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Reflection of finite-width edge channels

R. J. F. van Haren, A. J. Markvoort, A. J. C. van Rijswijk, F. A. P. Blom, and J. H. Wolter
COBRA Interuniversity Research Institute, Department of Physics, Eindhoven University of Technology,

P. O. Box 513, 5600 MB Eindhoven, The Netherlands
~Received 1 February 1996!

We have studied experimentally the edge channels in an externally controlled inhomogeneous two-
dimensional electron gas~2DEG! under quantum Hall conditions. The 2DEG is inhomogeneous in the sense
that the electron concentration changes linearly across the width of the sample. In an impurity-free~or ideal!
electron gas, these edge channels are wide compressible strips alternated with incompressible strips. However,
when the presence of charged impurities~or disorder! is considered, localized compressible strips appear on
both sides of the incompressible strips. We show that the width of the incompressible plus the localized
compressible strips can be determined from resistance measurements. We further demonstrate that the macro-
scopically wide compressible strips in an inhomogeneous, disordered 2DEG act as if they are edge channels;
they can be reflected at an interior potential and the values of the quantized resistances can be determined from
the Landauer-Bu¨ttiker model.@S0163-1829~96!03028-7#

I. INTRODUCTION

Magnetotransport in a high-mobility two-dimensional
electron gas~2DEG! under the influence of a magnetic field
which is directed perpendicular to the plane in which the
electrons move has been successfully analyzed using the
concept of edge channels.1–5 In this picture, the existence of
a potential which confines the electrons laterally is of crucial
importance. This confining potential is always present near
the mesa-etched sample boundaries or can be induced elec-
trostatically by means of a Schottky gate. As a consequence
of the confining potential, the energies of the Landau levels
are raised and edge channels are formed at the intersections
with the Fermi level. Magnetotransport in the quantum Hall
regime is completely governed by the confining potential and
the coupling of these edge channels to the contacts of the
sample.

However, this one-electron picture is based on the as-
sumption that the confining potential bends the Landau lev-
els adiabatically, without paying attention to the edge state
electrostatics. As a result, the electron concentration does not
drop continuously, but steplike, from its bulk value to zero as
the edge is approached. At the intersection of a Landau level
with the Fermi level the electron concentration drops by
(2eB/h). The effect of screening near the edges of a 2DEG
under the influence of a magnetic field was qualitatively con-
sidered by Beenakker6 and Chang.7 They showed that the
2DEG is divided into alternating strips of compressible and
incompressible states. The compressible strips refer to partly
filled ~spin-split! Landau levels and the fully filled~spin-
split! Landau levels are identified as incompressible strips.
At integer filling factors, i.e., in the incompressible regions,
the screening is absent while at noninteger filling factors the
screening is very strong. This means that the electrostatic
potential remains constant throughout a compressible region
while in an incompressible strip it changes either by
(\vc2DEs)/e between states of different Landau quantum
number~DEs is the Zeeman energy! or by DEs/e between
states of the same Landau quantum number. A more quanti-

tative treatment of the formation and positions of compress-
ible and incompressible strips started with the work of Chk-
lovskii, Shklovskii, and Glazman.8 They and others9–11

propose a quantitative electrostatic theory of the 2DEG near
the boundary in the integer quantum Hall regime. It is shown
that the electron concentration near the sample edges is not
significantly altered when a magnetic field is applied. In an
impurity-free electron gas the compressible strips are shown
to be much wider than the incompressible ones. The electron
concentration no longer changes steplike in the vicinity of
the 2DEG boundaries, but a more gradual decrease is found.
Experimental evidence for the existence of finite-width edge
channels was given by studies of the breakdown of the inte-
ger and fractional quantum Hall effect,12 by magnetoplasmon
studies,13,14 and by magnetocapacitance measurements.15

An aspect that has not been taken into account is the
presence of~charged! impurities which are responsible for
random potential fluctuations at the location of the 2DEG.
These potential fluctuations arise from small fluctuations in
the charged donor distribution and the spatial scale of these
potential fluctuations is of the order of the spacer layer thick-
nesss. As a result, the infinitely narrow Landau levels be-
come broadened.16 In the case where the amplitude of the
random potential is smaller than\vc and the width of an
incompressible strip is smaller thans, the disorder does not
change the general structure of alternating compressible and
incompressible strips. Changes only occur near the edges of
compressible strips, where strips of localized compressible
liquid appear.8 If disorder is strong (.\vc), then continuous
incompressible strips do not exist.

