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Dynamic localization of two-dimensional electrons at mesoscopic length scales
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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 =p(T,B=0)exp(aB?). An expression fow has been derived
systems is a matter of continuing debate. In the nonpercolgrom the shift in percolation threshold, which in the limit of
tive models, short-range disorder gives rise to “trap” sitesharrow bandwidth can be expressef as
close to the Fermi energfEr), where the electronic states
can be localized? These sites, conventionally assumed to be e
impurity bound and randomly distributed in space, play a “”ALﬁz 3121 1)

n
central role in the hopping-type transport at low tempera- L
tures. When the Coulomb interaction is taken into accounfyhere A, is a model-dependent constant of order unity,
perturbatively, the nature of hopping transport is significantlyywhose precise value will be discussed later. Equatibn
modified, but the origin and nature of the trap sites are asprovides a mechanism of estimating from the weak-field
sumed to remain unchangédecent theoretical investiga- MR in strongly localized systems, and has been used in the
tions have, however, indicated that beyond the perturbativepontext of hopping transport in the impurity band&éloped
regime, Coulomb interaction may delocalize the charge carggasio
riers from the impurity-bound sites to form a more uniform  Mesoscopic segments of high-mobility Sidoped(dop-
spatial distributior?, and eventually self-localize in some ing densityns=2.5x 1012 cm 2) GaAs/AlGaAs heterostruc-
form of charge-density waves as the carrier-density isures were created by the intersection of a narrow bridge in
lowered? The concentration and distribution of the localiz- the mesgwidth: W) and a transverse Au/NiCr metallic gate
ing sites in such a case would be independent of the spatigpidth: L) [Fig. 1(a)]. The ng within the active region de-
locations of impurities. Experimentally, local compressibility pends on the/,, through the specific capacitan€g. Within
studies remain inconclusive regarding any such impuritythe simple capacitor modeG,= eye,/ed, whered; is the
independent localization® Here, we have carried out a di- depth of the 2DES from the surface. The background disor-
rect evaluation of the density of the trap siteg) within  der, and hence the electron mobilify, were varied by
mesoscopic regions of high quality two-dimensional electrorchanging the spacer thicknels) between the dopant layer
systems(2DES' in the strongly interacting regime. Unex- and the GaAs/AlGaAs interface. For this experiment we
pectedly, over a limited range of electron density) (and  have chosen mesoscopic samples from two heterostructures
background disordgr we find n_ to be gate voltageVy)  (referred to as A07 and AF8which differ in &5, andds, but
dependent, and correspondrigitself, irrespective of back- identical in all other structural and geometrical aspects. The
ground disorder. We propose that this is an evidence of @levant parameters are given in Table I. In order to minimize
self-localized insulating phase, where disorder plays only ahe effect of contact and series resistances, the electrical

stabilizing role. measurements were carried out only in four-probe geometry
In disordered 2DES's, the strongly localized regime iswith a low-frequency(~7.2 H2 ac excitation current of
identified by a longitudinal resistivitp>h/€?, and an acti- ~0.01—0.1 nA. The maximum measured resistance was lim-

vated (nearest-neighbgrhopping or a variable-range hop- jted to ~1.5 M() to avoid any systematic error arising from
ping transport, wherg(T) ~exp(To/T)P, To andp being the  stray capacitances.

relevant energy scale and hopping exponent, respectively. In The first part of the experiment calibrates g depen-

a weak magnetic fieldB), applied perpendicular to the plane dence ofng in the metallic regime whep<h/€? and quan-

of the 2DES, the asymptotic behavior of the electronic waveaum Hall-based methods are applicable. We have used a tech-
function of an isolated impurity-bound state changes tonique based on the reflection of edge states, which was
J(r)~exp(-r/ E-r3¢/24\%), where ¢ is the localization originally developed to study backscattering of edge states
length and\=\%/eB> £78 The B-induced compression of by well-defined potential barriefd. The technique is sche-
the wave function leads to a strong positive magnetoresismatically represented in Fig(d). Briefly, when the perpen-
tance (MR), which is expressed analytically as(T,B) dicularB corresponds t@, edge channels in the ungated part
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FIG. 2. Temperature dependence of resistiyityn A78 for dif-
0 ferent values of gate voltag®/y) recorded aB=1 T. Inset: gate-

