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The ν = 2/3 fractional quantum Hall state is the hole-conjugate state to the primary Laughlin
ν = 1/3 state. We investigate transmission of edge states through quantum point contacts fabricated
on a GaAs/AlGaAs heterostructure designed to have a sharp confining potential. When a small but

finite bias is applied, we observe an intermediate conductance plateau with G = 0.5 e2

h
. This plateau

is observed in multiple QPCs, and persists over a significant range of magnetic field, gate voltage,
and source-drain bias, making it a robust feature. Using a simple model which considers scattering
and equilibration between counterflowing charged edge modes, we find this half-integer quantized
plateau to be consistent with full reflection of an inner counterpropagating -1/3 edge mode while
the outer integer mode is fully transmitted. In a QPC fabricated on a different heterostructure
which has a softer confining potential, we instead observe an intermediate conductance plateau at

G = 1
3

e2

h
. These results provide support for a model at ν = 2/3 in which the edge transitions from

a structure having an inner upstream -1/3 charge mode and outer downstream integer mode to a
structure with two downstream 1/3 charge modes when the confining potential is tuned from sharp
to soft and disorder prevails.

The quantum Hall effect occurs when a two-
dimensional electron gas (2DEG) is cooled to low temper-
ature and placed in a strong magnetic field. Fractional
quantum Hall states [1, 2] exhibit fractionally quantized
Hall conductance, and have excitations that behave as
fractionally charged quasiparticles which obey anyonic
braiding statistics [3–8].

The concept of particle-hole symmetry plays a central
role in the hierarchical construction of daughter states
from the ν = 1/m Laughlin series [5, 9, 10]. If Landau-
level mixing is neglected, particle-hole symmetry is ex-
pected for each Landau level [10]; a similar approximate
particle-hole symmetry exists for composite fermions [11].
The ν = 2/3 fractional quantum Hall state can be consid-
ered to be the hole-conjugate state to the ν = 1/3 state
[10, 11]. In this picture, the fully filled ν = 1 state is con-
sidered to be the vacuum, and holes form a ν = 1/3 state
on top of this vacuum, leading to an overall 2/3 filling
factor. The 2/3 state has been investigated in numerous
theoretical works [12–14].

The edge mode structure in hierarchical states may
possess several branches [12, 15]. Moreover, multiple
edge structures have been proposed for the 2/3 state.
The edge structure which most straightforwardly follows
from the hole-conjugate nature of the state was proposed
by MacDonald [12, 16]. In this picture, the edge consists
of an outer downstream integer edge mode (from the un-
derlying ν = 1 state) and an inner, counterpropogat-
ing -1/3 edge mode. In this context, counterpropagating
(or upstream) edge modes travel in the direction oppo-
site to the conventional quantum Hall chiral edge current

(edge modes following the conventional direction may be
referred to as downstream). Equilibration between the

two edge modes leads to a total conductance of 2
3
e2

h . A
different edge structure was proposed by Kane and col-
laborators [17] in which disorder dominates and drives
an edge phase transition to a single downstream charge

mode with conductance 2
3
e2

h and a counterpropagating
neutral mode. A model developed by Meir and coworkers
considered the impact of soft confining potential in ad-
dition to disorder and predicted a reconstructed edge in-
volving the formation of a strip with filling factor ν = 1/3
at the edge leading to two downstream charge modes with

conductance 1
3
e2

h along with counterpropagating neutral
modes [18, 19]. Other theoretical works have also ex-
amined the possibility of incompressible strips with frac-
tional fillings when the confining potential is soft [20–
22], including recent works investigating ν = 1 [23] and
ν = 1/3 [24]. Experimental studies of the ν = 2/3 state
in quantum point contacts have usually shown an inter-

mediate conductance plateau with G = 1
3
e2

h when the
QPC gates are negatively biased to bring the edges close
together, which supports the existence of the Meir edge
structure in those experiments [25–27]. Experiments in

which this G = 1
3
e2

h intermediate plateau was observed
also detected upstream noise attributed to counterprop-
agating neutral modes [27, 28]. These neutral modes are
likely to be detrimental to interference experiments be-
cause their entanglement with the charge modes leads to
dephasing [29, 30].

The device investigated in our experiments consists of
two quantum point contacts (QPCs) separated by a pair
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FIG. 1. False-color SEM image of device with two QPCs.

of side gates, and utilizes a GaAs/AlGaAs heterostruc-
ture with auxiliary screening wells above and below the
main quantum well (shown in Supp. Fig. 1 and described
in Supp. Section 1). This geometry can be used to define
a Fabry-Perot interferometer [8, 31–36], but in this work
we probe the QPCs independently without inducing in-
terference. A false color SEM image is shown in Fig.
1a. Each QPC has a separation of 300 nm. We probe
the QPCs individually, measuring the conductance of one
QPC while tuning the gate voltage on the other to full
transmission. We apply a voltage VSD on the source con-
tact and measure current at the drain. The voltage drop
across the device is measured, as illustrated in Fig. 1, and
the conductance as G = I

V is calculated. The semicon-
ductor heterostructure employed here has been designed
to produce sharp confining potentials consistent with our
recent interferometry experiments [8, 35, 36].

