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Experimental evidence for finite-width edge channels in integer
and fractional quantum Hall effects
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We report our transport study of a narrow and low-density two-dimensional electron system (2DES)
defined by a pair of split gates, in the integer (IQHE) and fractional quantum Hall effect (FQHE) re-
gimes. The gate-bias-dependent breakdown on the high and low magnetic field side of the IQHE and
FQHE diagonal resistance minima is studied. In the IQHE case, edge states of width comparable to the
magnetic length, in the single-electron Landau-level picture, cannot explain the observed breakdown
data and much wider edge channels (wide band of edge states) are needed. These wide edge channels are
interpreted as the compressible regions when the 2DES near the sample boundary phase separates into
compressible and incompressible regions. The same breakdown behavior is observed in the fractional
quantum Hall state and is interpreted as a similar phase separation in the FQHE regime.

I. INTRODUCTION

The theoretical concept of edge states' is widely used
in describing many interesting properties of the quantum
Hall effect in ultrasmall structures fabricated on two-
dimensional electron systems (2DES). Two most interest-
ing examples are the conductance oscillations in the
zero-dimensional quantum dot structure and the resis-
tance fluctuations in narrow Hall bars. The former
come from the resonant tunneling between two edge
states through the zero-dimensional states in the dot, and
the latter come from the resonant backscattering of the
edge states through the bound states around a potential
hill in the channel.

There have also been experiments demonstrating the
existence of edge states. The first was the quantization of
the diagonal resistance (R, ) measured across two re-
gions of different filling factors in series by Haug et al.
and Washburn et al. This quantization in R„„ is de-
rived from the Buttiker-Landauer formula by counting
the number of edge states penetrating the gated region.
When the number of edge states in the ungated region is
v and the number of edge states in the gated region is v',
R, is quantized to (h /e )[ I/v' —1/v]. Soon after, van
Wees et al. made controllable current and voltage
probes, using quantum point contacts, which can selec-
tively populate and detect edge states. Using this tech-
nique, they demonstrated that the value of the Hall con-
ductance GH measured across a bulk 2DES was deter-
mined by the number of edge states reaching the voltage
and current probes, rather than by the filling factor in the
bulk of the sample.

The position of the edge state is determined by the in-
tersection between the Landau-level energy and the
chemical potential (p). Its width is simply the spatial ex-
tent of the wave function at the Landau level, and is or-
der of the magnetic length lo=(A'cleB)' To explain.
most of the experimental observations mentioned above,
this simple physical picture of an edge state is enough.
However, the picture requires an abrupt density change

within lo wherever p interests a Landau level. In an ac-
tual sample, the density decreases gradually near the
boundary at B =0. There is a cost of electrostatic energy
to deform the gradual density profile at B =0 into a step-
like one at 8%0. On the other hand, a partially filled
Landau level at p can accommodate extra charge without
changing its energy (perfect screening ). The system can
therefore avoid this cost of electrostatic energy by having
a spatially wider region of the Landau level at p. As a re-
sult, each edge state widens into a band of edge states, or
an edge channel with a finite width, and the density
profile becomes gradual rather than the steplike one. The
edge channel, where p aligns with the partially filled Lan-
dau level, is compressible in that an extra electron can be
added without changing the size of the region or costing
additional energy. The region where p resides in between
two Landau levels is at a constant density (or integer
filling factor) and is incompressible. To add an extra elec-
tron in this region costs finite energy because it has to go
to the next higher Landau level. As a result, there is a
series of alternating compressible and incompressible re-
gions as the sample boundary is approached.

Using the experimental technique used by van Wees
et al. described above, Kouwenhoven et al. ' showed
that GH could be quantized at —,

' (e /h ) when the filling
factor of the bulk was at 1. Chang and Cunningham"
measured the quantization in R„„when the gated region
in the middle of the Hall bar was at the fractional state of
—,
' or —', and the ungated region was at —', or 1. In both ex-
periments GH or R can be calculated using a general-
ized Buttiker-Landauer formula when the fractional edge
states are included. MacDonald' showed that there
could be many branches of fractional edge states for a
single partially filled Landau level. At the same time
with MacDonald, Beenakker' and Chang' have pro-
posed a physical model in which the system phase
separates into compressible and incompressible regions
near the sample boundary. Their ideas are equivalent to
what was described in the previous paragraph for the in-
teger quantum Hall effect (IQHE), except for the fact that
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the incompressible regions occur at the special fractional
filling factors where the energy gap exists. Recently,
Chklovskii, Shklovskii, and Glazman (CSG) (Ref. 15)
quantitatively studied the phase separation near the
boundary of 2DES and analytically calculated the width
of the compressible and incompressible regions.

