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The conductivity of extremely high mobility dilute two-dimensional holes in GaAs changes linearly with
temperature in the insulating side of the metal-insulator transition. Hopping conduction, characterized by an
exponentially decreasing conductivity with decreasing temperature, is not observed when the conductivity is
smaller thare?/h. We suggest that strong interactions in a regime close to the Wigner crystallization must be
playing a role in the unusual transport.
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In recent years, there has been great interest in the transistence of metallic behavior up to such a largealue, the
port of low-density two-dimension&2D) charge carrier sys- question arises regarding the nature of the insulating behav-
tems. In contradiction to the scaling theory of localization ior observed in this 2D system fot reaching 80. To address
which predicted that all states in 2D in the absence othis question, we present tiedependence of on the in-
electron-electron interactions are localized, experimental obsulating side of the MIT in this paper. We show that the
servations of “metallic” behavior showing increasing con- conductivity exhibits a linear dependence on temperature and
ductivity (o) with decreasing temperatuf@) (do/dT<O0) does not follow the VRH behavior, and discuss its implica-
and an apparent metal-insulator transitidiiT) as the car- tions with regard to strong interaction effects close to or in
rier density is lowered have been reported on many lowthe Wigner crystallization regime.
density, low disorder 2D systemig\lthough there have been The sample used in this study is a heterojunction
many experimental and theoretical studies trying to underinsulated-gate field-effect transist§HIGFET) made on a
stand this metallic behavior, there is still no consensus on it§100) surface of GaAS:” A metallic gate, separated by an
origin to date. insulating AIGaAs from the semiconducting GaAs, is used to

On the other hand, the “insulating” behaviod¢/dT  induce the 2D holes at the interface between the GaAs and
>0) for lower densities in these low disorder systems ha®\lGaAs. The mobility x of our sample measured at
not been studied as extensively as the metallic behavior. Is-65 mK reaches 1.810° cn?/Vs for p=3.2x10° cm 2,
highly disordered systems, the transport in the insulating rewhich is the highest achieved for 2D holes in this low den-
gime is described by variable range hopgifi¢/RH) among sity regime. This high mobility allows us to measure the
the localized states, and tiedependence of is expressed temperature dependence of conductivity down to very low
as o (T) = ogexd —(To/T)¥], whereoy, is a prefactor and,  densities reaching=1.5x10° cm 2, with rg near 80. The
is a characteristic temperature. The exponedepends on  MIT, determined from the sign ada/dT, is observed at a
the density of state€DOS) at the Fermi energy. For a con- critical density ofp,=3x10° cm™?, i.e., r,=57. The ex-
stant DOS in the absence of interactioxs,1/3 correspond- periment was done in a dilution refrigerator with a base tem-
ing to the Mott VRH? and for a DOS which has a Coulomb perature around 65 mK. The resistivity of the 2D holes was
gap at the Fermi energy due to interactiors; 1/2 corre- measured by a low-frequency lock-in technique with fre-
sponding to the Efros-Shklovskii VRHIn clean systems quency as low as 0.1 Hz to maintain the out-of-phase signal
with low disorder, however, the origin of the insulating be- less than 5%. Excitation current of as small as 50 pA was
havior (da/dT>0) in low-density regime, where the inter- used to ensure that the effect of Joule heating is negligible
actions between carriers are strong, could be significantly<10 fW/cn?). In addition, the drive current was varied at
different from that described by simple localization. In the base temperature to make sure that the linear response was
ideal case, it was predicted that the ground state of the sysneasured.
tem in the low-density limit is a Wigner crystalwhich can In Fig. 1, the resistivityp of the 2D holes as a function of
be pinned by even a tiny amount of impurities in the systemT is shown for five densities varying from>510° cm™ 2

