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A study is made of the lateral tunneling between edge channels at the
depletion-induced edges of a gated two-dimensional electron system,
through a gate-voltage-controlled barrier arising when the donor layer
of the heterostructure is partly removed along a fine strip by means of
an atomic force microscope. For a sufficiently high barrier the typical
current–voltage characteristic is found to be strongly asymmetric, hav-
ing, in addition to the positive tunneling branch, a negative branch that
corresponds to the current overflowing the barrier. It is established that
the barrier height depends linearly on both the gate voltage and the
magnetic field, and the data are described in terms of electron tunneling
between the outermost edge channels. ©1999 American Institute of
Physics.@S0021-3640~99!00708-2#

PACS numbers: 73.40.Gk, 73.40.Hm

Recently there has arisen much interest in lateral tunneling to the edge of a
dimensional electron system~2DES!, which is related not only to the problem of integ
and fractional edge states in the 2DES but also to that of resonant tunneling and Co
blockade.1–7 The tunneling regime was identified by the presence of exponential de
dences of the measured current on either source–drain voltage1–4 or magnetic field.5 For
producing a tunnel barrier a number of methods were used:~i! gate voltage depletion o
a narrow region inside the 2DES;1–4,7 ~ii ! focused-ion-beam insulation writing;6 ~iii !
cleaved-edge overgrowth technique.5 Insofar as the tunnel barrier parameters are
well-controllable values, it is important for using the first method that one can tune
barrier on the same sample. In contrast to vertical tunneling into the bulk of the 2DE
a quantizing magnetic field, when the 2DES spectrum is manifested,8,9 in lateral tunnel-
ing the electrons can always tunnel to Landau levels that bend up at the edge to
edge channels where they intersect the Fermi level, i.e., the spectrum gaps are n
directly in lateral tunneling. Instead, it reflects the edge channel structure and dens
states. For both the integer and fractional quantum Hall effect, a power-law behav
6030021-3640/99/69(8)/7/$15.00 © 1999 American Institute of Physics
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the density of states at the 2DES edge is expected. Since this can interfere with the
distortion at electric fields in the nonlinear response regime, the results of lateral tu
ing experiments obtained from measurements of the current–voltage curves5 should be
treated with care.

Here we investigate the lateral tunneling in narrow constrictions in which, alo
thin strip across, the donor layer of a GaAs/AlGaAs heterostructure is partly rem
using an atomic force microscope~AFM!. A controlled tunnel barrier is created by ga
depletion of the whole of the sample. The well-developed tunneling regime is indic
by strongly asymmetric diodelike current–voltage characteristics of the constric
which are sensitive to both the gate voltageVg and the normal magnetic fieldB. The
behavior of the tunneling part of the current–voltage curves points to electron tunn
between the outermost edge channels.

The samples are triangular constrictions of a 2D electron layer with different wi
W50.7, 0.4, 0.3, and 0.2mm of the thinnest part; see Fig. 1a. These are made u
standard optical and electron beam lithography from a wafer of GaAs/AlGaAs he
structure with a low-temperature mobilitym51.63106 cm2/Vs and a carrier density
ns5431011 cm22. Within each constriction the donor layer is removed along a fine

FIG. 1. ~a! Top view on the sample~top!, and a blowup of one of the constrictions after etching of the oxidiz
part of the mesa as performed solely for visualization purposes~bottom!. ~b! Gate voltage dependences of th
electron density in the oxidized~squares! and unoxidized~circles! regions of the 2DES. An example of th
magnetoconductance in the barrier region is shown in the inset. The value ofns is extracted from the slope o
the dashed lines with 10% uncertainty.
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by locally oxidizing the heterostructure using AFM induced oxidation.10 This technique
allows one to define 140 Å wide oxide lines of sufficient depth and oxide quality so
partly remove the donor layer and, therefore, locally decrease the original electron
sity. The whole structure is covered with a metallic gate, which enables us to tun
carrier density everywhere in the sample. As the 2D layer is depleted, the oxi
regions get depopulated first, resulting in the creation of tunnel barriers. Potential p
are made to the sample to permit transport measurements.

For the measurements we apply a dc voltage,Vsd, between the source~grounded!
and drain contacts of one of the constrictions, modulated with small ac voltage
amplitudeVac540 mV and frequencyf 520 Hz. A gate voltage is applied between t
source and the gate. We measure the real part of the ac current, which is proportio
the differential conductancedI/dV, as a function of bias voltageVsd (I –V characteris-
tics! using a home-madeI –V converter and a standard lock-in technique. The behavio
the I –V characteristics is investigated as a function of both the gate voltage and ma
field. The measurements are performed at a temperature of about 30 mK in ma
fields of up to 14 T. The results obtained on different constrictions are qualitat
similar.

