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We have investigated the local magnetotransport in high quality two-dimensional electron systems at low
carrier densities. The positive magnetoresistance in perpendicular magnetic field in the strongly insulating
regime has been measured to evaluate the spatial concentration of electron trap sites within a mesoscopic
region of the samples. A simultaneous measurement of the electron density within the same region shows an
unexpected correspondence between the density of electrons in the metallic regime and that of the localizing
sites in the insulating phase. We have shown this to imply a self-localized many-body ground state in the
interacting regime, stabilized by optimal disorder.
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The nature of localization of electrons in low dimensional
systems is a matter of continuing debate. In the nonpercola-
tive models, short-range disorder gives rise to “trap” sites
close to the Fermi energysEFd, where the electronic states
can be localized.1,2 These sites, conventionally assumed to be
impurity bound and randomly distributed in space, play a
central role in the hopping-type transport at low tempera-
tures. When the Coulomb interaction is taken into account
perturbatively, the nature of hopping transport is significantly
modified, but the origin and nature of the trap sites are as-
sumed to remain unchanged.2 Recent theoretical investiga-
tions have, however, indicated that beyond the perturbative
regime, Coulomb interaction may delocalize the charge car-
riers from the impurity-bound sites to form a more uniform
spatial distribution,3 and eventually self-localize in some
form of charge-density waves as the carrier-density is
lowered.4 The concentration and distribution of the localiz-
ing sites in such a case would be independent of the spatial
locations of impurities. Experimentally, local compressibility
studies remain inconclusive regarding any such impurity-
independent localization.5,6 Here, we have carried out a di-
rect evaluation of the density of the trap sitessnLd within
mesoscopic regions of high quality two-dimensional electron
systems(2DES’s) in the strongly interacting regime. Unex-
pectedly, over a limited range of electron densitysnsd (and
background disorder), we find nL to be gate voltagesVgd
dependent, and correspond tons itself, irrespective of back-
ground disorder. We propose that this is an evidence of a
self-localized insulating phase, where disorder plays only a
stabilizing role.

In disordered 2DES’s, the strongly localized regime is
identified by a longitudinal resistivityr@h/e2, and an acti-
vated (nearest-neighbor) hopping or a variable-range hop-
ping transport, wherersTd,expsT0/Tdp, T0 andp being the
relevant energy scale and hopping exponent, respectively. In
a weak magnetic fieldsBd, applied perpendicular to the plane
of the 2DES, the asymptotic behavior of the electronic wave
function of an isolated impurity-bound state changes to
csrd,exps−r /j−r3j /24l4d, where j is the localization
length andl=Î" /eB@j.7,8 The B-induced compression of
the wave function leads to a strong positive magnetoresis-
tance (MR), which is expressed analytically asrsT,Bd

=rsT,B=0dexpsaB2d. An expression fora has been derived
from the shift in percolation threshold, which in the limit of
narrow bandwidth can be expressed as9

a < AL
e2j

"2nL
3/2, s1d

where AL is a model-dependent constant of order unity,
whose precise value will be discussed later. Equation(1)
provides a mechanism of estimatingnL from the weak-field
MR in strongly localized systems, and has been used in the
context of hopping transport in the impurity band ofd-doped
GaAs.10

Mesoscopic segments of high-mobility Sid-doped(dop-
ing densitynd=2.531012 cm−2) GaAs/AlGaAs heterostruc-
tures were created by the intersection of a narrow bridge in
the mesa(width: W) and a transverse Au/NiCr metallic gate
(width: L) [Fig. 1(a)]. The ns within the active region de-
pends on theVg through the specific capacitanceC0. Within
the simple capacitor model,C0.e0er /eds, whereds is the
depth of the 2DES from the surface. The background disor-
der, and hence the electron mobilitym, were varied by
changing the spacer thicknesssdspd between the dopant layer
and the GaAs/AlGaAs interface. For this experiment we
have chosen mesoscopic samples from two heterostructures
(referred to as A07 and A78), which differ in dsp andds, but
identical in all other structural and geometrical aspects. The
relevant parameters are given in Table I. In order to minimize
the effect of contact and series resistances, the electrical
measurements were carried out only in four-probe geometry
with a low-frequencys,7.2 Hzd ac excitation current of
,0.01–0.1 nA. The maximum measured resistance was lim-
ited to ,1.5 MV to avoid any systematic error arising from
stray capacitances.