In two recently published papers, we reported about a
technique which enables us to directly image the edge chan-
nels in an inhomogeneous 2DEG under quantum Hall
conditions.17,18 Although thetotal width ~compressible plus
localized compressible plus incompressible regions! could
easily be extracted from the images, the individual widths of
thecompressibleregions and theincompressible plus the lo-
calized compressibleregions remain to be resolved. In the
present work, we show that the widths of these regions in an
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inhomogeneous electron gas under quantum Hall~QH! con-
ditions can be determined from resistance measurements.
Additionally, it is demonstrated that the macroscopically
wide compressible regions in an inhomogeneous, disordered
2DEG behave as if they are edge channels, i.e., they can be
transmitted or reflected.

II. EXPERIMENTAL DETAILS

The samples investigated have been grown by molecular-
beam epitaxy and contain, besides a two-dimensional elec-
tron gas, a two-dimensional hole gas~2DHG!. The latter is
obtained byd doping the sample with Be, which acts as an
acceptor in GaAs. Thisd layer was grown after, starting from
the semi-insulating substrate, a 0.28-mm GaAs layer, a
GaAs/Al0.33Ga0.67As ~25 Å/25 Å 1003! superlattice, and a
0.1-mm GaAs layer had been grown successively. The
growth continues with a standard modulation-doped
GaAs/Al0.33Ga0.67As heterostructure. This
GaAs/Al0.33Ga0.67As heterostructure consists of a 0.72-mm-
thick GaAs layer, an undoped Al0.33Ga0.67As spacer layer~20
nm!, a doped~Si: 1.3331018 cm23! Al0.33Ga0.67As layer~38
nm!, and finally a 17-nm cap layer. At 1.2 K, the temperature
at which all the experiments presented in this work are per-
formed, the ~transport! mobility of the electrons is
;4.753105 cm2/V s at an electron concentration of
3.631011 cm22. The 1.2-K mobility of the holes is very
much lower, i.e., 75 cm2/V s at a hole concentration of
2.331012 cm22.

In Fig. 1 we present the layout of the samples. Six Ni/
AuGe/Au contacts are defined on the periphery of the Hall
bar with dimensions 532 mm2. The sample shown in Fig.
1~b! deviates from the one in Fig. 1~a! by the groove which
has been etched in the 2DEG. The groove has a width of 100
mm and is 1 mm long. It has been defined in the center of the
Hall bar, just in between the voltage probes 2 and 3. The two
large Zn/Au contacts on both sides of the Hall bar are at-
tached to the 2DHG. This 2DHG can be regarded as an in-
terior gate as we showed previously.17,18This 2DHG has the
special property, not only to change the areal density of the

electrons in the 2DEG, but to create also a linear gradient in
the electron concentration across the width of the Hall bar.
To this end, voltage sourceVG1 is used to control the overall
electron concentration whileVG2 defines the gradient in the
electron concentration. The voltage sourcesVG1 andVG2 are
attached to the 2DEG and 2DHG as displayed in Fig. 1.
Standard lock-in techniques are used to measure the resis-

FIG. 2. Schematic representation of the energy diagram of a
disordered 2DEG in a magnetic field. A linear gradient in the elec-
tron concentration in they direction in the bulk of the Hall bar is
assumed. The centers of the spin-resolved Landau levels are indi-
cated by the double lines. In the bulk of the Hall bar, they develop
into macroscopically wide compressible strips~numbers 4 and 5;
hatched areas! when they intersect the Fermi level (EF). Two en-
largements are also shown in the figure.~b! Density of states~DOS!
as a function of the energy. The hatched areas and the dotted areas
represent the extended and the localized states, respectively.~c!
Transport (m t) and quantum (mq) mobility as a function of the
electron concentration (ne).

FIG. 1. Two types of Hall bars used in this work. The contacts
numbered 1–6 are Ohmic contacts to the 2DEG. The contacts on
both sides of the Hall bars are attached to the 2DHG. Voltage
sourcesVG1 andVG2 are used to change the total number of elec-
trons in the 2DEG and to create a linear gradient in the electron
concentration, respectively.~a! A Hall bar. ~b! A Hall bar in which
a groove has been etched.
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tances of the 2DEG. The currentI 14 which is sent from con-
tact 1 to contact 4 is 100 nA. All measurements presented in
this paper are performed in a magnetic field up to 2.2 T
directed perpendicular to the 2DEG.