In Fig. 2a we show conductance versus gate voltage
at the ν = 1 integer quantum Hall state. The QPCs ex-
hibit a single wide plateau (corresponding to full trans-
mission of the ν = 1 edge state) and a very abrupt drop
in conductance when the edge state is pinched off in the
QPC. This abrupt pinchoff suggests that the confining
potential is sharp, as expected for devices utilizing the
screening well structure [37], since minimal backscatter-
ing occurs until the edges are brought very close together.
This behavior contrasts with the behavior generally ob-
served in QPCs on standard GaAs heterostructures with-
out screening wells at ν = 1, which often show gradual
decreases in conductance, resonances, and sometimes in-
termediate fractionally quantized plateaus due to edge
reconstruction [26, 30].

Next we operate the device at bulk filling factor ν =
2/3. Fig. 2b shows the bulk Hall resistance Rxy and
the diagonal resistance RD measured across the device
with the 2DEG under the gates depleted, but with small
enough voltages on the gates that minimal backscatter-
ing occurs in the QPCs, VQPC1 = VQPC2 = −0.3 V. A
wide plateau is visible in Rxy with resistance 3

2
h
e2 ≈ 38.7

kΩ, corresponding to the ν = 2/3 state, and RD exhibits
a nearly quantized plateau over a somewhat narrower re-
gion. Fig. 2c shows conductance versus gate voltage for

both QPCs at B = 5.9 T, near the center of the plateau.
Between 0 and -2 V both QPCs show conductance close

to 2
3
e2

h , indicating close to full transmission of all edge
states. When there is zero applied DC bias (dashed
lines), the QPCs exhibit exhibit a somewhat less sharp
pinchoff than at ν = 1, but unlike the experiments in
Ref. [25, 27], there is no intermediate quantized conduc-

tance plateau at G = 1
3
e2

h . The behavior changes when
a finite source-drain bias of 50 µV is applied, shown in
the solid lines; in this situation the applied source-drain
bias is a combination of a 10 µV AC bias which is used
to probe the differential conductance and the 50 µV DC
bias. With the finite bias both QPCs exhibit an inter-
mediate conductance plateau; however, the value of the

intermediate conductance plateaus is 0.5 e
2

h rather than

the 1
3
e2

h seen in previous experiments [25, 27] (the quan-
tization is not exact, but the conductance is within 2%

of 0.5 e2

h for both QPCs). This observation suggests that
a different edge structure may be present in our system,
although it is not obvious why the intermediate plateau
only occurs when finite bias is applied. Intermediate con-
ductance plateaus are generally interpreted as occurring
when one or more inner edge states are fully reflected
while the outer edge states are fully transmitted, lead-
ing to some range of gate voltage before the next outer
edge state starts to be backscattered when there is an
incompressible region in the middle of the QPC and the
conductance is constant.

In Fig. 2d we plot the differential conductance for QPC
1 as a function of VSD and QPC voltage; dashed lines

indicate regions where G ≈ 0.5 e
2

h . The 0.5 e2

h plateau
develops as finite bias is applied, and the effect is nearly
symmetric around zero bias. The value of the interme-
diate plateau does not change significantly when VSD is
increased past ≈ 25 µV. The intermediate plateau per-
sists over a significant range of magnetic field as seen in

Fig. 2e and f. We have also observed this G = 0.5 e
2

h con-
ductance plateau in another set of QPCs on a different
chip fabricated on the same wafer (Supp. Fig. 3).

The 0.5 e2

h conductance plateau is not straightforward
to interpret, since no proposed edge structure contains
an outer edge state with ∆ν = 0.5 which would carry

0.5 e2

h on its own (unlike the ν = 5/2 fractional state,
ν = 1/2 is expected to be a compressible sea of composite
fermions that does not form a quantum Hall state [38]).

