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Edge reconstruction in fractional quantum
Hall states
Ron Sabo1†, Itamar Gurman1†, Amir Rosenblatt1, Fabien Lafont1, Daniel Banitt1, Jinhong Park2,
Moty Heiblum1*, Yuval Gefen2, Vladimir Umansky1 and Diana Mahalu1

The nature of edge reconstruction in the quantumHall e�ect (QHE) and the issue of where the current flows have been debated
for years.Moreover, the recent observation of proliferation of ‘upstream’ neutral modes in the fractional QHE has raised doubts
about the present models of edge channels. Here, we present a new picture of the edge reconstruction in two of the hole-
conjugate states. For example, while the present model for ν= (2/3) consists of a single downstream chiral charge channel
with conductance (2/3)(e2/h) and an upstream neutral mode, we show that the current is carried by two separate downstream
chiral edge channels, each with conductance (1/3)(e2/h).We uncover a novel mechanism of fragmentation of upstream neutral
modes into downstream propagating charge modes that induces current fluctuations with zero net current. Our unexpected
results underline the need for better understanding of edge reconstruction and energy transport in all fractional QHE states.

I t is well accepted that transport of charge in the QHE is me-
diated by downstream chiral edge channels, while the bulk is
incompressible. The Hall conductance exhibits plateaus centred

at rational filling factors ν, given by GH = ν(e2/h) (e—electron’s
charge; h—Planck’s constant), accompanied by a vanishing longi-
tudinal conductance (and resistance). Whereas the edge profile of
particle-like (Laughlin’s) fractional states was expected to mimic
that of integer states1,2, the hole-conjugate states were believed to be
more complex. For the latter, substantial ‘edge reconstruction’ was
expected, with added upstream chiral edge modes3. A new ground
state due to unavoidable inter-channel scattering and interactions is
established, with upstream neutral modes joining the downstream
charge channels4–6. However, the recent observation of upstream
chiral neutral modes in particle-like fractions7,8, accompanied by
energy flow through the incompressible bulk, raised doubts as to the
validity of the presently accepted edge models.

Here, we studied two hole-conjugate states, ν= (2/3) (in some
detail) and ν= (3/5). For the former, Girvin and MacDonald pro-
posed3,9 an edge structure composed of two counter-propagating
channels: a downstream chiral channel with conductance (e2/h)
and an upstream chiral channel with conductance −((1/3)(e2/h))
(the minus sign stands for counter-propagating, Fig. 1a, I). With
the upstream not observed10, Kane et al.4,5 (for short, KFP), pro-
posed taking into account inter-channel interactions accompa-
nied with inter-channel scattering—an equilibrated new ground
state composed of a downstream charge channel (with conduc-
tance (2/3)(e2/h)) and an upstream neutral mode (with zero
net electric current, see Fig. 1a, II). Other proposals consisted of
either two downstream edge channels, each with conductance
(1/3)(e2/h) (refs 2,11); or two counter-propagating edge channels
added to Girvin–MacDonald’s model at the sample’s edge, yielding
an edge composed of (in order from bulk to edge, in units of
e2/h): −(1/3), 1,−(1/3), (1/3) charge channels12,13. In that model,
depicted in Fig. 1a, III, the inner three edge channels were expected
to renormalize to a single downstream charge mode with conduc-
tance (1/3)(e2/h) accompanied by two near-by upstream neutral

modes, and an additional downstream charge channel with conduc-
tance (1/3)(e2/h) near the sample’s edge.

On the experimental front, recent observations of upstream
neutral modes6,7,14–16 supported the KFP model of the ν = (2/3)
state5. However, Bid et al.17, while studying partitioning of the
downstream charge channel for ν = (2/3) in a quantum point
contact (QPC), reported a (1/3)(e2/h) conductance plateau (at QPC
transmission t = (1/2)) with strong noise. Since shot noise results
from stochastic partitioning of a noiseless particle stream, the noise
on plateau leads to a discrepancy in our present understanding, and
thus triggered our present study.

Figure 1b,c portrays ‘two-QPC’ configurations; one with
L=9 µm and the other with L= 0.4 µm, which are employed to
understand this phenomenon. These two versions were fabricated
in a high-mobility two-dimensional electron gas (2DEG) embedded
in high-mobility GaAs–AlGaAs heterostructures. The proposed
description of the chiral edge channels plotted in the figures will be
justified below.