We have recently studied the MIT of extremely high mo- (r;=44) to 1.5<10° cm 2 (rs=80). Data for higher densi-
bility dilute 2D holes in GaAs and presented a detailedties deep inside the metallic region have been presented in
analysis for thé dependence af on the metallic side of the Ref. 6. Forp=5x10° cm 2 andp=4x10° cm™ 2, p shows
transition® The metallic behavior persisted up tQ=>57, a nonmonotonic dependence dnlt increases with decreas-
much higher than 37 predicted for Wigner crystallization  ing T at high T and decreases with decreasifiat low T.
is the interaction energy to Fermi energy ratio, givenrgy This decrease g5 with decreasingl (dp/dT>0) is typical
=(pm)~ Y2m*e?/4mh?e, wherep is the hole densitym*  of the metallic behavior, the physical origin of which has
effective mass, and the dielectric constahtWith the per- been the focus of much recent research on 2D MIT. When
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FIG. 1. p vs T for p=5, 4, 3, 2.3, and 1.810° cm 2 from the FIG. 3. o vs T for p=1.5x 10° cm™2. Insets: Trial fitting using
bottom. Inset;p vs p at variousT’s. the VRH model with(a) x=1/3 and(b) x=1/2.

o B do/dT>0 occurs at lowelT (~0.1 K). The linear depen-
the density is lowered further, belowx3L0° cm™2, p only dence sets in af=0.22 K

increases with decreasifigwith an apparent transitiontoan . . forp=3x10° cm~2 (r,=57), the third trace
insulating behavior. In the inset, we sh@wnas a function of from the tob,da/dT>0 is observéd in é” oufT ranges,

p at dlffgre_znt T.S' .Th.e crossing po_mt seen =3 . implying that this density corresponds pQ of the MIT in

x 10° cm™ 2 is an indicative of the transition from a metallic our sample. The metallic behaviai¢/dT<0) is not seen in
behavior fip/dT>0) to an insulating behaviordp/dT the data doWn to the lowe3t We note that folf <0.13 Ko
<0). Following a widely adopted method in the “terature'becomes smaller thae?/h, suggestive of an insulator, al-
we identify this point as a critical point of the MIT. In this though the value ofr doe’s not solely determine the MIT
paper, we show that the insulating behavior determined froncl.he bottom two traces are fqy=2.3x10° cm 2 and 1.5 '
the sign ofdp/dT does not exhibit characteristics of a local- % 10° cm2, corresponding to the .insulating behavior.. For

ized state even thoughincreases rapidly with decreasifg these densitiesp in Fig. 1 showed a strong increase with

In Fig. 2, we show the same data@s/s T. Now, th‘:j top decreasingl. When the same data are plottedavs T in

two traces are on the metallic side. Rp5x10° cm™ 2, o - - ; :
decreases with increasing (do/dT<0) from 0.06 K to E(?r' ?),:hzo \/3\/§\/1%rgac<rjr:a_c2re(ars;e:56vgl)th ge<0é2e/arLIS|;ﬁ()g;r) n—:-y<“862a2r|)|2
0.15 K. At T>0.15K, (0 Increases with mpreasmg}' and the linear dependence extends down to the base tempera-
(do/dT>0) .and the increase becomes !mear for ture. This linear dependence appears to be very similar to
>0.25 K. This linear dependence afon T continues forT that seen in the high-density metallic sidex(50° cm 2 and
exceedingTg, the Fermi temperature of the 2D hole 9as 4y 10 cm~2), and the same linear dependence is seen for
(marked by the vertical bar in Fig.)2which is 0.36 K for .2, 5 well as fore>e?/h. Further reducing the den-
this density. Fop=4x10° cm 2 (Tg=0.29 K), similarT sity down to 1.5¢10° cmr-2 (.~ 80) does not change the
dependence of is observed, although the metallic behaviordependence v'ery much butssimply decreases the magnitude
is much weaker, and the crossover froder/dT<0 to of o, making theT rangé wherar< e2/h wider.
In Fig. 3, we show theT dependence o& for p=1.5
S L B B B R ISR % 10° cm™ 2 in more detail. Clearlyo depends linearly off
(as shown by the solid linein the entireT range, ando
<e?/h in almost the same range. To see if an exponential
dependence could be possibly consistent with our data, we
show in the inset a fit of the data with the VRH mdtieith
= | - exponentx equal to either 1/3 or 1/2. Clearly, none of them
N& 2 e . 30 | produced a good fit. If we extraet, and T, from these
© e 53 1 relatively poor fits,oo~8e?/h and To~2.54 K for x=1/3,
I ) ] and og~3e’/h and Ty=~0.4 K for x=1/2. oq~8e?/h for
L - . +,,..---"'"_';_ ..... mer 13 7 x=1/3 is too large for phonon-assisted hopping, whege
g - <e?/h. It is also significantly larger than thatrf~e?/h)

