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Nonactivated transport of ultradilute two-dimensional hole systems in GaAs field-effect transistors:
Interaction versus disorder
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Very strongly interacting high-purity two-dimensional (2D) electron systems at temperatures 7 — 0
demonstrate certain nonactivated insulating behaviors that are absent in more disordered systems. By measuring
in dark the T dependence of the conductivity of ultrahigh-quality 2D holes with charge densities down to
7 x 108 cm™2, an approximate power-law behavior is identified. Moreover, the exponent exhibits a linearly
decreasing density dependence which suggests an interaction-driven nature. Such an electron state is fragile
to even a slight increase of disorder, which causes a crossover from nonactivated to activated conduction. The
nonactivated conduction may well be a universal interaction-driven signature of an electron state of strongly

correlated (semiquantum) liquid.
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Most transport experiments on dilute electron systems at
low temperatures demonstrate activated conduction: o (7) ~
eT"/T" with T* being the characteristic energy, and u =
1/3,1/2 corresponding to Mott' and Efros-Shklovskii variable
range hopping (VRH)? and i = 1 for Arrhenius conductivity.
Generally, such a phonon-assisted hopping behavior is con-
sistent with the Anderson localization® model developed for
noninteracting electrons. On the other hand, electron-electron
interaction is expected to also bring significant changes to
the electron states. The metal-to-insulator transition (MIT)*
in two dimensions (2D) is a good example of the important
role of interaction that significantly modifies the scattering
of electrons by disorder. Nevertheless, the usual disorder
level dominates when the carrier concentration is low when
both the Fermi energy Er and the Coulomb energy E,. are
suppressed. This is why most transport results for the insulating
side of MIT have shown activated conduction, confirming the
same disorder domination. To understand whether stronger
interaction effects bring about qualitative changes, such as
the Wigner transition’~ or strongly correlated liquids, it is
fundamentally important that experiments be performed in
cleaner electron systems at lower charge densities. This will
allow one to capture the altered transport behaviors from the
usual hopping conductance.

Recently, measurements of higher-quality devices, e.g.,
p-GaAs heterojunction-insulated-gate field-effect transistors
(HIGFETSs) and SiGe, revealed a nonactivated behavior that
persists to very low carrier densities.®'® The results for
measuring SiGe demonstrate an approximately linear o (7')
for a ry value close to 20 (with a minimum charge density
of 3 x 10'% cm~?). For the GaAs cases, for a larger r, range
from 35 to 90, the temperature dependence of the conductivity
o (T) exhibits an almost linear dependence when the charge
density p is lowered just into the insulating regime and o (T")
then becomes power-law-like for lower p. These indications
of change of transport behaviors as interaction becomes
progressively stronger should provide clues for identifying the
contribution due to interaction. Meanwhile, how this peculiar
nonactivated insulating behavior (do/dT > 0) qualitatively
differs from hopping is also ambiguous. It is then also
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crucial to vary disorder and observe the transport characteristic
changes that will distinguish it from a disorder-dominated
scenario. The purpose of this Rapid Communication is to
present a study of the density dependence of the nonactivated
conductance that demonstrates an interaction-driven origin
through a density-dependent scaling. In addition, by slightly
increasing disorder within the same system, we show a drastic
crossover to activated conduction, thus distinguishing the
nonactivated behaviors from a disorder-dominated insulator.
A possible strongly correlated semiquantum liquid is also
discussed.

