A relation d� /dT�0, being a natural conse-
quence of the activated transport, eventually became a collo-
quial criterion of distinguishing an insulator from a metal.7

The experimental results in the dilute carrier regime are
known to be greatly influenced by the sample quality, which
has much improved over time. The phonon-assisted hopping
transport was observed in early experiments.7 As the sample
quality improved, the later experiments performed on 2D
electrons in cleaner Si metal-oxidide-semiconductor field-
effect transistors �MOSFETs� demonstrated that the tempera-
ture dependence of the resistivity �=�−1 can be either metal
like �d� /dT�0� or insulator like �d� /dT	0�, depending on
whether the carrier density n is above or below a critical
value nc.

8 On the insulating side, where n	nc, ��T� grows
exponentially with cooling.9 Similar results have since been
observed in various low-disorder 2D systems, and the resis-
tivity on the insulating side has been consistently found to
follow an activated pattern ��e�T* / T��

, with � varying be-
tween 1/3 and 1.

In this work, we focus on the transport properties of clean
2D holes in the dilute carrier regime where insulating behav-

ior is anticipated. To achieve high quality and low density,
we adopt the GaAs/AlGaAs heterojunction insulated-gate
field-effect transistor �HIGFET� where the carriers are only
capacitively induced by a metal gate.10–12 Because there is no
intentional doping, the amount of disorder is likely to be less
and the nature of the disorder is different from that of the
modulation-doped samples. Previous experiments on similar
2D hole12,13 HIGFET devices have demonstrated a nonacti-
vated transport. The temperature dependence ��T� of the
conductivity becomes approximately linear, �
T,13 when
the density is lowered to a minimum value of 1.6
�109 cm−2. However, it is unclear whether the linear T de-
pendence will persist for lower densities or it is a crossover
to a different transport regime.

We have measured several high-quality p-channel
HIGFET samples. The hole density p in our devices can be
continuously tuned to as low as p=7�108 cm−2, in which
case the nominal Fermi wavelength �F= �2� / p�1/2

�0.95 �m. Our main finding is that the conductivity ��T� of
the cleanest samples decreases with cooling in a nonacti-
vated fashion for densities down to 7�108 cm−2. The tem-
perature dependence of the conductivity appears to be best
approximated by a nonuniversal power law �
T
 with 1
�
�2. A systematic analysis of this dependence will be
published elsewhere.14 At base temperature, the magnitude
of � is much greater than that of a typical insulator with
similar carrier density. Our results point at the presence of
the delocalized states in the system with a record low carrier
density. Thus our system is not an insulator even though
d� /dT�0.

The device geometry is a standard 3 mm�0.8 mm Hall
bar. The measurements were performed in a dilution refrig-
erator with a base temperature of 35 mK. At each value of
the gate voltage, the mobility and density were determined
through measuring the longitudinal resistivity � and its quan-
tum oscillations in the magnetic field. The temperature de-
pendence of the resistivity was measured with an ac four-
terminal setup at high carrier density, while both ac and dc
setups were used for the low-density high-impedance cases.
To ensure linear response, current drive as small as 1 pA was
used during the measurements at the lowest carrier density.
Driving currents of different amplitudes were used for the
low-density cases, and the measured resistivity did not
change with varied current drive.
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The temperature dependence of the resistivity ��T� for a
number of hole densities from sample No. 3 is shown in Fig.
1, with a lowest temperature of 80 mK. At first glance, the
density dependence of the ��T� curves is similar to that
found around the metal-to-insulator transition,7 with pc=4
�109 cm−2 being the critical density. For p� pc, the system
exhibits apparent metallic behavior �d� /dT�0� at suffi-
ciently low temperatures. The downward bending of ��T�
becomes weaker as p approaches pc and disappears for lower
p. The derivative d� /dT at low T then becomes negative, a
conventional characteristic of an insulator,7 for the whole

temperature range. At the transition, the resistivity is of the
order of h /e2. The value of pc is very close to that obtained
in a similar device in Ref. 12.

Figure 2 shows the conductivities ��T� of the same
sample �No. 3� for the corresponding densities. For 1.8
�109 cm−2	 p	3.8�109 cm−2, the conductivity increases
approximately linearly with T at high temperatures �above
�200 mK�. The linear regions are almost parallel for differ-
ent densities, similar to that observed previously.12,13 This
linear dependence occurs at temperatures above the nominal
Fermi temperature and will be studied in detail elsewhere.14

However, for lower densities, from 8�108 cm−2 to 1.8
�109 cm−2, the conductivity deviates from the linear de-
crease at low temperatures. ��T� exhibits a slower change
with T as the density is reduced, with weaker T dependence
close to the base temperature. The conductivity values
��0.1e2 /h� are considerably larger than those found in the
more disordered sample which will be described later.

In Fig. 3, we compare the measured conductivities with
the VRH predictions according to Mott4 and to Efros and
Shklovskii5 for sample No. 3 �panels �a� and �b�� and sample
No. 4 �panels �c� and �d��. The hopping conductivity �

�e−�T* / T��
, repeatedly observed in previous experiments on

the insulators, is expected to occur at low temperatures.
However, in both of our samples, the conductivity is approxi-
mately linear �in the semilogarithmic scale� at high tempera-
tures but nonlinear at low temperatures. It clearly deviates

FIG. 2. Re plot of the data from Fig. 1 in terms of conductivity
vs temperature.