Figure 2~a! schematically shows the energy diagram of a
two-dimensional electron gas in a magnetic field directed
perpendicular to thexy plane in which the electrons move.
We further assume a linear gradient in the electron concen-
tration in the bulk of the Hall bar~y direction!. In the center
of the Hall bar@indicated by the two black arrows in Fig.
2~a!#, exactly two Landau levels are filled, i.e., the local fill-
ing factorn54. This is also illustrated in Fig. 2~b!, where the
density of states is given as a function of the energy. The
dotted areas represent the energy states which are localized
in space@localized compressible; right-hand enlargement in
Fig. 2~a!# and the hatched areas symbolize the energy states
which are extended in space@compressible; left-hand en-
largement in Fig. 2~a!#. It is interesting to note that Fig. 2~b!
implies that a continuous incompressible region cannot exist,
since the density of states does not drop to zero in between
two Landau levels. Or to state it differently, disorder is
strong compared to\vc . When the degree of disorder de-
creases, the density of states drops to zero in between the
Landau levels. Consequently, a continuous incompressible
strip appears at the position of the two black arrows in Fig.
2~a!. Additionally, the widths of the localized compressible
regions shrink. In the limit of an impurity-free electron gas,

the localized compressible regions completely disappear and
we end up with a situation in which compressible strips al-
ternated with incompressible ones. The density of states pre-
sented in Fig. 2~b! changes into a set ofd functions.

Either the channels in the bulk of the Hall bar@numbers 4
and 5 in Figs. 2~a! and 2~b!# and the edge channels near the
left-hand and right-hand boundaries are formed due to a gra-
dient in the electron concentration. The difference is that the
gradient in the bulk is controlled externally~by VG2!, while
near the sample edges the way in which the electron concen-
tration drops to zero is fixed for a specific sample.

One can argue that the number of localized compressible
states in the tails of a~spin-split! Landau level is directly
related to the microscopic potential fluctuations in the
crystal.19 Since the quantum-mechanical broadening of a
Landau level is characterized by the single-particle scattering
time,20–22 or equivalently by the quantum mobilitymq , we
also measured the transport and quantum mobility as a func-
tion of the electron concentration@Fig. 2~c!#. The quantum
mobility has been determined from the Shubnikov–de Haas
oscillation envelope.22,23 The transport mobilitym t strongly
depends on the electron concentration, whilemq remains
constant in the whole range. If we assume thatmq can be
directly related to the number of the localized states in the
tails of the~spin-split! Landau levels, the fraction of the lo-
calized states does not depend on the Landau level index
number.

FIG. 3. Measurement ofR14,23 as a function of the gradient in the electron concentration, determined byVG2. The positions of the
compressible strips for increasing gradients are indicated at the top of the figure.
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III. RESULTS AND INTERPRETATION

Let us first consider the structure presented in Fig. 1~a!.
At a magnetic field of 2.2 T andVG1521.5 V, the experi-
mental conditions are such that exactly two Landau levels
are filled. This situation is schematically illustrated in the
upper-left panel of Fig. 3. The electron concentration is con-
stant as a function of position, i.e.,VG250 V, and the edge
channels lie near the geometric boundary of the Hall bar.
Figure 3 shows a measurement of the longitudinal resistance
R14,23([V23/I 14) as a function of the gradient in the electron
concentration (VG2). The voltage probes 2 and 3 are at the
high-electron-concentration side of the sample. As the gradi-
ent in the electron concentration is increased the innermost
edge channel number 4 near the low-electron-concentration
side of the sample starts to broaden. Simultaneously, on the
other side of the Hall bar, an energetically higher-lying spin-
split Landau level starts to be populated, resulting in the
formation of edge channel 5. The electrons in channel 5 are
backscattered into edge channels 58-18 makingR14,23 posi-
tive. Apparently, the spin splitting at a magnetic field of 2.2
T is insufficient to observe the effect of the incompressible
plus localized compressible regions in between channel 5
and channels 58-18. Further increase ofVG2 leads to the split
off and broadening of edge channel 3 at the low-electron-
concentration side of the sample and the formation of chan-
nel 6 as illustrated in the upper-right panel of Fig. 3. In
contrast to the situation described above, the incompressible
plus localized compressible regions in between channel 6

and channels 68-18 ~Landau gap! are much more effective to
prevent the electrons from backscattering. This can be con-
cluded from the steep drop ofR14,23 to zero atVG2'5 V.
Note that the abrupt decrease ofR14,23 occurs at the high-
electron-concentration side of a compressible region~indi-
cated by the black arrows!.