The first part of the experiment calibrates theVg depen-
dence ofns in the metallic regime whenr!h/e2 and quan-
tum Hall-based methods are applicable. We have used a tech-
nique based on the reflection of edge states, which was
originally developed to study backscattering of edge states
by well-defined potential barriers.11 The technique is sche-
matically represented in Fig. 1(a). Briefly, when the perpen-
dicularB corresponds ton0 edge channels in the ungated part
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of the Hall bar, a negativeVg will causen0−n of the channels
to get reflected at the gate, wheren is the filling factor within
the active region. As a function ofVg, this leads to plateaus
in the four-probe resistancesR12,34d at R12,34=sh/e2ds1/n
−1/n0d, when the contacts(1–4) in Fig. 1(a) are close to
ideal with no reflection and perfect transmission. This is il-
lustrated in Fig. 1(b), where theVg-dependence ofR12,34 is
measured in sample A78 at a constantB corresponding to
n0=10. Three plateaus corresponding ton=8, 6, and 4 ap-
pear nearly exactly at the theoretically expected values(hori-
zontal dashed lines). The Vg at the center of these plateaus
then corresponds to an electron density ofns=eBn /h, while
the width of the plateau represents the maximum uncertainty.
For both samples, we have repeated this measurement for
different values ofn0 (within spin degeneracy).

Figure 1(c) showsns as a function ofVg for samples A07
(empty symbols) and A78(filled symbols). At a sufficiently
negativeVg both samples display the expected linear depen-
dence ofns on Vg. In A07, the deviation from linearity at
higherVg can be explained from screening ofVg by accumu-

lation of carriers in the dopant layer.12 When the linear part
was fitted withns=CssVg−Vgs

0 d, the slopeCs was found to be
<55.531010 cm−2 V−1 for A07 and<23.031010 cm−2 V−1

for A78, agreeing satisfactorily with the corresponding val-
ues of C0. The intercept Vgs

0 was found to be Vgs
0

=−0.917±0.004 V and −0.804±0.002 V for A07 and A78,
respectively.

We now consider the strongly localized regime, wherer
@h/e2. Both systems displayed the “metal”-insulator transi-
tion at a critical resistivityrc,0.1–0.23h/e2. To ensure
strong localization and consistency in the subsequent analy-
sis, we have limited ourselves to the regime ofVg for which
r*2h/e2 at T=0.3 K andB=0 T, which exceedsrc by more
than an order of magnitude. As shown in the insets of Fig. 3,
this regime corresponds toVg&−0.86 V for A07 andVg
&−0.74 V for A78. By extrapolating thens−Vg calibration,
we find the Coulomb interaction in this regime to be strong,
with the interaction parameterrss=1/aB

* Îpnsd varying over
rs,2.8–5.2 in A07 and,4.4–7.0 in A78(aB

* is the effective
3D Bohr radius).

In order to investigate the nature of localized-state trans-
port, we have measured theT dependence ofr at variousVg.
This is illustrated in Fig. 2 for A78 atB=1 T. At higherT
s*1.8 Kd, the activated behavior ofr=r3 expse3/kBTd,
clearly indicates nearest-neighbor hopping as the energy
term se3/kBTd becomes dominant over the site termsr /jd.10

This would explain the weakeningT dependence ofr with
decreasing temperature as the onset of variable range hop-
ping. The hopping mechanism of transport is also confirmed
by the strong enhancement of the pre-exponential factorr3
with decreasingVg.

8 This is shown in the inset of Fig. 2 for
three different magnetic fields. Furthermore,r3@rc at all Vg,

FIG. 1. (a) A schematic of the device structure. Contacts 1 and 2
are for current probes, while 3 and 4 are used for voltage probes.(b)
Illustration of gate voltagesVgd dependence of the four-probe resis-
tanceR12,34at a constant magnetic fieldsB=0.742 Td corresponding
to an integral filling factorn0s=10d in sample A78. The dashed lines
are the expected values ofR12,34 at different filling factorsn within
the gated region(see text). (c) ns=eBn /h, at values ofVg’s corre-
sponding to the center of the plateaus inR12,34. The horizontal error
bars represent the width of the plateaus inVg. The solid lines are fits
to the linear part of the data. For both samples, different symbols
correspond to different integral value ofn0 at which R12,34−Vg

sweeps were recorded.

