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It is well established that density reconstruction at the edge of a two-dimensional electron gas takes
place for hole-conjugate states in the fractional quantum Hall effect (such as v ¼ 2=3, 3=5, etc.). Such
reconstruction leads, after equilibration between counterpropagating edge channels, to a downstream chiral
current edge mode accompanied by upstream chiral neutral modes (carrying energy without net charge).
Short equilibration length prevented thus far observation of the counterpropagating current channels—the
hallmark of density reconstruction. Here, we provide evidence for such nonequilibrated counterpropagat-
ing current channels, in short regions (l ¼ 4 μm and l ¼ 0.4 μm) of fractional filling v ¼ 2=3 and,
unexpectedly, v ¼ 1=3, sandwiched between two regions of integer filling v ¼ 1. Rather than a two-
terminal fractional conductance, the conductance exhibited a significant ascension towards unity quantum
conductance (GQ ¼ e2=h) at or near the fractional plateaus. We attribute this conductance rise to the
presence of a nonequilibrated channel in the fractional short regions.
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Ever since the realization that current in quantum Hall
systems is carried by chiraly flowing electrons near the
edge of the two-dimensional electron gas (2DEG) [1,2],
the study of edge dynamics has gained interest both
theoretically and experimentally. While in the integer
quantum Hall effect (IQHE) regime the picture of chiral
edge channels is better understood, it is not the case
in the fractional regime. It was suggested by Chang and
Beenakker [3,4] that in the fractional quantum Hall effect
(FQHE), very much like in the IQHE [5], the filling factor
(density) decreases monotonically towards the edge of
the electron gas, and the current is carried downstream by
chiral channels in incompressible strips [3]. However, for
hole-conjugate states, namely, nþ 1=2 < v < nþ 1, with
n ¼ 0; 1; 2;… (say, ν ¼ 2=3, 3=5, etc.), MacDonald and
Wen [6–8] proposed that the density profile near the edge
is nonmonotonic (named, reconstructed). Such density
profile is predicted to support multiple propagating
(downstream) or counterpropagating (upstream) edge
channels. For example, based on the hierarchical picture
[9,10], the v ¼ 2=3 state supports two counterpropagating
chiral channels: a downstream electron channel, v ¼ 1,
and an upstream v ¼ 1=3 channel—both were never
observed [11]. Moreover, this picture suggests a two-
terminal conductance G ¼ 4=3 × e2=h for the v ¼ 2=3
state—also, not observed likely due to a short equilibra-
tion length between the channels. This motivated Kane
et al. [12,13] and later Meir et al. [14,15] to propose
equilibration among the edge channels due to interchannel
Coulomb interaction accompanied by interchannel tun-
neling due to disorder. In the equilibrated state, there is a
downstream v ¼ 2=3 charged mode and an upstream

neutral mode. The latter one was recently observed via
shot noise measurements [16–18] and also by heating a
narrow constriction [16,19–21]. Noting that for a suffi-
ciently shallow confining potential near the edge, edge
reconstruction was predicted to take place also in a variety
of non-hole-conjugate fractional states [22–29] (neutral
modes had been recently found in electronlike fractional
states [18]) and even in integer fillings [30].
Our experiment was designed to study pre-equilibrated

edge transport in the v ¼ 2=3 and v ¼ 1=3 states, by
varying the propagation length. The channel’s propagation
length was defined by a short fractional region ranging
l ¼ 0.4–4 μm, being long enough to suppress tunneling,
but on a typical scale of the single particle scattering length.
Sample edges were defined by depleting metallic gates,
which created a smooth edge potential. The fractional
regions (with filling vf) were induced by top gates, each
being sandwiched between two regions with bulk filling
vB ¼ 1 as drawn in Fig. 1. If a nonequilibrated edge
channel in the fractional regions supports a downstream
edge channel v ¼ 1, the transmission coefficient through it
could ideally (neglecting reflections at the boundaries)
approach unity. However, if equilibration between the
counterpropagating channels takes place in a fractional
region, say, in the vf ¼ 2=3 region, then only 2=3 of the
injected current would be transmitted—as is always
observed in macroscopic samples [31,32].
Samples were fabricated on a variety of GaAs-AlGaAs