The dependence of the total transmission tS1→D1 (L = 9 µm)
on the split-gate voltage VQPC2 is plotted in Fig. 2a. Following
the ‘tS1→D1 = (t1/2) conductance plateau’, observed for all values
of t1 once t2 = (1/2), we find it obeys the generalized total
transmission tS1→D1 = t1 × t2. This observation supports a ‘single
downstream-like’ charge mode behaviour. Similar results were
obtained for L = 5.3 µm (not shown). A striking difference is
observed with the configuration L= 0.4 µm (Fig. 2b). Here, the
‘conductance plateau’ tS1→D1= (1/2) remains as long as t2= (1/2)
and t1≥(1/2) (with tS1→D1∼ t1 for t1<(1/2)). This is consistent with
two independent, spatially separated, unequilibrated downstream
charge channels; each with conductance (1/3)(e2/h). Specifically,
for t1= t2= tS1→D1=(1/2)no current arrives atD2 (tS1→D2<10−3; see
Supplementary Information). Evidently, these two outcomes suggest
that equilibration, via inter-edge charge tunnelling, takes place at a
length scale of a few micrometres (namely less than 5.3 µm).

Is the observed edge reconstruction in the ν = (2/3) state
unique to this state? Testing similar ‘two-QPC’ configurations
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Figure 1 | The di�erent theoretical modes of ν=2/3 and the observation
of two separate charge modes and the way to di�erentiate between one
and two channels. a, Three di�erent theoretical descriptions of the
ν=(2/3) edge structure. I: an upstream charge mode with conductance
(1/3)(e2/h) followed with a downstream charge mode with conductance
(e2/h) (MacDonald picture). II: mixing of the two above-mentioned
channels, due to impurity scattering, resulting with a single downstream
charge mode and an upstream neutral mode (KFP picture). III: four-edge
modes model is obtained by adding two counter-propagating (1/3)(e2/h)
edge modes to I, and then introducing scattering (Meir picture).
b, A scanning electron microscope (SEM) image of the two consecutive
QPCs configuration. Current impinging from S1 (clockwise chirality) can be
partitioned at both QPCs, which are controlled by the voltages VQPC1, VQPC2
and VC (the common middle gate), and arrive at either one of the three
drains in the system (D1–D3). Similarly, one can source from S2 or S3 and
measure the outcome in the various drains. In the case of a single charge
mode, the total transmission from S1 to D1 (red edge) is the product of the
two transmission processes, specifically once both are tuned to half
transmission the total outcome will be one quarter. In addition, the
transmission to D2 will also be one quarter. c, Similar to b, but with two
charge modes. In this case the resulting transmission from S1 to D1 is highly
dependent on which channel each QPC is tuned to. Specifically, if both
QPCs are tuned to half transmission (as illustrated here) it means the two
channels are split at each QPC and the overall result will be one half.
Furthermore, in this case no net current will arrive at D2.

at ν=(3/5) resulted in qualitatively similar observations. A
single-QPC (1/3)(e2/h) conductance plateau, corresponding to
t = (5/9), was observed (blue line in Fig. 2c,d); also laden with
noise. Very much like in ν = (2/3), the ‘two-QPC’ configuration
with L= 0.4 µm proved the presence of unequilibrated channels
(Fig. 2d); while in the L= 5.3 µm device, full equilibration took
place (Fig. 2c). In identical measurements at ν=2 (two integer edge
channels), and at ν=2/5 (two composite fermion edge channels)18,
the edge channels remained unequilibrated even at L= 9 µm (see
Supplementary Section 1).

To further probe the inter-edge tunnelling, we fabricated a
small electronic Fabry–Perot interferometer (FPI), with an area

400×400nm2 defined by two QPCs and modified by charging the
plunger gate with VP (Fig. 3a). Interference of such a small FPI is
known to be dominated by Coulomb interactions19–22.