In this paper, we wish to report our study of the R
across a narrow and low-density 2DES defined by a pair
of split gates, in the IQHE and the fractional quantum
Hall effect (FQHE) regimes. We systematically measured
and analyzed the breakdown on both the high magnetic-
field (B) side and the low B side of the IQHE and FQHE
R „minima as a function of the gate bias ( V ). The
breakdown on the high B side of the minima is a very
sensitive function of Vg, while the breakdown on the low
B side of the minima is independent of V . In the IQHE
regime, we find that the backscattering between two op-
posite simple edge states with widths -Io cannot explain
our data, and that bands of edge states much wider than
Io, or edge channels of finite widths are needed. To ac-
count for these finite-width edge channels, phase separa-
tion into compressible and incompressible regions alter-
nating with each other is needed, and these finite-width
edge channels correspond to the compressible regions.
The gate-bias-dependent breakdown on the high B side of
the E. minimum happens when the two compressible
edge channels, one on each side of the sample, are
brought into contact. In the FQHE regime we observe
the same breakdown behavior as in the IQHE regime,
suggesting a similar phase separation of the 2DES and
the presence of compressible edge channels with finite
widths.

II. SAMPLE AND MEASUREMENT

for voltage to measure the R across the narrow 2DES
(R„). The R of the wide 2DES was obtained by
measuring the voltage across contacts 2 and 3 (R ).

III. DATA
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Figure 1 shows the magnetotransport data of both the
wide and the narrow 2DES at 20 mK. R is shown in
Fig. 1(a), and R „'s taken at three different gate biases,
V =0, —0.25, and —0.5 V, are shown in Fig. 1(b). At
the integer filling factors indicated by the arrows in Fig.
1(a), R shows vanishing resistances in wide ranges of B.
For the v=1 minimum, we draw dashed vertical lines in-
dicating breakdown of the dissipationless transport
occurring on the high B side of the minimum at
BH =2.93 T and on the low B side at Bl =2.26 T. It is
clear from the dashed lines extended into Fig. 1(b) that

The device is designed to realize a narrow 2DES whose
width is controllable by negatively biasing a pair of split
gates. The material is a low-density (nzD=6. 46X10'
cm ) and high mobility (@=10 cm /Vsec) single inter-
face GaAs/A1GaAs heterojunction. The heterointerface
is 3100 A, and the donor layer is 1900 A from the sur-
face. We wet etched -3000-A deep before evaporating
Cr/Au as the metal split gates. The wet etching depletes
the 2D electrons underneath the split-gate region, and as
a result, a narrow 2DES is already defined at zero bias
and biasing the split gate negatively immediately squeezes
the narrow 2DES. More detailed processing steps are
given in Ref. 16. Due to a lateral etching of —3000 A,
the actual width of the device is -2.4 pm. The estimat-
ed conducting width of the device is & 1 pm in the bias
range where we are interested, ' as a result of the very
wide depletion layers expected in a low-density sample.

Our sample was placed in the mixing chamber of a
He -He dilution refrigerator and the magnetotransport
measurement was made using a AC lock-in technique
with a frequency 13.77 Hz. To prevent heating, excita-
tion currents less than 1 nA were used. The inset of Fig.
l(a) shows a schematic of the sample geometry. Several
Ohmic contacts were made on both sides of the split
gates to characterize the wide part of the sample simul-
taneously with the narrow 2DES, defined by the split
gates. We used contacts 1 and 4 for current and 6 and 5
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FICx. 1. (a) The diagonal resistance across the wide 2DES,
R . It shows vanishing resistances at the filling factors indicat-
ed by the vertical arrows. The two dashed lines indicate the
breakdown on the high and low 8 sides of the minimum at
v=1. (b) The diagonal resistance across the narrow 2DES, R„,
at Vg =0, 0.25, and —0.5 V, respectively. As can be clearly seen
from the dashed lines extended from (a) the breakdown on the
high 8 side shifts to lower 8 at a larger —

Vg while the break-
down on the low 8 side is independent of Vg {c) V~ dependence
of the breakdown 8 fields; BH on the high 8 side (open symbols)
and BL on the low 8 side (filled symbols), for two different cool-
downs.
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the most outstanding effect of the confinement is the
shifting of the breakdown on the high 8 side to smaller 8
fields: 8~=2.60, 2.50, and 2.40 T in the R„at V =0,
—0.25, and —0.5, V, respectively. On the other hand,
the breakdown on the low 8 side of the minimum occurs
at the same 8 as that of R, and is independent of V . In
Fig. 1(c) we plot the BH and BL of the v= 1 minimum as
a function of V from two different cooldowns of the sam-
ple. Filled symbols are 81 's and the empty symbols are
BH's. It is clear that 80 decreases as —V increases, but
BI is constant, independent of V .