TABLE I. Relevant parameters of the samples used.ms0d andnss0d are as-grown mobility and electron
density, respectively.

Sample
ms0d

cm2/V s
nss0d
cm−2

dsp

nm
ds

nm
L3W

mm3mm
C0

cm−2 V−1

A07 0.63106 2.931011 20 120 238 5731010

A78 1.83106 2.131011 40 290 238 2431010

FIG. 2. Temperature dependence of resistivityr in A78 for dif-
ferent values of gate voltagesVgd recorded atB=1 T. Inset: gate-
voltage dependence of the pre-exponential factorr3 at three mag-
netic fields.
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which eliminates excitation to the mobility edge as the origin
of the activated behavior.

The MR atT<0.3 K is shown in Fig. 3 for A07 and A78.
IncreasingB from zero initially results in some negative MR
in both samples, followed by an exponential rise inrsBd at
higher B. From Fig. 3, lnr varies linearly withB2 over a
field range of 1.2&B&3 T for A07 and 0.5&B&1.3 T for
A78. The lower limit of this linear dependence is determined
by the extent of negative MR, which arises from an interfer-
ence among the hopping paths.13 The upper cutoff inB prob-
ably arises from the strong-field conditionr !l2/j for the
asymptotic form the wave functioncsrd.7,8 The slopea of
the lnr−B2 traces was found to decrease with increasingVg
in both samples, being independent of temperature up toT
<2 K for a fixed Vg. This is illustrated for A78 atVg=
−0.770, −0.760, and −0.750 V in the inset of Fig. 5.

We now discuss the implications of the decreasing trend
in a with increasingVg. As shown in Fig. 4,a decreases over
a factor of,5 in both samples within the strongly localized
regime. We first consider the variable range hopping at weak
B in an impurity band with bandwidth@kBT, where it has
been shown that lnrsBd /rs0d=cpsT0/Td3pj4/l4, cp being a

numerical constant.7 This would lead toa,j5/2/T3/2 for p
=1/2 (Efros-Shklovskii hopping) or a,j2/T for p=1/3
(Mott hopping). Qualitatively, suchT andj dependence ofa
has been observed for hopping in the Na+ impurity band of
Si-metal-oxide-semiconductor field-effect transistor(MOS-
FET’s), wherea was found to increase as the Fermi energy
was swept towards band half-filling.14 In our case, however,
this scenario fails on two accounts:(i) a is found to beT
independent(inset of Fig. 5), and (ii ) a is expected to in-
crease with increasingVg. This is because as the system is
driven more metallic, effective screening of the impurity po-
tentials would result in rapidly increasingj, and hencea.

The T independence ofa can be explained by assuming
hopping transport within a narrow(but finite) impurity band,
wherea is given by Eq.(1). However, a physically reason-
able explanation for the experimentally observed trend ofa
with Vg invariably requires,(i) j to be only weakly depen-
dent onVg and,(ii ) a Vg-dependentnL, which increases with
increasingVg. The latter aspect implies that the positions of
available trap sites for the hopping electrons are determined
by the distribution of the other localized electrons in the
system, rather than the background disorder. Recent imaging
of the localized states in the quantum Hall regime has also
indicated a dynamic pattern in the localized charge density
evolving continuously withVg.

5 In our case, however, we
note two additional aspects of the data which indicate thatnL
is strongly associated to the electron densityns itself: (i) As
shown in the insets of Figs. 4(a) and 4(b), 1 /a2/3 shows a
near-linear dependence onVg for both samples. Moreover, an
extrapolation of this dependence reveals interceptsVgL

0

=−0.918±0.004 V for A07 and −0.806±0.006 V for A78,
which agree very well with the corresponding values ofVgs

0

within the experimental uncertainty.(ii ) The absolute magni-
tude ofa is about a factor of,2 larger in A78, implying a
smallernL. Correspondingly, extrapolation of thens−Vg cali-
bration shows that A78 indeed localizes at a smaller value of
ns than that for A07.