FIG. 1. Temperature dependence of the resistivity of sample No.
3 in semilogarithmic scale for a set of specified hole densities listed
on the right-hand side.

FIG. 3. Comparison of the conductivities ��T� with VRH trans-
port models: �a�, �c� Mott and �b�, �d� Efros-Shklovskii. Panels �a�
and �b� are results from sample No. 3, and �c� and �d� are from
sample No. 4.
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from the VRH law �dotted lines� for both �=1/3 �panels �a�
and �c�� and �=1/2 �panels �b� and �d��. The increasing de-
viation with cooling indicates that the temperature depen-
dence is weaker than activated. The deviation is slightly
larger for the Efros-Shklovskii ��=1/2� case.

The qualitative difference in the temperature dependence
between our clean samples from more disordered samples
�previously measured� is apparent in the log-log scale plot in
Fig. 4. Here, the conductivity from a more disordered sample
�No. 6� is also included for comparison. For about the same
densities �7–8�108 cm−2�, the dependence log � versus
log T for the two cleanest samples appears to be approxi-
mately linear below 150 mK, indicating a power-law-like re-
lationship �
T
. The exponent 
, which corresponds to the
slope in the plot, is 
�2.2 for p=7�108 cm−2 and 
�1.6
for p=8�108 cm−2. Both numbers differ from the much
lower values previously observed for carrier densities around
1.6�109 cm−2.11,13 The trend, larger 
 for lower density, is
consistent with the results in Ref. 11. On the other hand, the
conductivity for the more disordered sample �No. 6� exhibits
a clear downward diving, consistent with the activated be-
havior. Note that the low-T conductivity in the more disor-
dered sample is at least three orders of magnitude smaller
than that in the clean ones for the same carrier density.

The insulating character of our more disordered sample is
consistent with previously observed Anderson insulators in
lower-quality 2D systems. However, our clean HIGFET re-
sults show that, with less disorder, the transport becomes
nonactivated, indicating the presence of delocalized states.

What is responsible for the apparent delocalization? The
Anderson localization, being an interference effect, can oc-
cur only when the system is sufficiently phase coherent. At
finite temperature, strong electron-electron interaction can

dramatically reduce the coherence length l�. As the carrier
temperatures in our case are of the order of the Fermi tem-
perature TF, there is no suppression of the interaction be-
tween the quasiparticles associated with the filled Fermi sea.
In this situation it is plausible to assume that l���F.15 On
the other hand, the 2D localization length � is exponentially
sensitive to the amount of disorder.16 Thus it seems likely for
the phase coherence to be broken on the scale l�	� in our
clean samples, while the opposite is true for the more disor-
dered one.

The transport mechanism that leads to the observed tem-
perature dependence ��T� remains unknown. Moreover, even
the nature of the ground state of such a system is
unsettled.17–20 Below we show that the electron-electron in-
teractions are extremely strong at short distances and decay
relatively fast at larger distances due to the screening by the
metallic gate. This nature of interaction between the delocal-
ized carriers suggests that the holes form a strongly corre-
lated liquid.

We now consider the electron-electron interaction in more
detail. In HIGFET’s, the metallic gate at distance d from the
2D hole layer screens the 1/r interaction down to 1/r3 when
r�2d. In our case, d=600 nm for sample No. 3 and d
=250 nm for sample No. 4.

The short-distance 1/r interaction is indeed very strong. If
treated classically as a one-component plasma, the interac-
tion parameter �=EC /kBT�100, corresponding to an enor-
mous Coulomb energy EC=e2 /�a�10 K, with a=1/��p
being the Wigner-Seitz radius, and �=13. Since the tempera-
ture in our system is of the order of the Fermi energy, EF

=�2 /ma2�100 mK, quantum effects may also be important.
A standard estimate of the strength of interaction is the
quantum-mechanical parameter rs=a /aB, where aB

=�2� /me2 is the Bohr radius. It requires knowledge of the
band mass m, which has never been measured in such a
dilute regime. Higher-density cyclotron resonance measure-
ments give m��0.2–0.4�me,

21 whereas low-density theoret-
ical estimates �based on the Luttinger parameters�22 give m
�0.1me. The rs value for p=1�109 cm−2 is in the range of
25–100 for the mass range of m=0.1me–0.4me.

The long-distance dipolar interaction is relatively weak
for such low densities since the 1/r3 potential is short ranged
in two dimensions. Therefore, the liquid is favored over the
Wigner crystal �WC�,18 as the quantum fluctuations
��1/r2� overcome the 1/r3 interaction. Meanwhile, even for
a classical system, the 2D WC melting temperature Tm

�EC /130kB is already low:23 Tm=56 mK for p=1
�109 cm−2. The screening further reduces24 Tm to make the
WC even harder to access. The absence of the pinned WC in
our samples is corroborated by the nonactivated transport in
the linear response regime and the absence of singularity in
��T�.

In summary, we have observed a noninsulating behavior
in the putatively insulating regime for the hole densities
down to 7�108 cm−2. Our results suggest that the 2D holes
form a strongly correlated liquid whose properties require
further investigation.

FIG. 4. �Color online� Power-law ��T� behavior from clean
samples, samples Nos. 3 and 4, in comparison with the activated
behavior found in a more disordered sample �No. 6�. The scattered
points in the graph are the dc results of sample No. 6.
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