i theoretically expectédand that ¢-o~2e?/h) experimentally
0 o observedf for an electron-assisted hopping. Bor 1/2, o

’ ‘ T ®) ' ' ~3e?/h is also larger than thav{;~e?/h) observed in other
experiments®!! Furthermore, Ty~0.4 K gives a localiza-

FIG. 2. o vs T for p=5, 4, 3, 2.3, and 1.810° cm 2 from the  tion length £~20 um from To=Ce?/kgeené with C=6.2
top. The Fermi temperaturE:- is marked by the vertical bar. ande=13. This localization length, in turn, gives a hopping
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lengthr,~13 um at T=60 mK. This hopping length is so effects. For instance, in a 2D electronic system with such a

much larger than the distance from the 2D holes to the gatirger g value (s~80), formation of a Wigner crystal should
in our sample, 0.46.m, that the Efros-Shklovskii VRH is be considered. In the quantum regime, Wigner crystallization
not expected? All these rule out the possibility that the data is predicted to occur forrs>37. In our sample, we should
could be described by the VRH model. This suggests that thalso consider the crystallization in the classical regime. We
transition to an insulating behavior, determined from the sigmote that decreasing the carrier density not only increases
of do/dT, as we lower the 2D hole density within tfie  but also decrease3g, thus decreases the quantum-to-
range of our experiment is not a transition to a localized statglassical crossover temperature. In our data, for hole densi-
but a crossover to an apparent insulating regime. In this corties p=5x10° cm™? and p=4x10° cm™?, the linear de-
text, we note that Altshuleet al? argued that the critical pendence of onT predicted for thel> T classical regime
density for the MIT must be determined from the disappearactually extends down toheven belowTl ¢, suggesting that
ance of the exponential behavior in resistivity rather than théhe crossover from classical to the quantum regime seems to
sign change indp/dT. While one could, therefore, expect occur much belowl¢. In any case, for a classical 2D elec-
that further reducing the density will eventually lead to antronic system, the relevant interaction parametdr,isvhich
exponentially localized regime, the origin of the apparentis given by I'=e?\/wn/4mekgT, with n being the carrier
insulating behavior and lineal dependence observed for density. This parameter is equivalentrtoin the degenerate
this density is of great interest and needs further exploratioregime, with the kinetic energy replaced kyT. Studies of
Experiment on low-density 2D electrons in HIGFERef.  electrons on liquid Heliud¥~2*have shown that transition to
13) showed thato varies asT%’® and T%° for n=1.6  the Wigner crystal is arounB=127. In our sample, for the
x10° cm~2 andn=2.0x 10° cm™ 2, respectively, in the in- lowest hole densityp=1.5x10° cm™2, T¢=0.11 K, andl’
sulating side of the transition. Data for 2D holes inis between 146 and 27 far from 0.06 K to 0.32 K.
modulation-doped (31%) GaAs quantum welf are also Either from the quantum or the classical picture, the 2D
consistent with such a power-law behavier=T%® and  holes in our sample appear to be in the crystallization re-
TO8for p=3.8x10° cm 2 andp=4.0x 10° cm™?, respec- gime. When the Wigner crystal is pinned by disorder, the
tively, even when the measurements were made down tansport is expected through thermal activation of the crys-
much lower temperatures. We note that the exponent of th&l over the pinning potential. In this caseshould decrease
power-law behavior increases with decreasing carrier densitgxponentially with decreasing. Our data, on the contrary,
and appears to approach 1. show a linearT dependence in the insulating regime. Here,
Das Sarma and Hwamycalculated theT dependence of we should consider the nonzero measurement temperatures,
o by taking into account the charged impurity scattering. Inwhich lead to a higherg value for the crystallization, and we
their predictedl dependence, the nonmonotonic dependencshould also consider the finite, values, which lead to a