- - voltage dependence of the pre-exponential faptoat three mag-
©) M netic fields.
FIG. 1. (a) A schematic of the device structure. Contacts 1 and 2Iation of carriers in the dopant Iayé’f.When the linear part

are for current probes, while 3 and 4 are used for voltage probes. . . _
) - was fitted withng= CS(Vg—VgS), the slopeCg was found to be
lllustration of gate voltageV,) dependence of the four-probe resis ~55 5% 10 cnm2 V-1 for AO7 and ~23.0x 102 cr2 /-1

tanceR;; 3,at a constant magnetic fie{=0.742 T) corresponding . . . . .
to an integral filling factowy(=10) in sample A78. The dashed lines for A78, agreeing satisfactorily with the corresponding val-

are the expected values Bf, 5, at different filling factorsy within ~ U€S of Co. The i”tefceDths was found to beVgs

the gated regiorisee text (c) ng=eBv/h, at values ONg’S corre- :—091710004 V and -0.804+0.002 V for AO7 and A78,
sponding to the center of the plateausRi 3, The horizontal error respectively. _ _ _
bars represent the width of the plateau¥jnThe solid lines are fits We now consider the strongly localized regime, where

to the linear part of the data. For both samples, different symbolg>h/€% Both systems displayed the “metal™insulator transi-

correspond to different integral value of at which R3-V,  tion at a critical resistivityp.~0.1-0.2¥ h/e€?. To ensure

sweeps were recorded. strong localization and consistency in the subsequent analy-

sis, we have limited ourselves to the regimévgffor which

of the Hall bar, a negativé, will causer,— v of the channels  p= 2h/€? atT=0.3 K andB=0 T, which exceedp, by more

to get reflected at the gate, wherés the filling factor within ~ than an order of magnitude. As shown in the insets of Fig. 3,

the active region. As a function afy, this leads to plateaus this regime corresponds t¥;=-0.86 V for AO7 andV,

in the four-probe resistancéR;,3) at Ryps~=(h/€?)(1/v =-0.74 V for A78. By extrapolating the;—V, calibration,

~1/vp), when the contact§l-4) in Fig. 1(a) are close to We find the Coulomb interaction in this regime to be strong,

ideal with no reflection and perfect transmission. This is il-With the interaction parametet(=1/ag\ny) varying over

lustrated in Fig. (b), where theV -dependence oRjp3,is  s~2.8-5.2in A07 and-4.4-7.0 in A78(ag is the effective

measured in sample A78 at a const&ntorresponding to 3D Bohr radiug.

1o=10. Three plateaus corresponding1#e8, 6, and 4 ap- In order to investigate the nature of localized-state trans-

pear nearly exactly at the theoretically expected vajhes-  port, we have measured tiiedependence qf at variousV,.

zontal dashed lingsThe V; at the center of these plateaus This is illustrated in Fig. 2 for A78 aB=1 T. At higherT

then corresponds to an electron densityngfeBv/h, while ~ (=1.8 K), the activated behavior ofp=p;expes/kgT),

the width of the plateau represents the maximum uncertaintglearly indicates nearest-neighbor hopping as the energy

For both samples, we have repeated this measurement fterm (es/ksT) becomes dominant over the site tefni¢).1°

different values ofy, (within spin degeneragy This would explain the weakenin§ dependence o with
Figure Xc) showsng as a function ot for samples AO7  decreasing temperature as the onset of variable range hop-

(empty symbolsand A78(filled symbolg. At a sufficiently  ping. The hopping mechanism of transport is also confirmed

negativeV, both samples display the expected linear depenby the strong enhancement of the pre-exponential fagjor

dence ofng on V. In AO7, the deviation from linearity at with decreasing/g.8 This is shown in the inset of Fig. 2 for

higherV, can be explained from screening\gf by accumu-  three different magnetic fields. Furthermopg? p. at all Vg,

TABLE I. Relevant parameters of the samples uged) andng(0) are as-grown mobility and electron
density, respectively.