Operating at filling ν = (2/3), with the two QPCs strongly
pinched (tQPC1, tQPC2� 1), ubiquitous periodic conductance peaks
were observed as function of VP (Fig. 3b). These peaks are known
not to show a magnetic field (B) dependence if the ‘interfering’
channel is the outermost one (see Supplementary Section 2)19.
Adhering to the two-channel model, we tuned each QPC to
tQPCi=(1/2) (with the two ‘1/3 channels’ sketched in Fig. 3a).
Evidently, the total transmission tFPI = (1/2)(GFPI = (1/3)(e2/h)),
with the outer ‘1/3 channel’ being fully transmitted. Scanning
VP revealed a series of strong quasi-periodic conductance dips
protruding down fromGFPI=(1/3)(e2/h) (Fig. 3c).We ascribe these
dips to resonant tunnelling. While the outermost edge channel (red
line at bottom and blue line at top, Fig. 3a) is allowed to pass freely
through the FPI, the inner channel (white line) is fully confined,
and thus quantized. A very small, but finite, tunnelling probability
between the outer and inner channels allows resonant tunnelling
from the bottom (red) channel to the upper (blue) channel via the
inner (white) channel. In other words, every time a quantized state
in the confined inner edge channel (white) is aligned with the Fermi
energy of the outer edge channel, quasi-particles will backscatter
via resonant tunnelling and arrive at D2 instead of D1. Significant
conductance dips will be evident at sufficiently low temperatures.

A two-dimensional VP − B plot of the conductance dips
exhibits the familiar Coulomb dominated behaviour of the ‘inner
dot’ (Fig. 3d)21,22. The extracted area from the B periodicity,
A= (φ0/1B)=0.11 µm2, is in fair agreement with the lithographic
area. Recalling the B independent transmission for the strongly
partitioned outermost channel (not shown here), the ‘two-
channel’ model for the v= (2/3) is reconfirmed. The temperature
dependence of both dips (Fig. 3c) and peaks (Fig. 3b) qualitatively
endorses tunnelling of fractionally charged quasi-particles, rather
than electrons, between the two edge channels (see Supplementary
Section 3).

Although the above results conclusively support the formation
of two charge modes, thus challenging the broadly accepted KFP
picture, they still do not provide an explanation for the ‘noise on
the plateau’ reported first by Bid and colleagues17. We performed
noisemeasurements with the ‘two-QPC configuration’ at L=0.4 µm
(Fig. 1c). Once the twoQPCs are tuned to their conductance plateau
(t1= t2= (1/2)), current from S1 (red lines) did not arrive at D2;
however, significant current fluctuations were measured in D2 (red
crosses in Fig. 4a). For comparison, we show the measured excess
noise in D2 (blue dots) when t1= 1 and t2= (1/2) (effectively, a
single-QPC configuration). The two noise plots, one without net
current and the other with, are surprisingly similar.

Similar noise measurements had been repeated for ν=3/5 state,
with the two QPCs tuned to the conductance plateau (1/3)(e2/h)
(t1 = t2 = (5/9)). Again, strong current fluctuations, with null
net current, were observed (see Supplementary Section 6). Note
that such current fluctuations are never observed in conductance
plateaus of integer or a particle-like fractional states.

