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Localized electrons in the metallic phase of the two-dimensional electron system
at (Al,Ga)As-GaAs heterojunctions

V. T. Dolgopolov and A. A. Shashkin
Institute of Solid State Physics, Chernogolovka, 142432 Moscow District, Russia

M. Wendel and J. P. Kotthaus
Ludwig-Maximilians-Universita Geschwister-Scholl-Platz 1, D-80539 Milnen, Germany

L. W. Molenkamp
Physikalisches Institut, RWTH-Aachen, Templergraben 55, D-52056 Aachen, Germany

C. T. Foxon
Department of Physics, University of Nottingham, Nottingham NG7 2RD, United Kingdom
(Received 29 October 1996

Using the effect of electron focusing we measure the Fermi wave vector of the delocalized electrons in a
two-dimensional2D) electron system. After obtaining the total electron density from the high-field magne-
toresistance we are able to determine the density of localized electrons in the metallic phase at zero magnetic
field that form the bandtail of the 2D band. The number of localized electrons does not change appreciably over
a wide range of total electron densitidown to the point of the metal-insulator transitipin spite of a
profound change in the screening properties in the density-range studied. We show that the localized electrons
are responsible for the observed shift of the quantum oscillation minima in relatively weak magnetic fields.
[S0163-18297)50708-9

According to a scaling hypothesis one expéthsat a two-  including localized electrons, viaz=hNg/eB. Thus, by
dimensional(2D) electron system, at zero temperature, andcomparing the results of different experiments one can deter-
at zero magnetic field, is localized with finite disorder. Nev-mine the localized electron density in the metallic phase in
ertheless, in experiments on actual 2D systems, down to th&ero magnetic field.
lowest achievable temperatures, one always observes the oc- Our experiments on electron focusing were performed on
currence of a metal-insulator transition on lowering the elecsmall, square mesa-etched samples of dimensions 24
tron density’ Regardless of the reason for this discrepancy
between theory and experimefune could think of insuffi-

ciently low temperatures in the experiments, or an incorrect & 8B, X%
treatment of the electron-electron interactions in the theory, Ej/
etc), from an experimental point of view it is interesting to "’E“j\/i
determine the density of localized electrons in the metallic

phase and to check how this density varies on changing the
screening regime by varying the total electron density.

A disorder potential produces a bandtail of localized elec-
trons in the 2D density of statesB& E; (Fig. 1). The Fermi
wave vector is defined by the density of extended electrons
at E>E., and the transport properties of a 2D electron gas
(2DEG) in weak magnetic fields are governed by delocalized
electrons alone. In a magnetic field applied perpendicular to
the plane of a 2D electron system, the Fermi wave vector
ke is proportional to the cyclotron radids=r.eB/%. The
ke value thus can be measured directly in electron focusing
experiment$* and converted into the density of delocalized
eIectronsNd=k§/27T. In the case of strong magnetic fields,
where the cyclotron energy is large compared to the bound
state energies of electrons from the bandtail, all electrons
should contribute to the value of the Landau level filling
factor v. An analysis of the Shubnikov—de Haas oscillations,
a traditional way to characterize a 2DEG, should then yield a FIG. 1. Density of states in an ideébp) and disorderedbot-
value close to the total electron densily,, in a 2D band, tom) 2D electron system. The inset shows the layout of the sample.
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FIG. 2. The dependence df 2 on the total electron density. Tz
The inset displays an experimental trace of the dependence
of the electron focusing response on magnetic field Nat 00 é "‘ é é 1'0 1'2
=2.8x10" cm2 and illustrates the definition of the amplitude B(T)
um?, fitted with four Ohmic contacts in the corndisset to FIG. 3. Hall resistance as a function of magnetic field for a wide