(0) n(0) Osp ds LXW Co
Sample cné/V's cm? nm nm MM X pum cm?yvt
A07 0.6x10° 2.9x 101 20 120 2<8 57x 1010
A78 1.8x 1P 2.1x 101 40 290 2X8 24x 1010
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FIG. 3. Dependence of resistivigyon B? for different values of
gate voltagdV,) recorded af=0.3 K. Inset:Vy dependence qf at
zero and finiteB. (a) sample A07, andb) sample A78.

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 AO7 and A78.
IncreasingB from zero initially results in some negative MR
in both samples, followed by an exponential risepiiB) at
higher B. From Fig. 3, Inp varies linearly withB? over a
field range of 1.2B=<3 T for AO7 and 0.5<B=<1.3 T for
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FIG. 5. Correspondence betwesn andng. For clarity, n;, ng
~AV, are plotted in log-log scale, wher&Vy=Vy-Vg, for n_
(empty symbol}sandvg—vgS for ng (filled symbolg. For AQ7, the
dashed and dotted lines represent estimates oAssumingA,
=0.083 and 0.143, respectively. Inset: temperature dependeate
three gate voltages for A78.

numerical constant.This would lead toa~ &2/ T%? for p

A78. The lower limit of this linear dependence is determined-1 /- (Efros-Shklovskii hopping or a~ &/T for p=1/3
by the extent of negative MR, which arises from an mterfer-(Mott hopping. Qualitatively, suchl and & dependence of

ence among the hopping patisThe upper cutoff irB prob-
ably arises from the strong-field conditionr<\?/¢ for the
asymptotic form the wave functiork(r).”® The slopea of
the Inp—B? traces was found to decrease with increasfyg

has been observed for hopping in the*Nimpurity band of
Si-metal-oxide-semiconductor field-effect transistMOS-
FET's), wherea was found to increase as the Fermi energy
was swept towards band half-fillifd.In our case, however,

in both samples, being independent of temperature Up t0 this scenario fails on two account§) « is found to beT

~2 K for a fixed V. This is illustrated for A78 atvy=
-0.770, -0.760, and -0.750 V in the inset of Fig. 5.

independen{inset of Fig. 5, and (ii) « is expected to in-
crease with increasinyy. This is because as the system is

~ We now discuss the implications of the decreasing tren@riven more metallic, effective screening of the impurity po-

a factor of~5 in both samples within the strongly localized

The T independence of can be explained by assuming

regime. We first consider the variable range hopping at weakopping transport within a narrogbut finite) impurity band,

B in an impurity band with bandwidtb-kgT, where it has
been shown that Ip(B)/p(0)=c,(To/T)%&*/\%, ¢, being a
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FIG. 4. Gate voltaggV,) dependence of the sloger) of the
linear region of Ifp)—B? data shown in Fig. 3. The data were

where« is given by Eq.(1). However, a physically reason-
able explanation for the experimentally observed trend of
with V, invariably requires(i) ¢ to be only weakly depen-
dent onV, and,(ii) a V4-dependenny, which increases with
increasingVy. 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 witth.5 In our case, however, we
note two additional aspects of the data which indicate that

is strongly associated to the electron densifytself: (i) As
shown in the insets of Figs.(@ and 4b), 1/a%® shows a
near-linear dependence ¥f for both samples. Moreover, an
extrapolation of this dependence reveals interceg}s
=-0.918+0.004 V for AO7 and -0.806+0.006 V for A78,
which agree very well with the corresponding vaIuesV@J
within the experimental uncertaintgi) The absolute magni-

obtained afT=0.3 K. The fit uncertainty increases, and hence thetude of a is about a factor of~2 larger in A78, implying a

error bar ona, asp decreases te-2h/€e?. (a) sample A07, andb)
sample A78. Inseta), (b): dependence of % on V,. The solid
lines depict the approximately linear behavior.