However, a possible explanation for the 0.5 e2

h plateau
could come from the counterpropagating charge mode as
proposed in the Macdonald edge structure [12, 16]. Fol-
lowing the model of the ν = 2/3 state as a 1/3 state of
holes on top of a vacuum of a fully filled ν = 1 state,
the filling factor must increase from ν = 2/3 in the bulk
to ν = 1 at the edge before decreasing to zero. The re-
entrant density profile is enabled by the combination of
the confining potential with the electrostatic interaction
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FIG. 2. a) QPC Sweeps at ν = 1. QPC 2 is shifted by 0.5 V for clarity. b) Bulk transport Rxy and RD measured across
the device. For the RD measurement, both QPCs and the side gates are set to -0.3 V so that the 2DEG under the gates is
depleted, but minimal backscattering occurs in the QPCs. c) QPC sweeps at ν = 2/3 with DC source-drain bias of 0 V (dashed
lines) and 50 µV (solid lines). With 50 µV bias, an intermediate plateau at 0.5 e2/h appears in both QPCs. d) Differential
conductance for QPC 1 as a function of QPC gate voltage and source-drain bias VSD. White dashed lines indicate the regions

where G ≈ 0.5 e2

h
. e) Differential conductance for QPC 1 versus magnetic field and QPC voltage with VSD = 50 µV. f) Line

cuts of conductance versus QPC voltage at different magnetic fields.

between electrons in the vacuum ν = 1 state and holes
that form the inner -1/3 state [12, 16, 18]. This results in
an inner counterpropagating edge state and outer down-
stream edge state. In this case, the inner upstream edge
state and outer downstream edge state on one edge of a
Hall bar can have different chemical potentials because
they are emitted from different Ohmic contacts. The
situation is shown schematically in Fig. 3a. Assuming
the edge modes have a small enough separation to allow
charge transfer between them, the counterflowing edge
modes will equilibrate [39–41] and reach the same chem-
ical potential. Based on the well-established experimen-
tal properties of quantum Hall states in bulk samples,
the equilibrium chemical potential of each edge should
be the potential of the contact from which the down-
stream, higher-conductance edge state emanated from.
This leads to a potential difference VHall = µS−µD

e , and

a two-terminal conductance G = 2
3
e2

h , consistent with the
observed bulk conductance properties of the 2/3 state. A
quantum point contact which causes backscattering will
take the edge states out of equilibrium and reduce the
conductance of the device. In Supp. Section 3 we ana-
lyze the situation of a bulk Hall bar and of a QPC when
a counter-propagating edge mode is present using a sim-
ple model which includes incoherent inter-edge scattering
along the edge of the Hall bar (similar models were dis-

cussed in previous works [39, 42]. For a Hall bar, there
will be equilibration near each Ohmic contact (shown
with dashed line in Fig. 3a) so that the counterpropa-
gating edge modes come to the same chemical potential;
µ versus position is plotted qualitatively in Fig. 3b. For
a QPC which fully reflects the inner mode and transmits
the outer mode (Fig. 3c and d), there will be additional
equilibration at the QPC, and the conductance will be

reduced to G = 1
2
e2

h , matching the value of the interme-
diate plateau in Fig. 2c.

An assumption for applying this model to our device
is that the equilibration length l0 is much smaller than
the length from the QPC to the source and drain Ohmic
contacts. In our devices, this length is very long at ≈
500 µm, making full equilibration likely. Equilibration
at ν = 2/3 has been studied previously in GaAs [42, 47]
and graphene [48].

The requirement of finite bias to observe the G = 0.5 e
2

h
plateau suggest that at zero bias, there is a wide range
of gate voltage over which the outer mode is partially
backscattered, so that there is no region where the outer
mode is fully transmitted while the inner is fully reflected.
Finite bias tends to reduce backscattering in Luttinger
liquids [31], so the emergence of the quantized interme-
diate plateau at VSD = 50 µV may be due to the suppres-
sion of backscattering for the outer mode in this regime.
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FIG. 3. a) Schematic of edge states in a Hall bar in the Mac-
donald picture, with a counterpropogating inner -1/3 edge
state (red arrows) and outer integer edge state (black arrows).
Dashed white lines indicate equilibration near the Ohmic con-
tacts. b) Qualitative plot of the chemical potential for the
inner mode (red) and outer mode (blue) on the bottom edge
of the Hall bar. c) Schematic of a QPC which fully transmits
the outer edge state and fully reflects the inner one. There
will be additional equilibration in the vicinity of the QPC. d)
Chemical potential versus position for the Hall bar with QPC
and full reflection of the inner mode.