At VG1521.5 V, VG255 V, andB52.2 T, four macro-
scopically wide compressible strips~numbers 3–6! lie in the
bulk of the Hall bar. This situation is schematically indicated
in the upper-left panel of Fig. 4. For reasons of clarity, we
assume that the spin splitting is completely resolved. If the
electron concentration is decreased, while keeping the mag-
netic field and the gradient in the electron concentration
fixed, the compressible strips~hatched areas! move towards
the right-hand sample edge, i.e., the high-electron-
concentration side of the sample. The resistanceR14,23 is
expected to oscillate periodically with the gate voltageVG1.
We stress that this analysis only holds on the condition that
the spin splitting is completely resolved. A finite resistance is
obtained when a compressible strip going from contact 4 to
contact 1 touches the right-hand sample edge. In this case the
electrons can backscatter into the channels going in the op-
posite direction, i.e., from contact 1 to contact 4.R14,23 be-
comes zero in the case where the incompressible and local-
ized compressible regions separate the channels going in one
direction from the channels going in the opposite direction.
This is illustrated in Fig. 4 where channels 1-6, 1-4, and 1-2
are spatially separated from the edge channels 68-18, 48-18,

FIG. 4. R14,23 for decreasing
number of electrons in the 2DEG,
determined byVG1. When VG1
decreases, the compressible strips
move towards the high-electron-
concentration side of the Hall bar
as indicated at the top of the fig-
ure.
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and 28-18, respectively, so that backscattering of electrons
does not take place. In contrast to the assumption made
above, the measurement in Fig. 4 shows that the spin split-
ting is not completely resolved atB52.2 T. This is con-
cluded from the fact thatR14,23 does not drop to zero when
an incompressible region, separating the compressible re-
gions 5 and 58 ~or 3 and 38!, is located near the right-hand
sample edge. From the position of the resistance peaks in
Fig. 4, one might conclude that two compressible strips of
the same Landau quantum number are more closely spaced
than two compressible strips of different Landau quantum
number. However, drawing this conclusion from the experi-
mental data presented in Fig. 4 is not correct due to the
incomplete spin splitting atB52.2 T. Moreover, care must
be taken in interpreting these experimental results since a
maximum ofR14,23 does not necessarily coincide with the
center of ~spin-split! Landau level which, in turn, corre-
sponds to the center of a compressible strip.24 On the other
hand, from spatially resolved measurements performed at a
highermagnetic field where the spin splitting is resolved, we

know that equidistant compressible strips are formed due to
the constant density gradient over the sample.17,18The resis-
tance measurements presented in Fig. 4 are comparable with
the measurements already shown in Ref. 25, where
Shubnikov–de Haas oscillations were found only on the
high-electron-concentration side of the sample. From Fig. 4,
we can make a rough estimate that 30%~.0.32/1.08! of the
energy states in a Landau level are localized. AtVG255 V,
the gradient in the electron concentrationDn/Dy is approxi-
mately 1.131011 cm22/mm. This implies that the total width
of two channels belonging to the same Landau level is;970
mm [5(2eB/h)/(Dn/Dy)]. Since 30% of the energy states
in a Landau level are localized, the width of the region in
between the compressible strips 4 and 5 is approximately
0.33970 mm .290 mm. Note that the fraction of localized
states does not change whenVG1 is swept, i.e., the minima in
R14,23 are equal in width. This means that the width of the
region in between the compressible strips 2 and 3 is also
;290 mm. This observation was already suggested by the
measurement of the constant quantum mobility as a function

FIG. 5. Measurement ofR14,23as a function ofVG2 in the case where a groove has been etched into the 2DEG. The expected fractions
of 1

20 and
1
12 of h/e

2 are indicated along the right-hand vertical axis when one strip~number 5! or two strips~numbers 5 and 6! are reflected,
respectively.
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of ne ~or VG1! in Fig. 2~c!.
Measurement ofR14,56 does not reveal any additional in-

formation sinceR14,5650 as a function ofVG1 provided that
the width of the compressible regions is smaller than the
width of the Hall bar.

In case similar measurements as described above are per-
formed on the Hall bar shown in Fig. 1~b!, drastic changes
are expected to occur due to the presence of the groove.
Different to the measurements on the structure presented in
Fig. 1~a!, we now deal with two different types of channels
going from contact 4 to contact 1, namely, those which are
transmitted and those which are reflected. For a constant
magnetic field, the number of reflected channels (R) depends
on the gradient in the electron concentration only. The num-
ber of transmitted channels (T) is not affected by the gradi-
ent in the electron concentration. The resistanceR14,23can be
calculated from the Landauer-Bu¨ttiker model1,2 and is given
by

R14,235
h

e2 F1T2
1

~T1R!G . ~1!

In Fig. 5,R14,23 is measured as a function of the gradient in
the electron concentration. The measurement is made on the
Hall bar structure as shown in Fig. 1~b!. The magnetic field
is adjusted to 2.2 T and the gate voltageVG1521.7 V.