smallern_. Correspondingly, extrapolation of timg—V, cali-
bration shows that A78 indeed localizes at a smaller value of
ng than that for AO7.
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Estimation of the absolute magnitude ryf from Eqg. (1) is critical, providing an overall pinning and a positive back-
requires an estimate @&%_ and ¢. If the system consists of ground. Recent numerical simulations have indicated the
only two isolated localized states, one obtaifys simply  possibility of stabilizing a Wigner-like distribution of elec-
from the overlap integral a& =1/12~0.0831° However, in  trons at relatively high electron densitiés,~ 7.5) in the
the hopping regime there is a large number of states, and th@esence of optimal disordéThe quantitative effect of dis-
relation A_=(N./m%2/12 can be obtained following order on the relevant energy scales of transport is, however,
Nguen’s analysis of theB-induced shift in percolation unclear. For A78, the activation ener@g) for the nearest-
threshold® Here N, is the dimensionality-dependent number neighbor hopping was found to be onty0.1-0.5 meMVFig.
of bonds per site in the random resistor netwdik=4.5 or ~ 2). This is nearly an order of magnitude smaller than the
2.7, for zero or finite width of the impurity band with respect (unscreened pinning potential (~e2/47-reoer55p~3 meV)
to kgT.1416 This givesA_~0.143 and 0.0664, respectively. one would expect if the localized states arise from the dipole
Note that all the estimates @ are within a factor of~2, interaction between a hole in the GaAs/AlGaAs interface
and hence only have a fine-tuning effect on the absolut@nd an acceptor state in tifedoped layer. It should, how-
magnitude ofn,. In the strongly localized regime whepe  €ver, be emphasized that, we cannot, at present, make a defi-
> p,, following Ref. 10, we assumé~a;~10.5 nm. As Nite comment on any specific spatial order in the distribution
shown in Fig. 5, using =0.0664 and=10.5 nm, we find of the_ localized states. 'I_'hls would require furthgr under-
an excellent correspondence betweerandn, as a function ~Standing of the geometrical parameters, in particudgs

of the gate voltage in both samplesolid line). The dashed Which is presently under investigation. .
and the dotted lines depict the magnitudenpf using A, In conclusion, magnetotransport in the strongly localized,

_ : : low-density regime of high quality 2D electron systems pro-
_.0‘083 and.0..143, respeptlvely. This agreement also COides evidence of a dynamic, gate voltage-dependent distri-
firms the validity of Eq.(1) in our analysis.

Th d bet dn. imolies that on th bution of localizing sites. Over a mesoscopic region of the
€ correspondence betweghandns Implies that on the 5 systems, the spatial density of these sites was found to
average every electron in the system is associated with o

: i : , : "%yree with the estimated density of electrons at the same gate
trap site. A possible way to realize this would be if the eleC'voItage, independent of background disorder. This corre-
trons are self-localized in an ordered or disordered array "%pondence indicates an unusual insulating ground state in
space. In the absence of disorder, strong Coulomb interactiogy dimensions where the carriers are self-localized under
is known to give rise to several possibilities that includeine influence of strong electron-electron interaction.

Wigner crystals, bubble or striped phadést is suggested

that the role of disorder, which in our case arises from the We thank EPSRC for support. A.G. wishes to thank Igor
Coulomb potential of the dopants, in stabilizing such phase#leiner for a fruitful discussion.
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