The devices used are the undoped GaAs HIGFETsS (Fig. 1).
The charge carriers are two-dimensional (2D) holes that are ca-
pacitively induced at the GaAs/AlGaAs interface without any
intentional doping. The disorder level, typically short-ranged
impurities in the conduction plane, is greatly suppressed. A
change in the interaction is realized through tuning the charge
density, ranging from 8 x 10'© cm~2 down a record low value
of 6 x 103 cm™2, via a metal gate (Fig. 1). No magnetic
field is used to preserve the natural carrier wave-function
forms. The sample preparation and measurement details for
the p-HIGFET are provided in Refs. 11-14. The measurement
was made in a dilution refrigerator with the sample placed in
a 3He/4He mixing chamber. The density of the 2D holes (p)
was determined by measuring the quantum oscillations of the
magnetoresistance R,,(B) in a B field. For measurements in
the high impedance range, dc techniques with low-level drives
(pA and 0.05 pV) were adopted. Results obtained from a
standard four-terminal measurement with both current drive
setup and voltage drive setup are in agreement. For the low-
density, high-impedance cases, T-dependence measurements
were repeated a few times with different low current drives
ranging from 50 pA to 1 nA, corresponding up to 400 times the
power variation in the range of 10~'2 W. The results produced
with different drives remain consistent, indicating that Joule
heating is less significant.

The measurements include two steps. First, the T depen-
dence of the conductivity (o) is measured in dark for a number
of charge densities down to 8 x 108 cm~2. Then, a slight light
illumination is briefly introduced via a light-emitting diode
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FIG. 1. (Color online) (a) Schematics of the HIGFET structure
under LED illumination. (b) HIGFET charge density vs turn-on
voltage before and after illumination.

(LED) that provides photons of 1.9-2 eV. The in-dark measure-
ment is then repeated after a sufficient wait time. The results
obtained before illumination exhibit nonactivated power-law-
like o(T) for charge densities below 2.5 x 10° cm™2, with
an exponent that scales with charge density. In contrast, the
postillumination results show a suppressed conduction that is
activated in nature due to an increase of disorder by light, thus
supporting the interaction-driven nature for the nonactivated
conduction.

The T dependence of the conductivity before the illu-
mination is shown in Fig. 2. Figure 2(a) shows the Ino
(before illumination) plotted against In7 for various fixed
densities p ranging from 8 x 10% to 6.1 x 10° cm~2. Each
curve is for a fixed charge density indicated in the graph. The
critical density p. of the apparent metal-to-insulator transition
(MIT) is ~4 x 10° cm™2. For p < 4 x 10° cm~2, the system
exhibits an insulating behavior indicated by do (T)/dT > O.
The decrease of o(7T) with cooling is stronger for lower
charge densities. For the lowest densities, o(7T) becomes
apparently power-law-like. As shown in Fig. 2(b), fitting
to o(T,p)/(e*/h) = A+ (T/T*)® for the lowest densities
yields that A is approximately zero, within an error bar
of 0.02, for p below 2.5 x 10° cm™2. The corresponding
ry value varies between 32 and 58 even if m* = 0.2my is
assumed. The exponent B(p) decreases with increasing p in
an approximately linear fashion at —0.3 per 1 x 10° cm~2 and
it varies roughly between 1.6 and 1.2. The fitting parameter
T* shows an increase with decreasing density as shown in
Fig. 2(d). The values for T* are 388, 376, 355, and 346 mK
for p=0.8, 1.2, 1.6, and 1.8x10° cm™2. When o!/8 is
then plotted versus (7/7T*) in Fig. 2(c), all four curves for
p < 2 x 10° cm™2 collapse into a single curve. We note that
accurate power-law fitting with R? > 0.9995 is found only for
T below some temperatures ~220 mK. As seen in Fig. 2(c),
T/T* ~ 0.5 corresponds to a temperature of ~220 mK, where
a slight break is found. This is the characteristic temperature
at which a conductivity kink has been recently reported.'

We note that the disorder present in HIGFETS is predom-
inantly short ranged, making the system an ideal candidate
for an Anderson insulator. Weaker disorder, i.e., the weak-
localization scenario, with moderate interaction corrections
should result in logarithmic 7' dependence.'® However, none
of the disorder-dominated behaviors was present. Instead, the
power-law-like behavior suggests a collective nature of the
carrier state. As shown below, this nonactivated behavior is
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FIG. 2. (Color online) (a) Preillumination 7" dependence of the
conductivity o for a number of densities (in units of 10° cm™2).
(b) Fitting parameters A(p) and B(p). (c) Collapse of the ¢'/8 for
the lowest four densities plotted against 7/7*. (d) T* vs charge
density p.

fragile to the increase of disorder which qualitatively alters the
conduction behavior.