heterostructures embedding high-mobility 2DEG. The
samples’ boundaries were defined by wet etching and
depleting metallic gates as shown in Fig. 1. Different
width fractional regions (45 μm long denoted by LR, and
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0.1–4 μm long denoted by SR) were defined by top
gates, which served to vary the electron density under-
neath. An ingrown nþ∶GaAs layer, 1 μm below the
2DEG, served as a “back gate,” allowing us to vary
the electron density in the range 0.5–2.2 × 1011 cm−2.
The transmission through the fractional region was
measured at different magnetic fields, at different elec-
tron densities, and at different temperatures. Current was
injected at the source (S) with the voltage measured at
the probes (P1 and P2). Within each sample, one SR and
one LR were embedded, with LR allowing calibrating
the gate voltage required for a certain filling underneath
[with the depth of the 2DEG (85 nm), much smaller than
the top-gate length; nearly equal capacitance per length
was assumed for all gates’ lengths]. Measurements were
performed using a standard lockin technique with exci-
tation voltage ∼2 μV rms at 179 Hz at lattice temperature
of 35 mK (unless stated otherwise). Note that the
excitation energy and temperature were substantially
lower than the presumed energy gaps of v ¼ 2=3 and
v ¼ 1=3 (∼350 μeV and higher) [33].
Our main results are summarized in Fig. 2(a)—at bulk

filling vB ¼ 1, with electron density nB ∼ 2.2 × 1011 cm−2
and B ¼ 8.5 T. The transmission (in units of the quantum
conductance) from source S1 to probe P1 (through the
sandwich vB ¼ 1 − vf < 1 − vB ¼ 1) is shown as a func-
tion of the fractional region gate voltage. The transmission
through LR (measured from source S2 to probe P2, solid
black line) was used as reference of the filling factor
beneath the gated regions. Conductance plateaus at
vf ¼ 2=3 and vf ¼ 1=3 are clearly visible, with somewhat

weaker ones at vf ¼ 3=5 and vf ¼ 2=5 (and a signature of
vf ¼ 2=7). However, in structures with SR ¼ 4 μm (dotted
blue line) and 0.4 μm (dashed green line) the conductance
is not monotonic—exceeding the corresponding quantized
values, rising markedly at the lower density side of the
two main fractional plateaus (overlapping lower lying
plateaus, with even a weak sign near the 2=5 plateau for
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FIG. 2 (color online). Conductance vs top-gate voltage of three
different fractional region sizes: long region (LR), 45 μm (black
solid line); short region (SR), 4 μm (blue dotted line); and short
region (SR), 0.4 μm (dark cyan dashed line). (a) Measurements
performed at 8.5 T and bulk filling factor νB ¼ 1. The LR
conductance shows a few fractional plateaus. For SR ¼ 4 μm, the
conductance near νf ¼ 2=3 rises up to 0.71 × e2=h, and of SR ¼
0.4 μm peaks at 0.93 × e2=h. Similarly, the conductance near
νf ¼ 1=3 peaks at 0.51 × e2=h for SR ¼ 4 μm and 0.73 × e2=h
for SR ¼ 0.4 μm. Conductance plateaus at νf ¼ 2=5, 3=5 and a
signature of νf ¼ 2=7 also seen at LR. For νf ¼ 2=5, a reminis-
cent signature of reconstruction is also seen in the SR, while at
νf ¼ 3=5, any signature is absorbed by the conductance peak of
νf ¼ 2=3. The graphs are shifted by 0.05 × e2=h for convenience.
(b) Similar measurements at 4.3 T at νB ¼ 2. Conductance
of LR (black solid line) shows plateaus at values of
ð2; 5=3; 4=3; 1; 2=3; 1=3Þ × e2=h. The SR ¼ 4 μm shows
weaker conductance peaks near (5=3, 2=3, 1=3) while around
the integer value of 1 × e2=h the conductance is flat or mono-
tonic, without peaks. For the SR ¼ 0.4 μm, the conductance
increases near all the fractional fillings but remains constant
1 × e2=h near νf ¼ 1.