Under these specific experimental conditions, the number of
edge channels is 4, as can be verified by a measurement of
the Hall resistanceR14,26 ~or R14,35!. For the homogeneous
case, i.e.,VG250, this is associated with a vanishing longi-
tudinal resistanceR14,23 as observed in Fig. 5. We indeed
obtainR14,2550 whenR50 andT54 are substituted in Eq.
~1!. If a gradient in the electron concentration is induced the
number of reflected channelsR can be increased while keep-
ing the number of transmitted channels constant (T54). The
polarity ofVG2 is chosen such that the electron concentration
is the highest near contacts 2 and 3. The first plateau is
expected to be seen ath/(20e2) whenR51 andT54. How-
ever, at this magnetic field the spin energy levels are not
completely resolved and only weak curvature in the trace is
observed. The next plateau occurs ath/(12e2) whenR52
andT54. Two channels belonging to the same Landau level
are reflected. Since the energy separation between two suc-
cessive Landau levels is much larger than that between two
spin levels, this plateau is clearly resolved.

Another manifestation of the quantization of the longitu-
dinal resistanceR14,23 is shown in Fig. 6. The gradient in the
electron concentration is such that the high-electron-
concentration side is near voltage probes 2 and 3. For
VG255 V, Dn/Dy is approximately 1.131011 cm22/mm. By
realizing that the width of a channel is given by (eB/h)/
(Dn/Dy), a widthw of ;480mm can be derived at a mag-

FIG. 6. R14,23 as function ofVG1 in the case where a groove has been etched into the 2DEG. The expected fractions ofh/e2 indicated
along the right-hand vertical axis correspond to the three different situations as sketched at the top of the figure.
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netic field ofB52.2 T. Since the width of the Hall bar is 2
mm, there is room for four channels in the bulk of the struc-
ture. By decreasing the overall electron concentration while
keeping the gradient fixed, atVG1'21.7 V, an experimental
condition is obtained as was already discussed in the previ-
ous paragraph. The number of transmitted channelsT is 4
and the number of reflected channelsR is 2. This situation is
schematically indicated at the top of the figure. The expected
quantization ofR14,23at (h/e

2)( 1
12 ) is indeed observed in the

measurement. Further decrease ofVG1 results in the dis-
placement of the channels in the bulk of the Hall bar towards
the contacts 2 and 3. AroundVG1'2.2 V,R14,23 is expected
to be (h/e2)( 2

15 ). This value of the resistance is found when
T53 andR52 are substituted into Eq.~1!. The center Hall
bar at the top of Fig. 6 illustrates this situation. Although
channels 3 and 4 belong to the same Landau level, one of
them is transmitted~channel 3; spin down! and the other one
is reflected~channel 4; spin up!. Apparently, the energy gap
between the spin levels is still too small atB52.2 T ~or the
temperature is too high! to observe a plateau at
R14,235(h/e2)( 2

15 ) in the measurement. However, whenVG1
is further decreased, both channels 3 and 4 are reflected by
the groove and a plateau atR14,235(h/e2)( 14 ) is measured.
This situation is schematically indicated at the top of Fig. 6
where two channels are transmitted (T52) and two channels
are reflected (R52). In the present case, the transmitted and
reflected channels belong to different Landau levels and the
plateau atR14,235(h/e2)( 14 ) is clearly resolved. Note that the
widths of the plateaus atR14,235(h/e2)( 1

12 ) and at
R14,235(h/e2)( 14 ) are equal, indicating that the spatial sepa-
ration of the compressible regions 4 and 5, and the compress-
ible regions 2 and 3, are identical too.

IV. CONCLUSIONS

In this work we have presented a technique to determine
the widths of incompressible plus the localized compressible
strips in an inhomogeneous, disordered 2DEG under QH
conditions. In our case, the inhomogeneity of the 2DEG is
introduced by a linear gradient in the electron concentration
which can be controlled externally. This implies that, at a
fixed magnetic field, the local filling factor changes linearly
across the width of the Hall bars being studied. From the
experiments, it is concluded that the incompressible plus the
localized compressible strips, which appear around even lo-
cal filling factors at low magnetic fields, are equal in width.
Apparently, the fraction of localized states in a specific Lan-
dau level does not depend on the filling factor~or electron
concentration! at a fixed magnetic field. A measurement of
the quantum mobility additionally suggests that the degree of
disorder and thus the fraction of localized states in a Landau
level is independent of the electron concentration. We also
show that the macroscopically wide compressible strips in an
inhomogeneous, disordered 2DEG can be treated as if they
are edge channels~in fact, they are edge channels in an
impurity-free 2DEG!. This implies that they can be reflected
or transmitted, and the Landauer-Bu¨ttiker model can be ap-
plied to determine the quantized resistances.
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