In general, stochastic partitioning of an impinging ‘quiet
current’ at a QPC leads to shot noise with spectral density
S=2qIt (1− t)α (T ), where q is the partitioned charge, I the imp-
inging d.c. current, t the transmission of the partitioned channel,
and α(T ) a temperature-dependent reduction factor23. It is con-
venient to define a Fano factor F = (S/2eIt (1− t)α (T )), being
effectively the partitioned charge, q/e (refs 24–26). When the cur-
rent fluctuations at the t = (1/2) plateau at the ν = (2/3) state
were analysed, assuming a single charge channel with conduc-
tance (2/3)(e2/h) yielded F = (2/3) at T ∼ 20mK and F = (1/3)
at higher temperatures (T∼100mK)17. Evidently, this analysis is
irrelevant with the presently understood edge reconstruction. Yet,
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Figure 2 | Comparison between the L=9µm and the L=0.4µm devices. a, Transmission from S1 to D1 (tS1→D1) as function of VQPC2 for di�erent values of
t1 for the L=9 µm device at ν=(2/3). The clear plateau at (t1/2) is a signature of the successive partitioning of a single edge mode. Dashed vertical lines
mark the region where QPC2 exhibits a plateau. b, Same as a, but for the L=0.4 µm device. The value of the plateau is (1/2) as long as t1>(1/2); a
signature of transport through two independent edge modes. c, tS1→D1 as function of VQPC2 for di�erent values of t1 for a L=5.3 µm device at ν=(3/5). The
t1= 1 case (blue curve) shows a transmission plateau of (5/9), which corresponds to an outer channel with (1/3)(e2/h) conductance. Plateaus at di�erent
values (proportional to t1) prove the full equilibration between the two modes. Black dashed line shows the plateau value of (5/9). d, Same as c, but for the
L=0.4 µm device. The value of the plateau is (5/9) as long as t1≥(5/9), proving that also for ν=(3/5) the edge is made out of two independent
edge modes.
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Figure 4 | Finite current fluctuations accompanying null net current, and a schematic model for the interplay between charge and neutral modes.
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(blue dots). In the latter case, the observed current fluctuations mimic the shot noise predicted when partitioning single charge channel with charge
e∗=(2/3) at half transmission and temperature of 20 mK (black dashed line), thus obtaining F=Fe�=2/3 (see text). For the (t1, t2)=((1/2),(1/2))
configuration (red) we find Fe�=0.48±0.05. As a sanity check, we show null noise once (t1, t2)=(0,(1/2)) (green triangles), hence QPC1 is completely
closed. b, Current injected from S1 (red) reached the QPC set to its t=(1/2) plateau together with charge mode at ground potential (blue) emanating from
S2. Away from the QPC, two pairs of high and low chemical potential edge channels co-propagate and thus mix (turn purple). This process is accompanied
by creation of neutral excitations (yellow), which propagate back upstream towards the QPC. c, Same as b, but for the two-QPC configuration. Neutral
modes are excited only on the way to D1 and D3 flowing back towards the QPCs.

it is convenient to define an ‘effective Fano factor’, by replacing
the t (1− t) term with a constant (1/4) and considering I to be
the total current leaving the source; namely, Feff = (2S/eIα(T )).
Note that, whereas for a single QPC Feff= (2/3), in the ‘two-QPC’
configuration, with t1= t2=(1/2) (red crosses, Fig. 4a), Feff∼(1/2).

Sourcing from S3 with t1= t2= (1/2), led to even more puzzling
results. Current carried by the outer (inner) edge channel reached
onlyD2 (D1)—with no current reachingD3. Yet, substantial current
fluctuations were measured in D3 with Feff= 0.40. Evidently, this
currentless-noise must result from upstream neutral mode(s)14.
Noise measurements in all nine possible configurations, with
t1= t2=(1/2), are summarized in Fig. 5, and compared to
predictions based on a simplified theoretical model (see below).

Inspired by the correlation between the noise on plateau and
the evident presence of equilibration process between the two 1/3-
modes, we propose a new mechanism for the generation of the
non-equilibrium noise, proportional to the injected current; due to
interplay between counter-propagating charge and neutral modes.
Start with a ‘hot’ (noiseless) current impinging from S1 on a QPC
tuned to the t = (1/2) plateau (red lines, Fig. 4b), with a ‘cold’
current arriving from the grounded S2 (blue lines). Separating
the inner and the outer channels at the QPC leads to two co-
propagating pairs; ‘hot’ and ‘cold’ (moving towards D1 and D2).
Since the propagation distance of each pair is tens of micrometres
long, equilibration within each pair takes place (purple lines). This
process excites upstreamneutralmodes (dotted lines, yellow), which
counter-propagate towards the QPC. These counter-propagating
modes fragment into particle–hole pairs in the propagating charge
channels. A similar, yet more complicated scenario, with the ‘two-
QPC’ set-up, with current emanating from S1, is shown in Fig. 4c.
The remaining question is the observed quantized value of Feff.

We now introduce a quantitative model that accounts for
the quantized value of Feff in the single-QPC set-up at the
t = (1/2) plateau (Fig. 6). Generalization of this model that
addresses the different Fano factors in the ‘two-QPC’ geometry
is provided in Supplementary Section 7. The noise-generating
mechanism consists of a two-step process (we refer to this as a first
hierarchy process): charge equilibration accompanied by generation
of neutral mode excitations (‘neutralons’ or ‘anti-neutralons’, see
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Figure 5 | E�ective Fano factors in a two-QPC configuration. Summary of
the measured e�ective Fano factor (Fexp) and theoretically calculated ones
evaluated based on first hierarchy processes (F(1)

th ) and second hierarchy
processes (F(2)

th ), in the two-QPC configuration. For convenience, we colour
the channels emitted from each source (and their corresponding columns
in the table) in di�erent colours—yellow (S1), blue (S2) and red (S3). In
each column we present the relative current arriving at each one of the
drains (marked as t) and the various e�ective Fano factors. Notice the
accuracy of Fexp is±0.05.