FIG. 1 (color online). Samples are fabricated in heterostructures
embedding 2DEG with density 1.5 × 1011 cm−2 with mobility
6 × 106 cm2 V−1 s−1 buried 85 nm below the surface. Each
sample embeds two fractional regions, a long region (LR) of
45 μm and a short region (SR) of either 4 μm or 0.4 μm. Current
is injected from the source contact S1 (S2), towards a short (long)
top-gated fractional region. The filling of the fractional region
is varied by applying negative bias to the gate (colored in dark
green). The current flows along a defining gate (dark blue)
negatively biased and depleted from electrons. The transmitted
current is deduced from the measured voltage between P1 (P2)
and the ground.
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SR ¼ 4 μm). Note the large enhancement of the trans-
mission for the SR ¼ 0.4 μm, approaching 0.93 × e2=h at
vf ¼ 2=3 − vf ¼ 3=5, and 0.73 × e2=h near vf ¼ 1=3.
Similar behavior was observed in other samples made
from four differently grown heterostructures with carrier
densities in the range of ð1.7–2.1Þ × 1011 cm−2, and with
different SR lengths (see the Supplemental Material [34],
Fig. S1). While the enhanced conductance at the hole-
conjugate fractional fillings supports our hypothesis of
nonequilibrated edge channels at small-enough propaga-
tion lengths, the observed enhancement in particlelike
states is somewhat of a surprise—making the effect rather
ubiquitous. However, it supports a proliferation of edge
reconstruction points and presence of neutral modes, as
indeed was recently observed [18].
Since upstream neutral modes were not observed in the

integer regime, multiple nonequilibrated edge channels are
not expected [35–40]. Having this in mind, we repeated
the experiments with SR in the integer regime, namely,
vf ¼ integer: The bulk filling was set at νB ¼ 2

(B ¼ 4.3 T and density 2.2 × 1011 cm−2) with the gated
region tuned continuously from vf ¼ 2 to vf ¼ 0. The
measured conductance vs gate voltage is shown in
Fig. 2(b). The transmission through the LR shows multiple
plateaus at ð2; 5=3; 4=3; 1; 2=3; 1=3Þ × e2=h, with the
transmission through the SR being nonmonotonic, with
clear conductance peaks only near the fractional fillings
νf ¼ 5=3, 2=3, and 1=3—but not around vf ¼ 1. At a
lower magnetic field (B ¼ 2.8 T, and correspondingly
lower density 1.4 × 1011 cm−2), when fractional states
are not observed, the conductance through all lengths of
SR declined monotonically, showing only the plateaus
of 2e2=h and 1e2=h (see the Supplemental Material
[34], Fig. S2).
Edge reconstruction, being an outcome of electron

interaction in a confining potential, is expected to depend
on electron density and external magnetic field. By fixing
the density at nB ∼ 2.0 × 1011 cm−2, transmission mea-
surements were repeated at three different magnetic fields,
B ¼ 8.5 T, 7.7 T, and 7.0 T, within the range of vB ¼ 1

conductance plateau. The conductance is plotted for
LR ¼ 45 μm and SR ¼ 0.4 μm in Fig. 3(a) [data for
SR ¼ 4 μm are shown in the Supplemental Material
[34], Fig. S3(a)]. While there was no visible effect in
the LR sample, the transmission peak in the SR region
tended to increase as the magnetic field was lower.
Next, the magnetic field was fixed at B ¼ 7 T and the
density was varied by charging the back gate in the range
nB¼ 1.7–2.0×1011 cm−2, again within the range of vB ¼ 1

conductance plateau. Here, aside from the shift in the
pinch off voltage, the conductance of LR ¼ 45 μm and
SR ¼ 0.4 μm effectively remained unaltered [see Fig. 3(b),
with data of SR ¼ 4 μm, and the Supplemental Material
[34], Fig. S3(b)].