To characterize the sample we extract the gate-voltage dependence of the e
density from the behavior of magnetoconductance plateaus in the barrier region a
the rest of the 2DES~Fig. 1b!. The analysis is made at high fields, where the si
quantization-caused effect of conductance plateaus in narrow constrictions is dom
by magnetic field quantization effects.11 As is seen from Fig. 1b, if the barrier region
depopulated (Vg,Vth), the electron density in the surrounding areas is still high eno
to provide good conduction. The slopes of the curvesns(Vg) in the oxidized region and
in the rest of the 2DES turn out to be equal within our accuracy. The distance betwe
gate and the 2DES is determined to bed'570 Å; as the corresponding growth parame
is about 400 Å, the 2D layer thickness contributes appreciably to the distanced. We have
found that even in the unoxidized region the electron density atVg50 can be different
after different coolings of the sample on account of slight threshold shifts: it falls wi
the range 2.531011 to 431011 cm22 and is always higher than in the barrier region.

The typical I –V characteristic of the constriction in the well-developed tunnel
regime is strongly asymmetric and includes an overflowing branch atVsd,0 and the
tunneling branch atVsd.0; see Fig. 2a. The tunneling branch is much smaller
saturates rapidly in zeroB with increasing bias voltage. The onset voltagesVO andVT for
these branches are defined in a standard way as shown in the figure. The tunneling
can be attained both by decreasing the gate voltage and by increasing the magnet
as is evident from Fig. 2a. We have checked that the shape ofI –V characteristics is no
influenced by interchanging the source and drain contacts. Hence, the tunnel bar
symmetric, and the asymmetry observed is not related to the constriction geometr

To understand the origin of the asymmetry, let us consider a gated 2DES conta
a potential barrier of approximately rectangular shape, with widthL@d, in zero magnetic
field. The 2D band bottom in the barrier region coincides with the Fermi levelEF of the
2DES atVg equal to the threshold voltageVth . Since in the barrier region forVg,Vth an
incremental electric field is not screened, the 2D band bottom follows the gate pote
so that the barrier height is equal to2eDVg5e(Vth2Vg), where2e is the charge of an
electron~Fig. 2b!. Applying a bias voltageVsd shifts the Fermi level in the drain contac
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by 2eVsd. Because of gate screening the voltageVsd drops over a distance scale of th
order ofd near the boundary between the barrier and drain, and so the barrier heig
the source side remains practically unchanged; see Fig. 2b. IfVsd reaches the onse
voltageVO5DVg , the barrier on the drain side vanishes, and electrons start to ove
from the drain to the source. In contrast, forVsd.0 only the electron tunneling throug
the barrier from the source to the drain is possible. AsVsd increases above2DVg , the
tunneling distance diminishes and the barrier shape becomes close to triangular.
the triangular barrier approximation, in the quasiclassical limit of small tunneling p
abilities, it is easy to deduce that the derivative of the tunneling current with respe
the bias voltage is expressed by the relation

dI

dV
5s0 expS 2

4~2m!1/2~2eDVg!
3/2L

3\eVsd
D!s0 , ~1!

wheres0'2(e2/h)DVgW/VsdlF , m50.067m0 (m0 is the free electron mass!, andlF

is the Fermi wavelength in the source. Obviously, the tunneling current is domin
by electrons in the vicinity of the Fermi level, and the tunneling dista
LT52DVgL/Vsd should satisfy the inequalityd!LT,L. In accordance with Eq.~1!, the
expected dependence of the tunneling onset voltageVT on gate voltage is given by
VT}(2DVg)

3/2.

As is seen from Fig. 3a, the expected behavior of bothVO andVT with changingVg

does indeed occur. The dependencesVO(Vg) andVT
2/3(Vg) are both linear; the slope o

the former is very close to one. Extensions of these straight lines intercept theVg axis at
slightly different voltages, which points out that the triangular barrier approximatio
good. The threshold voltageVth for the generation of a 2DES in the barrier region, whi
is defined as a point of vanishingVO ~Fig. 3a!, is coincident, within experimental unce
tainty, with the value ofVth determined from the analysis of magnetoconducta
plateaus~Fig. 1b!.

A fitting of the set ofI –V characteristics at differentVg by Eq. ~1! with parameters
L, Vth , ands0 is depicted in Fig. 3b. The dependence ofs0 on DVg andVsd is ignored
against the background of the strong exponential dependence ofdI/dV. Although three

FIG. 2. ~a! I –V curves at different gate voltages and magnetic fields. The casesB50 andBÞ0 correspond to
two coolings of the sample as compared in Fig. 3a.W50.4 mm. ~b! A sketch of the 2D band bottom in the
barrier region for different source–drain biasesVsd.



f
the
d, the
t

ic-
le
ith
ial for

e the
in a

re

he

e

ling
the

607JETP Lett., Vol. 69, No. 8, 25 April 1999 Shashkin et al.
parameters are varied, the fit is very sensitive, except fors0, to their variation because o
the exponential behavior of theI –V characteristics. One can see from Fig. 3b that
above model describes well the experiment at zero magnetic field. As expecte
determined parameterL50.6 mm is much larger thand, i.e., the barrier shape a
Vsd50 is approximately rectangular, and the value ofVth is close to the point whereVO

~andVT) tends to zero~Fig. 3a!. Similar results are obtained at the other two constr
tions. In addition, we find that the coefficients0 for different constrictions does not sca
with the constriction widthW. This probably implies that the tunnel barriers, even w
submicron lengths, are still inhomogeneous, which, however, does not seem cruc
the case of exponentialI –V dependences.