Supplementary Section 8); and fragmentation (that is, decay) of
neutralons, leading to a stochastic creation of quasi-particle/quasi-
hole pairs in the charged channels.

The edge of the v = 2/3 fraction is now expected to support
four chiral channels13: two downstream charged modes, each with
conductance (1/3)(e2/h), and two inner upstream neutral modes
(denoted as yellow lines in Fig. 6), supporting neutralons (and
anti-neutralons). Let us assume that during time τ , S1 emits 2N
quasi-particles (N in each channel), each of charge e/3, giving rise
to an emitted current I = (2Ne/3τ). Having the QPC set to the
t = (1/2) plateau, one channel is fully reflected while the other is
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Figure 6 | Neutralon-induced noise. A system tuned to a bulk filling factor ν=2/3 with a single QPC. The edge consists of four channels—two
accommodating downstream charged modes (outer and inner), and two inner upstream neutral modes. The charge channels support quasi-particles (qp)
and quasi-holes (qh), possessing a charge of±e/3. Similarly, the two neutral channels support neutral excitations, dubbed neutralons and denoted as n1
and n2. Biased charge channel (emanating from the source S1) are marked in red, unbiased charge channels are in blue and upstream neutral channels in
yellow. a, Equilibration process involving charge tunnelling and the creation of neutralons, for example qpouter→qpinner+n1+n2 (lower right corner) or
qpinner→qpouter+n1+n2 (upper left corner). A list of all equilibration processes is presented in the Supplementary Information. b, The tunnelling qp flow
downstream to either drains, while the two excited neutrons flow upstream and fully reflect from the QPC, back towards S1 and S2. c, Each neutralon pair
decays to give rise to a qp/qh pair, which is randomly split between the two charge modes. d, The excited charge modes flow back to the QPC, the inner one
fully reflects and the outer fully transmits, not influencing the average currents at the drains yet contributing to the measured noise (current fluctuations).

fully transmitted. Transmitted (reflected) through (off) the QPC,
‘hot’ channels (denoted by red solid lines in Fig. 6) are moving
in parallel to ‘cold’ channels emanating from grounded contacts
(denoted as blue solid lines). Equilibration between the two channels
takes place in both outgoing trajectories (Fig. 6a). Assuming the
latter are sufficiently long, complete equilibration implies that N/2
quasi-particles tunnel from the ‘hot’ channel to the ‘cold’ channel.
Close examination of the tunnelling operators reveals that each
such tunnelling event is accompanied with the generation of two
neutralons (Supplementary Information). Being inner upstream
channels, they subsequently fully reflect by the QPC (Fig. 6b).
Eventually the neutralons decay through a process that converts
a pair of them into a quasi-particle/quasi-hole (quasi-hole/quasi-
particle) in the respective (parallel flowing) charge modes (Fig. 6c).
These stochastic processes occur with equal probabilities. The newly
added quasi-particles and quasi-holes flow towards the QPC where
they split—propagating thereafter towards different drains (Fig. 6d).
Thus the average current in each charge channel is unchanged by the
decay of the neutralons, yet these stochastic processes generate non-
equilibrium noise. This noise is proportional to the injected current;
hence shot-noise-like.

To characterize this noise quantitatively we introduce N/2
random variables ai (bi) i= 1, . . . ,N/2, referring to the neutralon
decay on the lower left (upper right) corner of Fig. 6c. The variables
assume the values +1 or −1, each with probability (1/2), where
+1 represents a creation of a quasi-particle in the outer channel
and a quasi-hole in the inner channel; while −1 represents the
opposite process. The total charge QD1 arriving at D1 during the
time interval τ is given by QD1=(e/3)

(
N +

∑N/2
i=1 ai−

∑N/2
i=1 bi

)
,

with the average charge QD1 = (e/3)N , and its variance is
(δQD1)

2
= (QD1−QD1)

2
= (e2N/9). Here, we assume that all of the

neutralons decay into quasi-particles and quasi-holes. The ‘zero
frequency’ excess noise is SD1= 2 limτ→∞((δQD1)

2
/τ), resulting in

Feff= (2/3), in agreement with the experimental value. The same
magnitude of noise is measured (and calculated) at D2.