This shift of the breakdown field on the high 8 side as
a function of V is also apparent in the other IQHE mini-
ma. At v=2 the rise of R„on the low 8 side of the
minimum of all the traces in Fig. 1(b) remains the same,
but on the high 8 side it moves to lower 8, as —V in-

creases from 0 to 0.5 V. The same behavior persists for
v= 3 and 4, even though the minima do not go close to
zero. More importantly, this breakdown behavior does
not change on different cooldowns, as is shown in Fig.
1(c). Thermal cycling of the sample changes only the
small size fluctuations, but not the overall line shape of
R„, especially the breakdown 8 field positions. Further-
more, the same breakdown behavior is observed in a nar-
row sample of the same geometry, fabricated on a high
mobility p-type wafer with a 20 hole density 7.3X10'
cm . This gate-bias dependence of the breakdown is
generic to narrow samples of low disorder, low-density
20 systems; it does not depend on the details of the mi-
croscopic potential fluctuations in the sample.

IV. ANALYSIS
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dependent of V suggests that the bottom of the Landau
level remains at the same energy in our V range. The
application of a negative V only increases the curvature
of the parabolas and thus decreases the spatial separation
between the left and right edge states at a fixed p. Since
breakdown at BH is determined by the tunneling distance
between the left and right edge states, it follows that with
a negative V the same tunneling distance can be realized
for p at an energy higher above the bottom of the lower
Landau level. In a sweeping 8 experiment, the break-
down is expected to be observed at a lower BH, and the
BH is expected to decrease with increasing —V .

Quantitatively, however, the estimated tunneling prob-
ability P between two simple edge states with width -Ip
[as pictured in the lower left panel of Fig. 2(c)] is much
too small to give a finite R„at BH. From Ref. 18,
P —exp( —W /l 0 ), where &is the tunneling distance be-
tween the left and right edge states. 8'can be estimated

Current understanding of the IQHE in a narrow 2DES
is in terms of the simple edge states of width —Ip ~ Figure
2(a) is an illustration of the edge-state picture, showing,
on the left-hand side three Landau levels and the simple
edge states (closed circles), defined by their intersections
with p. On the right-hand side, a sketch of R„ is given to
show the relation between R„and the position of p rela-
tive to the Landau levels. When p lies between the bot-
toms of two neighboring Landau levels (the middle
dashed line) the current carrying states are the left and
right edge states. As long as there is negligible tunneling
between the left and right edge states, R„vanishes at the
IQHE minimum. At the moment when electrons start
populating the next higher Landau level and the bottom
of the level aligns with p, (the top dashed line), the IQHE
breaks down, and this breakdown corresponds to the on-
set of R„observed at BL . On the other hand, the break-
down at BH occurs when p is sufficiently close to the bot-
tom of the lower Landau level that tunneling between the
left and right edge states is large enough to give rise to a
measurable R„(the bottom dashed line).

Qualitatively, the observed gate-bias dependence of BH
can be explained within the model described above. In
Fig. 2(b) we sketch the Landau levels in a gated sample.
Here, the dashed parabolas are the Landau levels at
V~ =0 V and the solid parabolas are the Landau levels at
Vg 0 5 V The fact that BL is observed to be in-
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FIG. 2. (a) An illustration of the simple edge states of width
Io. On the right-hand side, a sketch of R„ is given to show

the relation between R„and the position of p relative to the
Landau levels. (b) A sketch of Landau levels in a gated sample.
The dashed parabolas are the Landau levels at V~ =0 V and the
solid parabolas are the Landau levels at Vg = —0.5 V. On the
right-hand side a sketch of R„ is given for Vg =0 and —0.5 V.
(c) A sketch of single-electron Landau levels and simple edge
states at B=BL and B=BII. On the right-hand side corre-
sponding phase-separated Landau levels with compressible and
incompressible regions are drawn.
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COC
y' = t/2E'/m *

OCOp
(2)

and E' is the energy difference between p and the bottom
of the lower Landau parabola. We estimate W at
BH=2.40 T and Vg= —0.5 V by recognizing that at
B=BI=2.26T, gp&BI+( —,')A'Q=p. Assuming that g
does not change with Vg and using the fact that
E' =p —

—,
' AA+g p~B~ =0.61 meV and mp, estimated

from our B=0 data, is -2.7X 10" sec ' at V = —0.5 V
0

~
o

(Ref. 17), we obtain y'-2100 A. Since W=2y'-4200 A
and lp=168 A at B=BII, P is infinitesimally small and
tunneling between the simple edge states cannot explain
the observed R„at BH.