Fig. 1. The samples were fabricated by electron beam li-Hall bar. The arrows correspond to zeros in the longitudinal resis-
thography from an(Al,Ga)As heterojunction wafer contain- tance. Inset: blow-up of the low-field part of the graph.
ing a 2DEG with mobility 1.% 10° cm?/Vs and high field _ , , _ , ,
density 1.7 10 cm~2. The electron density could be var- Where a is the sample dimensior) is a dimensionless
ied using a gate evaporated on the sample surface. THREOMELric factor,Ve is the Fermi velocity, and is the
sample was placed in the mixing chamber of a dilution re-S@mple current. Assuming that the _dzensny of staeand
frigerator with a base temperature 6f30 mK. Measure- (he factor® are constant, the valué * should be propor-
ments were performed using a standard lock-in technique, éllona_lzto the extended electron denshy. The dependence
a frequency of 10 Hz. An ac current of 10 riémall enough Of A~ on the electron densitl; is displayed in Fig. 2. One
to ensure that the experiments were in the regime of lineaf@" See that this dependence is linear, which indicates that,
responsg was passed along one of the diagonals of the" the range o'fNS us_ed, the localized electron _d§n§|ty is
sample. The electron focusing signal was measured betwe&@nstant, as will be discussed below. Although it is impos-
the probes along the other diagonal, as a function of magsiPle to determine the value &y by means of Eq(1) be-
netic field. cause the facto® is unknown, there is another way to
A typical electron focusing curve is presented in the insefconvertA~? into Ng. Let us consider the screening of a
to Fig. 2. As seen from the figure, in the vicinity of zero Fandom potential by a 2DEG. In the absence of magnetic
magnetic field the Hall voltage vanishes. This effect isfield, the screening properties of the 2DEG depend on two
known as “quenching” of the Hall resistanéé,and can be Parameters:the Thomas-Fermi screening constapt and
observed on narrow, ballistic, Hall bridges. When sweeping=€rmi wave vectoke. As long as Xe<qre (Or Ng<Ng
the magnetic field, the measured signal displays maxima 1.6x10'" cm™?) the screening of random potential har-
caused by the electron focusing from the current to potentignonics withq<dg is very sensitive to the electron density
probes, which change sign upon reversal of the direction olNs: the disorder potential harmonics with<2kg are
magnetic field. The first maximum corresponds to the direcscreened while those with>2kg are not. In the opposite
flight of electrons between the neighboring probes, the secase of X->qrg, the screening by the 2DEG does not de-
ond one occurs at twice as large a magnetic field, and resulgend onNg because the disorder potential harmonics with
from the focusing of electron trajectories that include oneq>qye are not screened at all. Since the critical vahi
specular reflection with the sample boundary, etc. The magfalls within the experimentally accessed interval of electron
netic fieldsB,, corresponding to the onset of the Hall volt- densities(Fig. 2), in the high-density limit the number of
age, andB,, corresponding to the first maximugelectron localized electrons should not change with varyhg i.e.,
trajectories for these fields are shown in the inset of Fjg. 1in the (Ns,N4) plane the slope of the experimental depen-
are proportional to the Fermi wave vector and hence can bdence in the figure should be equal to 1. Thus, we can deter-
used for determining the electron density;. However, in  mine the factor® and restore th&y axis in Fig. 2. Linear
this case the experimental accuracy is not sufficiently high t@extrapolation of the dependend¢;(Ns) to zero yields a
reliably deduce the localized electron density. value ofNg~2x 10" cm~2 as the density of localized elec-
An experimental observable that is directly related to thetrons.
number of delocalized electrons, and is defined with better In principle, any phenomenon dependingkgnis suitable
accuracy, is the amplitudg of the first focusing maximum. for measuring the electron densiy, for instance, the Hall
One can easily find effect in weak magnetic fields. Magnetotransport measure-
ments carried out on standard Hall bars of width 2&@
with mobility 0.5x10° cn?/Vs and density 1.810' cm™?
A~ 1=e?DVi0al (1)  vyield a similar behavior foNy4. As is evident in Fig. 3, the
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Hall resistance in weak magnetic fields might be attributed to
a possible admixture gf,, into p,, owing to sample inho-
05 mogeneities, the whole set of experiments on samples of
151 4 different design(made from different wafers, of different
e sizes, with and without gatexcludes such a trivial origin of
s the effect.
,/ It is interesting to compare the density of localized elec-
s o 1o i /7 trons in the metallic phase with the electron density at metal-
1.0 0. 2 y . .. . - .
- N, (10%cm?) /- insulator transition. The metal-insulator transition point can
a % be defined as a point of vanishing activation energy of the
. conductivity in an insulating phageThe dependence of the
4 activation energy on electron densiy; in zero magnetic
field is displayed in the inset to Fig. 4 for the Corbino ge-
ometry sample. The observed linear dependence indicates
that in the range ol studied, the thermodynamic density of
states can be regarded as constant. The straight line in the