Following the measurement in dark, light is briefly intro-
duced to modify the disorder level. The typical way of studying
variable disorder effects is through preparing multiple devices,
each having a different fixed disorder configuration.!”'® Both
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the type and amount of disorder can be quite difficult to
control since the samples are taken from different wafers
that are grown through different processes (i.e., doping and
temperature). Plus, different samples have to go through
different cooling cycles. That adds another cause of disorder
variation due to the different quenching processes. We utilize
LED illumination to reconfigure disorder by adding long-
ranged disorder within the same system and the same cooling
cycle. The procedure is as follows: The sample is first lowered
to a base temperature of 25 mK. The LED was mounted 1.5 cm
away from the top of the sample (Fig. 1) and powered by a
current source with its output set to 0.1 wA. The LED was
turned on for 1 s while the top gate was biased at —1.2 V.
After turning the device off and grounding all sample leads,
there was a 24-h waiting time before the in-dark measurement
was resumed. The data collected thereafter are consistent.
As shown in Fig. 1(b), the turn-on or threshold voltage
(Vi) is shifted from roughly —1.2 to —1.55 V by the light.
Vin = —1.55 Vis indeed the expected value from calculations.
This suggests that there exist charged impurities, most of which
are neutralized by the electrons and holes produced during
illumination. The effective capacitance is also increased as
expected.

The change in the density-mobility (u) relationship due
to the illumination is recently reported as a result of the
long-range disorder introduced by light. What is remarkable
about the changes in p(p) is that it exhibits little change for
p > 2 x 10'° cm™2, but differed by orders of magnitudes for
densities below. This can be explained by the diminishing
of the nonlinear screening of long-ranged disorder when the
charge concentration is tuned to such a dilute limit.!'*!%20
Screening becomes weakened overall as the charge density
is decreased. Eventually, at sufficiently low charge densities,
disorders become unscreened as the screening length is
exceeded by the average charge spacing (2a, a being the
Wigner-Seitz radius), resulting in maximum scattering. Such
a drastic change in u(p) should not be present if the disorder
were short range in nature. Thus, the change in u(p) before
and after LED illumination helps to identify the long-range
nature of the disorder. The average charge spacing varies
approximately from 100 to 400 nm for the measured charge
densities from 7 to 0.7 x 10° cm™2. Theoretical calculations
on the p and T dependence of the screening length are not yet
available.

Contrast to the power-law-like o(7) observed before
illumination, the postillumination o(7") for p < p. shown in
Fig. 3(a) exhibits severely suppressed conductivity with cool-
ing. Note that the solid curves, which are the ac measurement
results, are connected with the scattered points, which are the
dc results, by artificial dotted lines for the same densities. The
critical density p. of the apparent metal-to-insulator transition
(MIT) is estimated as ~1 x 10'© cm~? after the illumination,
significantly higher than the p. of ~4 x 10° cm~? obtained
before the illumination. This is expected since p, is sensitive
to the effect of disorder-interaction interplay.

Replotting the postillumination o(7") for two randomly
picked charge densities in semilog scales, Ino vs 1/T,
Fig. 3(b) confirms the phonon-activated nature of the transport
which signifies a disorder domination in contrast to the

preillumination scenario. Taking p = 2.8 x 10° cm™2 as an
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FIG. 3. (Color online) (a) Ino vs T for densities from 14 to
0.7 x 10°cm™2. (b) 6(T) vs 1/T for p = 2.8 and 3.9 x 10° cm™2.

example, fitting to the Arrhenius conductivity o(T,p) =
ooexp(—T*/T) e*/h produces R* =0.9997, oo = (2.1 &
0.1)e?/h, and T* =264+ 11) mK. o ~ oy ~ 2¢%/h in
the limit of 7*/T <« 1 is in agreement with a previous
observation obtained in doped GaAs heterostructure 2D
systems.?! Meanwhile, 7* = 264 mK is significantly less than
the characteristic temperature found previously for the vari-
able range hopping cases,*?! confirming a lower disordered
environment.