(do/dT<O0 at lowT anddo/dT>0 at highT) seen in the higherI" value for the crystallization, as studied by Chui and
high-density metallic side is explained as a quantum-toEsfarjani?? In their calculation, the phase boundary between
classical crossover. In the classical regime, whefiT, the  the liquid and the crystal shifts to a higheras the reduced
scattering of the 2D carriers by charged impurities wouldtemperaturé=1271" increases, or shifts to a lowefthigher
give rise to linear increase af with increasingT. They T') asrg decreases. Farg=80 (p=1.5x10° cm 2 in our
argued® that the insulating behavior at low densities justsample, I' must be larger than 230 for the 2D holes to be
below the critical density results from the same classical oricrystallized. Therefore, Wigner crystallization is not likely to
gin (high-T behavioj, exhibiting a power-law dependence of occur in the temperature and density range of our measure-
o on T. The linear dependence observed in the insulatingnents, even though we should expect the 2D holes to be very
regime of our sample seems consistent with their predictionclose to the Wigner crystallization and strongly correlated.
However, strong interaction&vith r¢=80) which must be We note that a more recent electron-on-helium experifient
present for this densityp=1.5<10° cm ?) make it un- has reported residual signature of the Wigner crystal up to a
likely that their predictedl dependence is the adequate ex-much higher temperature with down to 46.
planation even though it is remarkably similar to that ob- In this respect, we think that the recent theory by Spitiak
served in our experiment. may be relevant to our data. In his theory, the metallic state is
We should also mention that localization corrections toa state in which a small concentration of Wigner crystal
the conductivity in the weakly interacting classical regime dodroplets is embedded in the Fermi liquid, and the insulating
not explain our data. Experimental study on weak localizastate corresponds to one in which a small fraction of Fermi
tion in the classical regime has been performed for electronkquid is present in a mostly crystalline phase. In the metallic
on solid hydrogen surfac€.In this case, the correction to the side, the resistivity increases linearly ifi in the low-
conductivity is proportional tol'/T, and our data are not temperature degenerate regime as the size of the Wigner
consistent with this expectation. The interaction correction icrystal droplets grows. In the insulating side, he argues that
proportional to Tr/T)2. This term is negligible compared the crystal forms a supersolid, which is not pinned by disor-
with that from the weak localization, and does not explainder, ando remains nonzero ab goes to zero. At high tem-
our data either. peratures, Wigner crystal droplets melt and the system be-
The linear dependence of on T observed in the insulat- haves classically. In this case, the resistivity is inversely
ing regime of our data must result from strong interactionproportional toT and ¢ is linear in T. We note that this
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predictedT dependence, especially the lineadependence ing 80. A linear dependence of conductivity on temperature
of o in the classical regime, is identical to that by Das Sarmahas been observed in the insulating side. We suggest that
and Hwang, but it is based on strong correlation effects closétrong interaction effects in both degenerate and classical
to the Wigner crystallization. regimes close to the Wigner crystallization should be consid-

In summary, we have studied the temperature dependen@éed to provide an understanding for this unusual transport.

of the conductivity in the insulating side of the MIT for This work was supported by the NSF and the DOE at
extremely high mobility dilute 2D hole system withreach-  Princeton University.
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