E,(K)

4 6 8 10 12 figure intercepts the axis atNg~1.1x 10" cm~2, which is
B (T) close to the value determined from the change of the oscil-
lation period(Fig. 4). This points to a localization origin of
FIG. 4. Dependence ofv ' on magnetic field at Mmetal-insulator transition, and excludes the occurrence of
Ng=1.75< 10" cm~2. The slopes of the solid and dashed lines Wigner crystallization. Similar results have also been ob-
correspond to the low and high field data, respectively. Inset: thdained on the electron-focusing sample.
activation energy in the insulating phase as a function of electron Thus, in the metallic phase the bandtail of localized elec-
density. tron states does not change within experimental uncertainty
with varying electron density, despite a change in the screen-
eing properties of the 2DEG. This is likely to be due to the
relatively large binding energies of the bandtail electrons.
That this binding energy is relatively large is clear when one

so that atv=2/3 it is located practically beyond the plateau. realizes that it should correspond to a spatial extent of bound

A straight line passing through the origin and the points tha .Iegt.r%r'] states smaller;hamtE_qui y}e act;al ?araetini- f
correspond to the minima ipy, at lowestr (dashed line in IC binding energy can be estimated from F1g. 4 as a hait o

Fig. 3 lies beyond the plateaus for the filling factars 3,4 the cyplotron energy in a magnetic field ef3 T,.corre-
and higher. Hence, the observed deviation of the classic(’ﬁpondmg to the change of the slope of the experlmental de-
Hall resistance from the middles of the plateaus at small pendence. The resulting estimated value of the binding en-

can be attributed neither to the asymmetry of a disorderegrgz. c;f about 3 meV is in agreement with a theoretical
potential in the sample nor to a possible shift of the mini-Pr€2!CioN:

mum in p,, With respect to the plateau midpoint. This meanselelgtritrj:snrn;;r)gDvl\éeGhbavr?n;iisoufr?r?etgleec(:reonns-?c))/col'iXti?fii?
that the periods of quantum oscillations in stronrg.{>1) ' Y using

and relatively weak & .7=1) magnetic fields, respectively, and _found that it is smaller than th'e'total Qlec_tron den_S|ty
are different. obtalneq fr_om the quantum condL_Jctlwty oscillations at high
Figure 4 shows the positions of the minima in conductiv-magnetic fields. The difference y|el_ds the number (.)f local-
: . . ized electrons that form the bandtail of a 2D metallic band.
Ity o 0N @ gated Corbino sample fabricated from the S8MThis number has been found to remain approximately con-
wafer as the samples for electron focusing. In addition to the

positions of the integer filling factors, also the most promi-.Stant on reducing the total electron density down to metal-

nent fractions atv=5/3,4/3,2/3 are marked in this figure. Lﬂii?ﬁ;:;g?“gg&;v c?r';h ?gg‘tf’e;%ﬁsligee?é?]?i'rr:ge%nﬁrg?ngf i
One clearly observes that fer<2 the minima are shifted to : y mag

hi o netotransport measurements on standard Hall bars and
igher magnetic fields as compared to the values expect orbino samples

from the larger filling factors. Just as in Figs. 3 and 4, the '

electron density as defined by the filling factor “is en-  We thank Professor V.F. Gantmakher and Dr. W. Hansen

hanced” with increasing magnetic field. for fruitful discussions of the results. This work was

This electron-density-“enhancement”-effect can be seersupported in part by Volkswagen-Stiftung under Grant

in previously published experimental data, including sampledNo. /71162 and by the Programme “Statistical Physics”

of rather high quality, for example, Fig. 3.7 from R¢8].  from the Russian Ministry of Sciences. The high-mobility

Only for the most perfect samplgg.g., Ref.[9]) is this  (Al,Ga)As heterostructures were grown at Philips Research

effect negligible. We note that while the larger slope of theLaboratories, Redhill, Surrey, UK.
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solid line that extrapolates the weak-field Hall resistanc
pxy (inset of Fig. 3 to higher fields deviates from the
middles of the quantum plateaus with lowest filling factors
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