We believe that the fact that the tunneling distance is
too large to give the observed R„at B =BH is evidence
that the edge channels must have width much wider than
lp. A naive picture is that the left and right edge chan-
nels, located at +y', each has a width of —W. The
breakdown on the high B side occurs when the innermost
channels from the opposite edges are in contact, as illus-
trated on the right-hand side sketches of Fig. 2(c). The
R„observed at B~ results from the dissipation in the
combined conducting stripe of the two edge channels.
This picture is also consistent with our observation that
the R„ follows an approximately linear dependence on
1/W (see Fig. 3), and it does not have the exponential
dependence on W expected from tunneling.

from experiment by assuming a parabolic potential
confining the electron motion in the y direction. ' '

When B is applied perpendicular to the narrow 2DES
with parabolic confining potential, the Landau-level ener-

gy is given by

2@2
E=—,

'm* y +RA(n+ ,')+g—p~B,
COp

~c
where g is the effective g factor of the electron, pz is the
Bohr magneton, coc=eB/(m c) is the cyclotron fre-
quency, cup is the curvature of the confining parabola, and
A=(coo+roc )'~ . 8' is the distance between the two in-
tersects of the parabolic Landau level with p. Therefore,
Wis given by 2y', where

The wide edge channels are a result of the phase sepa-
ration into the compressible and incompressible regions
already proposed by Beenakker, ' Chang, '" and by CSG
(Ref. 15), not from level broadening. In our sample,
p=10 cm /V sec, the level broadening calculated from
self-consistent Born approximation ' is EE-0.264 meV.
The broadening in y' estimated from this AE is Ay'-420
A, much smaller than W and cannot account for the
wide edge channels. According to the calculation by
CSG (Ref. 15), the width of the compressible region is
comparable to the depletion width. In our case,
W-4000 A and the depletion layer width of our sample
is -7000 A.

V. FQHK RKGIMK

The gate-bias-dependent breakdown of the vanishing
R also exists in the FQHE regime. While it is barely
discernible in Fig. 1 for the —, FQHE (indicated by the
dashed arrow), it is quite clear in Fig. 4, which shows the
R„ trace near v= —,

' for V =0 and —0.241 V. The V
dependence of the —,

' FQHE minimum shows the same
behavior as that shown by the integer minima. On the
low B side of the minimum, the breakdown is indepen-
dent of V; on the high B side, it occurs at lower B for
larger —V . This similarity in breakdown behavior to
the IQHE suggests that there is a similar phase separa-
tion into the compressible and incompressible regions in
the FQHE: Two wide compressible edge regions separat-
ed by the incompressible region of the —,

' FQHE state.
The breakdown on the high B side of the minimum
occurs when the two compressible regions are in close
contact.

Finally, we remark that our experiment is distinctly
different from previous FQHE edge-state experiments. In
all previous experiments' "' the phase separation is
demonstrated by the existence of a FQHE state of filling
factor different from that of the bulk 2DES's by measur-
ing the nonequilibrated transport coefficients. For exam-
ple, Chang and Cunningham more recently demonstrat-
ed the phase separation near the boundary of a sample.
They showed the existence of the —,

' and —', states at the
edges when the bulk was at v= 1 and also the existence of
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FIG. 3. R„vs 1/8'at B=2.7 T (v= 1). A linear dependence
is clear.
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FIG. 4. The breakdown behavior at the v= —,
' minimum. The

diagonal resistance, R„, at Vg=0 and —0.241 V are shown.
The same breakdown behavior as that of the IQHE minima is
observed.
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the —,
' state when the bulk was at —', . In our experiment,

the existence of the phase separation is shown by analyz-
ing the breakdown of R„, observed in a simple narrow
2DES at a single filling factor, not from the measurement
in specially designed geometries with regional differences
in filling factor. From our experiments, we cannot tell
whether the net current is carried by the compressible re-
gions or by the incompressible regions. However, the
similarity of the breakdown mechanism between IQHE
and FQHE suggests that the edge channels in FQHE re-
gime are also the compressible regions.

VI. CONCLUSION

compressible regions when the 2DES near the sample
boundaries phase separates into compressible and in-
compressible regions. The same breakdown behavior is
observed in the FQHE states in the R „minima at v= —,

'

and 4. We interpret this observation as evidence for the
existence of a similar phase separation in the FQHE
states.

Note added in proof. The phase-separated Landau lev-
els at BH sketched in Fig. 2(c) were theoretically predict-
ed by D. B. Chklovskii, K. A. Matveev, and B. I.
Shklovskii [Phys. Rev. B 47, 12 605 (1993)] in both IQHE
and FQHE regimes.

In conclusion, we have studied the gate-bias-dependent
breakdown of the quantum Hall effect on the high and
low B sides of the R„„minima in a narrow 2DES. In the
IQHE case, simple edge states of width lo cannot explain
the observed breakdown on the high B side of the mini-
ma, and much wider edge channels ( -4000 A) are need-
ed. These wide edge channels are interpreted as the
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