Temperature dependence was measured in order
to rule out tunneling or activated transport through the
narrow SR.With increasing temperature, the nonmonotonic
conductance peak near the fractional plateaus slightly
diminished [Fig. 4(a)], suggesting an enhanced interchan-
nel tunneling and thus suppressing the equilibration length
[26,41]. On the other hand, the transmission through
SR ¼ 0.4 μm in the integer regime (B ¼ 2.8 T) was found
to increase steadily as shown in Fig. 4(b), starting already
at T ¼ 230 mK. The conductance at 4 K is plotted for
reference in dash-dotted line (data of SR ¼ 4 μm; see [34],
Figs. S5 and S6).
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FIG. 3 (color online). Dependence of conductance on magnetic
field and electron density. (a) Conductance of LR ¼ 45 μm and
of SR ¼ 0.4 μm as a function of the top-gate voltage at different
magnetic fields B ¼ ð8.5; 7.7; 7.0Þ T, drawn in blue (solid line),
green (dashed line), and red (dash-dotted line), respectively. As
the magnetic field decreases, the conductance near νf ¼ 1=3, 2=3
rises slightly. Similar behavior was observed for SR ¼ 4 μm
(see the Supplemental Material [34]). (b) Conductance of
LR ¼ 45 μm (inset) and of SR ¼ 0.4 μm as function of the
top-gate voltage at B ¼ 7 T and at different bulk densities of
nB ¼ ð1.7; 1.8; 1.9; 2Þ × 1011 cm−2, corresponding to different
bias of the back gate, (0.4, 0.6, 0.8, 1.0) V, drawn in blue
(solid line), green (dashed line), purple (dash-dotted line), and red
(dotted line), respectively. The conductance peaks for νf ¼ 1=3,
2=3 remain nearly unchanged.
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Can the observed nonmonotonic dependence of the
transmission through the fractional regime be explained
by a classical estimate of bulk currents in the Hall regime?
In order to clarify that possibility, we described the system
by a standard Hall matrix in each of the regions, vB ¼ 1 and
vf < 1, assuming a small longitudinal conductivity (Rxx) in
each region. Solving the Poisson equation with the appro-
priate boundary conditions, we calculated the transmitted
currents across the SR region as a function of its (classical)

filling factor. The solution of the classical equations for
SR ¼ 4 μm coincides with the behavior of the conductance
in the integer regime at T ∼ 4 K, namely, when the QHE
plateaus vanish [inset in Fig. 4(b)], justifying this approxi-
mation. When we compare the measured results in the
fractional regime, say, at νf ¼ 1=3 and at νf ¼ 2=3, the
conductance peaks are well above the calculated conduct-
ance (for more details, see the Supplemental Material [34],
Sec. IV). Though the numerical analysis leads to the same
conclusion for SR < 1 μm, it is highly sensitive to changes
in the spatial discretization scheme, and thus less reliable.
The observation of nonequilibrated current channels

reveals the complexity and multiplicity of chiral channels
transport in the FQHE, and distinguishes it from transport
in the IQHE regime. In a recent work, we reported the
proliferation of neutral modes in many fractional states
(upstream along the edge and diffusively throughout the
incompressible bulk) [18]—making edge reconstruction as
a source of such neutral modes rather prevalent. The present
observation brings to light the direct source of the equili-
brated neutral modes, which is generally concealed in most
measurements. Our observation, of an increased trans-
mission of integer channels through fractional ones—
described here in some detail for vf ¼ 2=3 and 1=3, and
also in νf ¼ 2=5, 4=5, and 5=3—suggests edge recon-
struction at these fractions, with an increase carrier density
towards higher filling—likely v ¼ 1, or a lower-lying
filling—near the edge of the sample. As it is now clear
that neutral modes persist throughout the fractional quan-
tum Hall regime (hence, being likely to inhibit interference
of fractional charges [42]), their weakening (or elimination)
by sample design is desirable for the study anyonic
statistics in the fractional regime [43].
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