FIG. 3. Dependence of resistivityr on B2 for different values of
gate voltagesVgd recorded atT=0.3 K. Inset:Vg dependence ofr at
zero and finiteB. (a) sample A07, and(b) sample A78.

FIG. 4. Gate voltagesVgd dependence of the slopesad of the
linear region of lnsrd−B2 data shown in Fig. 3. The data were
obtained atT=0.3 K. The fit uncertainty increases, and hence the
error bar ona, asr decreases to,2h/e2. (a) sample A07, and(b)
sample A78. Inset(a), (b): dependence ofa−2/3 on Vg. The solid
lines depict the approximately linear behavior.

FIG. 5. Correspondence betweennL and ns. For clarity, nL, ns

−DVg are plotted in log-log scale, whereDVg=Vg−VgL
0 for nL

(empty symbols) andVg−Vgs
0 for ns (filled symbols). For A07, the

dashed and dotted lines represent estimates ofnL assumingAL

=0.083 and 0.143, respectively. Inset: temperature dependencea at
three gate voltages for A78.
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Estimation of the absolute magnitude ofnL from Eq. (1)
requires an estimate ofAL and j. If the system consists of
only two isolated localized states, one obtainsAL simply
from the overlap integral asAL=1/12<0.083.15 However, in
the hopping regime there is a large number of states, and the
relation AL=sNc/pd3/2/12 can be obtained following
Nguen’s analysis of theB-induced shift in percolation
threshold.9 HereNc is the dimensionality-dependent number
of bonds per site in the random resistor network.Nc=4.5 or
2.7, for zero or finite width of the impurity band with respect
to kBT.14,16 This givesAL<0.143 and 0.0664, respectively.
Note that all the estimates ofAL are within a factor of,2,
and hence only have a fine-tuning effect on the absolute
magnitude ofnL. In the strongly localized regime wherer
@rc, following Ref. 10, we assumej,aB

* <10.5 nm. As
shown in Fig. 5, usingAL=0.0664 andj=10.5 nm, we find
an excellent correspondence betweennL andns as a function
of the gate voltage in both samples(solid line). The dashed
and the dotted lines depict the magnitude ofnL using AL
=0.083 and 0.143, respectively. This agreement also con-
firms the validity of Eq.(1) in our analysis.

The correspondence betweennL andns implies that on the
average every electron in the system is associated with one
trap site. A possible way to realize this would be if the elec-
trons are self-localized in an ordered or disordered array in
space. In the absence of disorder, strong Coulomb interaction
is known to give rise to several possibilities that include
Wigner crystals, bubble or striped phases.17 It is suggested
that the role of disorder, which in our case arises from the
Coulomb potential of the dopants, in stabilizing such phases

is critical, providing an overall pinning and a positive back-
ground. Recent numerical simulations have indicated the
possibility of stabilizing a Wigner-like distribution of elec-
trons at relatively high electron densitiessrs,7.5d in the
presence of optimal disorder.4 The quantitative effect of dis-
order on the relevant energy scales of transport is, however,
unclear. For A78, the activation energyse3d for the nearest-
neighbor hopping was found to be only,0.1–0.5 meV(Fig.
2). This is nearly an order of magnitude smaller than the
(unscreened) pinning potential s,e2/4pe0erdsp<3 meVd
one would expect if the localized states arise from the dipole
interaction between a hole in the GaAs/AlGaAs interface
and an acceptor state in thed-doped layer. It should, how-
ever, be emphasized that, we cannot, at present, make a defi-
nite comment on any specific spatial order in the distribution
of the localized states. This would require further under-
standing of the geometrical parameters, in particularAL,
which is presently under investigation.

In conclusion, magnetotransport in the strongly localized,
low-density regime of high quality 2D electron systems pro-
vides evidence of a dynamic, gate voltage-dependent distri-
bution of localizing sites. Over a mesoscopic region of the
2D systems, the spatial density of these sites was found to
agree with the estimated density of electrons at the same gate
voltage, independent of background disorder. This corre-
spondence indicates an unusual insulating ground state in
two dimensions where the carriers are self-localized under
the influence of strong electron-electron interaction.
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