Although this model explains well the quantized value of the
noise in a single QPC, when it comes to the ‘two-QPC’ set-
up there are discrepancies between our theory (see F (1)th in the
table at Fig. 5) and the experimentally observed F ′effs (see Fexp).
These discrepancies may be resolved when second hierarchy
processes are included. Consider, for example, the configuration
depicted in Fig. 4c, featuring S1 as the biased source (all other
contacts are grounded). First hierarchy processes result in a
noiseless inner channel and a noisy outer channel (both at same
chemical potential) flowing into D2. Yet, local fluctuations in the

charge density of the two channels lead to further equilibration
processes (facilitating quasi-particle tunnelling from a channel
whose instantaneous density, at a given point, is higher than that
of the other channel). Such tunnelling processes generate additional
neutralons (or anti-neutralons), which flow upstream from D2 to
S2. These neutralons annihilate into quasi-particle/quasi-hole pairs
at the charge channels, making further contributions to the noise in
drains D2 and D3. In a simplified point of view, this process can be
understood as equilibrating two channels at different temperatures
(as opposed to the first hierarchy process, where the difference was
in chemical potential). We refer to this additional two-step process:
charge equilibration and decay of neutralons, as a second hierarchy.
The consequently revised Fano factors (F (2)th ) are displayed in the
table (Fig. 5). The second hierarchy process indeed improves the
agreement between experiment and theory. For details of the second
hierarchy see Supplementary Information.

Weportrayed here a thorough experimental and theoretical study
of transport in fractional hole-conjugate states. Specifically, in the
ν=2/3 case, we proved that the current is carried by two spatially
separated, co-propagating, downstream edge channels (each with
conductance (1/3)(e2/h)). Moreover, when these edge channels are
out of equilibrium, they equilibrate due to inter-edge tunnelling
of fractionally charged quasi-particles, with a typical equilibration
length of a fewmicrometres. Further, we observed unexpected shot-
noise-like fluctuations, which we interpret as a unique interplay
between charge and neutral modes. Namely, equilibration of charge
modes excites neutral modes, which in turn decay and induce noise
in the charge modes. In addition, our proposed theoretical model
provides a quantitative estimate of the low-temperature Fano factor,
which agrees well with the experimental results in the ‘single-QPC’
set-up, and leads to partial agreement with the noise measured in
the ‘two-QPC’ set-up.

These results suggest a new paradigm with a new approach to
looking at fractional states and the behaviour of edge modes, espe-
cially in cases where reconstruction at the edge takes place, leading
to formation of counter-propagating modes7. The yet unresolved
discrepanciesmentioned in the paper, temperature-dependent Fano
factor or inconsistencies in the ‘two-QPC’ configuration, call for
more theoretical and experimental investigations, which will con-
tinue to pave the road to amore complete understating of the FQHE.

Methods
Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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Methods
Sample fabrication. The samples were fabricated in GaAs–AlGaAs
heterostructures, embedding a 2DEG, with an areal density of (1.2–2.5)×1011 cm−2
and a 4.2 K ‘dark’ mobility (3.9–5.1)×106 cm2 V−1 s−1, 70–116 nm below the
surface. The different gates were defined with electron beam lithography, followed
by deposition of Ti/Au. Ohmic contacts were made from annealed Au/Ge/Ni. The
sample was cooled to 20mK (40mK for the ν=(3/5) data) in a dilution refrigerator.

Measurement technique. Conductance measurements were done by
applying an a.c. signal with an∼1 µVr.m.s. excitation at 700KHz in the

relevant source, which resulted in drain voltage VD= IDRH, with RH,
the Hall resistance. The drain voltage was filtered using an LC
resonant circuit and amplified by homemade voltage preamplifier
(cooled to 1K) followed by a room-temperature amplifier
(NF SA-220F5).

Data availability. The data that support the plots within this paper and other
findings of this study are available from the corresponding author upon
reasonable request.
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