Having tested that we are dealing with a controlled tunnel barrier, we investigat
tunneling in a normal magnetic field that gives rise to an emerging tunnel barrier
manner similar to gate depletion~Fig. 2a!. At a constantVg.Vth , where there is no
tunnel barrier in zeroB, the magnetoconductances obeys a 1/B law at weak fields and
drops exponentially withB in the high-field limit, signaling the tunneling regime. Figu
4a presents the magnetic field dependence of the onset voltageVO , which determines the
barrier height. It is seen from the figure that the change of the barrier height2eVO with
B is very close to\vc/2, which points to a shift of the 2D band bottom by one-half of t
cyclotron energy.

For describing the tunneling branch of theI –V characteristics we calculate th

FIG. 3. ~a! Change of the onset voltagesVO and VT as defined in Fig. 2a withVg at B50; and ~b! the fit
~dashed lines! of the I –V curves~solid lines! by Eq. ~1! with the parametersL50.6 mm, s0538 MV21,
Vth520.4 mV; W50.4 mm. In case~a!, the data marked by filled triangles are obtained for the same coo
of the sample as the data atB50 in Fig. 2a and in case~b!, whereas the open triangles correspond to
BÞ0 data of Figs. 2a and 4 as measured for the other cooling.
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tunneling probability in the presence of a magnetic field. This is not so trivial a
B50 because electrons tunnel through the magnetic parabola between edge chan
the induced edges of the 2DES. In the triangular barrier approximation one has to
the Schro¨dinger equation with the barrier potential

U~x!5
\vc

2l 2
~x2x0!22eVsd

x

L
2eDVg , 0,x,L, ~2!

wherevc is the cyclotron frequency,l is the magnetic length, andeVsd is larger than the
barrier height in the magnetic field. An electron at the Fermi level in the source tun
throughU(x) from the origin to a state with orbit centerx0 such that 0,x0,L. If the
barrier potential is dominated by the magnetic parabola~i.e., the magnetic length is th
shortest!, the problem reduces to the known problem of finding the energy levels in
shifted parabolic potential as caused by the linear term in Eq.~2!. The value ofx0 is
determined from the condition of coincidence of a Landau level in the potentialU(x)
with the Fermi level in the source. If only the lowest Landau level is taken into con
eration and the spin splitting is ignored, we get the minimum tunneling distance t
outermost edge channel in the drain:

x05LT5
l

2 S \vcL

eVsdl
2

2DVgL

Vsdl
2

eVsdl

\vcL
D@d. ~3!

The first term in brackets in Eq.~3!, which is dominant, is large compared to unit
Knowing the wave function of the lowest Landau level in the potentialU(x) and ne-
glecting the last term in Eq.~3!, we obtain for the shape of theI –V characteristics nea
the onset, where the tunneling probability is small,

dI

dV
5sB expS 2

~\vc/22eDVg!
2L2

e2Vsd
2 l 2 D !sB . ~4!

Here sB is a prefactor which can be tentatively expected to be of the same ord
magnitude ass0. From Eq.~4! it follows that at sufficiently strong magnetic fields th
tunneling onset voltageVT is related to the barrier height asVTl}\vc/22eDVg , which
is consistent with the experiment~Fig. 4a!. The solution~4! includes the caseeDVg.0,

FIG. 4. ~a! Behavior of the onset voltagesVO andVT with magnetic field; and~b! the fit ~dashed lines! of the
I –V curves ~solid lines! by Eq. ~4! with the parametersL50.6 mm, s051.3 MV21, and Vth521.4 mV;
W50.4 mm, Vg50.
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when a tunnel barrier is absent at zero magnetic field but arises with increasingB. This
occurs apparently because of depopulation of the barrier region in the extreme qu
limit of magnetic field.

Figure 4b displays the fit of theI –V characteristics at different magnetic fields b
Eq. ~4! with the parametersL, Vth , and sB . The optimum values ofL50.6 mm and
Vth521.5 mV are found to be very close to the ones for theB50 case as determined fo
the same range of barrier heights; see Fig. 3b. Although this fact supports our con
ations, they are not rigorous enough to permit discussing the considerable discre
between the preexponential factors with and without magnetic field.

The observed behavior of theI –V characteristics with magnetic field in the transie
region where their asymmetry is not yet strong~Fig. 2a! is similar to that of Refs. 4
and 5. Over this region, which is next to the region of exponentialI –V dependences a
higher magnetic-field-induced tunnel barriers, ourI –V curves are close to power-law
dependences, as was discussed in Ref. 5. There is little doubt that it is very diffic
analyze and interpret suchI –V curves without solving the tunneling problem rigorous
We note that the peak structures on the tunneling branch of theI –V characteristics~see
Figs. 2a and 3b! persist at relatively low magnetic fields and are very similar to th
studied in Ref. 4. These may be hint at resonant tunneling through impurity states
the 2D band bottom.
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