The results from both parts of the measurements support
a strongly correlated regime that is not well understood.
Generally, lowering of the charge density should drive a system
away from a Fermi-liquid state into a Wigner crystal state given
T below the melting point of the Wigner crystal and disorder
is sufficiently small. Even if the two conditions are met,
there exists another fundamental question regarding the nature
of the phase transition, whether a first-order liquid-to-solid
phase transition or intermediate phases,?” that are still under
debate. The density range corresponding to such a transition
(with ry from 25 to >40) is within the density range of
this measurement. However, the charge state is also subject
to the finite experimental temperature which competes with
the Coulomb energy E,. and Fermi energy Ep, especially
at the lowest charge densities. For instance, the estimated
Fermi temperature Ty for p from 0.8 to 2 x 10° cm™2 is
from 0.09 to 0.27 K assuming m™* ~ 0.2m,. The corresponding
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Coulomb energy varies between ~7 and 15 K. This T is
much smaller than the Debye temperature, but comparable to
the experimental temperatures. On the other hand, although
the melting temperature of a Wigner crystal for the quantum
case, in contrast to the classical Wigner crystal observed by
Grimme and Adams, is yet another known factor, it is expected
to be lower than the classical melting temperatures, which
are already comparable to the experimental temperatures.
Thus, the system we measured is probably a semiquantum
liquid.?>?3

The transport of a strongly correlated semiquantum liquid
is an interesting area of physics that is little known. A relevant
model for the transport is the semiquantum hydrodynamical
viscous flow calculated originally for the high-frequency
response of neutral particles.”> An important prediction from
Andreev’s model for the transport characteristic is the lin-
ear temperature dependence of the conductivity o(T,p)
(1/n) o< T (n viscosity), which is weaker than the exponential
law. This seems to be similar to our experimental results
of o(T)~ T# with B~ 1.2, given the charge density is
not too low. Nevertheless, applying the model to electrons,
as was recently adopted to describe the conductance of an
intermediate electron microemulsion phase, must be justified.
This hydrodynamic model should be expanded to incorporate
Coulomb force and disorder, both of which should give
rise to n and result in a stronger 7 dependence than
the linear prediction. This is in qualitative agreement with
the exponents (of the power-law-like o) that is larger than 1 in

our observation.
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The long-range disorder introduced by light makes the
postillumination system a better candidate for percolation>*?
than for an Anderson insulator, even though the Arrhenius
behavior is somewhat unexpected due to the presence of a
strong interaction effect.’® The smallness of T* is due to the
lower disorder level present in the system. Further studies on
the light effect are needed to determine how the transport varies
as a function of the illumination time and the photon energy.

We note that the interaction parameter r, is difficult to
be determined exactly due to the complex effective mass,
specifically the nonhyperbolic dispersion relation at such dilute
charge concentrations. It is only estimated as m* ~ 0.2m by
considering that only the lowest heavy-hole (HH) subband?’
is occupied. Nonetheless, r, reaches beyond 40 for the lowest
densities.

To summarize, we have observed a charge-density-
dependent nonactivated transport of the ultraclean 2D holes
in a strongly correlated regime with charge densities down
to 8 x 108 cm™2. The corresponding r, values are beyond
40. The remarkable density-dependent scaling of the o(T')
captures the interaction-driven nature of the charge states. The
LED illumination is proved to be effective in introducing
long-ranged disorder. Moreover, it brings a crossover to a
disorder-dominated activated conductivity as a qualitative
distinction from the nonactivated conductivity obtained before
the illumination. The interaction-driven nature of the carrier
is further confirmed. Whether the nonactivated behavior is
a universal indication of a strongly correlated semiquantum
liquid needs to be further explored.
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