Full reflection of the inner mode would be achieved by
moving the edges together via more negative gate voltage
until the outer strips of ν = 1 fluid merge in the middle of
the QPC so that the interface between ν = 1 and ν = 2/3
is absent inside the QPC; thus the inner mode cannot
propagate through. The lack of a fully quantized plateau
at zero bias might indicate that the electrostatics in the
QPC do not enable a region reaching full ν = 1 filling
inside the QPC region once the inner mode is fully re-
flected, but rather the filling is somewhat lower, resulting
in a small amount of simultaneous backscattering of the

outer mode and G < 0.5 e
2

h as observed in Fig. 2c after
the initial sharp drop in conductance. Disorder-mediated
tunneling may also be a contributing factor [26]. A pre-
diction of Luttinger liquid theory is that when VSD is
increased, transmission of the edge state through a bar-
rier will increase until it reaches full transmission, which
agrees well with our observation that after a small VSD
is applied the conductance increases to the half-integer
quantized value indicating full transmission of the outer
edge state, and then remains nearly constant [43]. Al-
though integer quantum Hall edge states are generally
expected to exhibit Fermi liquid rather than Luttinger
liquid behavior based on theory [43], when an integer
edge state lies parallel to a co-propagating or counter-
propagating edge state this may induce Luttinger liquid
behavior [44, 45]. Additionally, non-linear conductance
suggestive of Luttinger liquid behavior has been observed
for the ν = 1 integer quantum Hall state in QPCs [46],

suggesting that in real systems even isolated integer edge
states may have an interaction parameter that is not ex-
actly 1 and may thus diverge from ideal Fermi liquid
behavior.

To our knowledge half integer quantized conductance
in a QPC at ν = 2/3 has not previously been reported.
On the other hand, in a few experiments a conductance

plateau with G = 1.5 e
2

h has been observed in QPCs at
ν = 5/3 [49–51], which is the equivalent of the ν = 2/3
state with opposite spin. We also observe an intermedi-

ate plateau at G = 1.5 e
2

h at ν = 5/3 in both QPCs in
our device (Supp. Fig. 4a and Supp. Section 4, which
includes Ref. [52]), which suggests that an edge struc-
ture occurs at ν = 5/3 similar to the one at ν = 2/3
in our device. On the other hand, at the particle-like
fractional quantum Hall states ν = 4/3 and ν = 2/5,
we do not observe anomalous intermediate plateaus that
would imply a re-entrant density profile, which is consis-
tent with the expectation that the ν = 1 strip and re-
entrant density profile occur only for hole-like fractional
quantum Hall states. This distinguishes our work from
Ref. [51], in which anomalous plateaus were observed
even for particle-like states such as ν = 4/3. See Supp.
Section 5 for a comparison of our experiment to these
previous works.

Additionally, evidence for partially unequilibrated
counter-propagating charge transport at short distances
has been observed at ν = 2/3, but only in the spin-
unpolarized state [53]. Due to the fact that our 2DEG
has relatively high density and uses a wide, symmetric
quantum well, the 2/3 state is likely polarized in our sys-
tem [54, 55]. Numerical studies in the composite fermion
picture predict counterpropagating modes for both the
spin polarized and unpolarized ν = 2/3 states [13]. The
interplay of spin polarization and confining potential at
ν = 2/3 requires more investigation.
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FIG. 4. a) Gate sweep at ν = 1 for the non-SW QPC. A quasi-

plateau at G = 1
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is visible. b) Gate sweep at ν = 2/3 for

the non-SW QPC. A clear intermediate plateau at G = 1
3

e2
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is visible.

In order to confirm that the use of the screening well

heterostructure enables the observation of the G = 1
2
e2

h
plateau, we have also measured a QPC fabricated on a
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standard non-screening well heterostructure. The stan-
dard heterostructure uses a single GaAs/AlGaAs inter-
face rather than a quantum well to confine the 2DEG.
Fig. 4a shows the standard structure (layer stack shown
in Supp. Fig. 1b). Fig. 4a shows conductance versus
gate voltage at ν = 1 (note that the range of gate volt-
age is smaller because the gate potential is not screened
by the screening layers). In contrast to the wide plateau
and sharp pinchoff in the screening well QPCs, this stan-
dard structure QPC shows a narrow primary plateau

with G = e2

h and a much more gradual decrease in con-
ductance. At ν = 1 there also appears to be an interme-

diate quasi-plateau at G ≈ 1
3
e2

h , consistent with the phe-
nomenon of edge reconstruction reported in [30] and the-
oretical analysis for the case of soft confinement [23]. Fig.
4b shows conductance versus gate voltage at ν = 2/3,

where a clear intermediate plateau at G = 1
3
e2

h is present,
consistent with previous results using non-screening well
heterostructures [27, 30]. These results support the the-
oretical picture that a soft confining potential (as usually
realized in standard GaAs/AlGaAs heterostructures not
utilizing screening layers) results in a reconstructed edge
at ν = 2/3 with an outer strip of filling ν = 1

3 and two

downstream 1
3
e2

h charge modes, as described by the Meir

edge structure [18, 19]. The absence of this G = 1
3
e2

h
plateau in the QPCs with sharp confinement indicates
that the outer ν = 1

3 strip does not form, and thus a
different edge structure is present.

Our experiments clearly show the importance of con-
fining potential on edge structure in the quantum Hall
regime. The lack of edge reconstruction may explain
why it has been possible to observe Aharonov-Bohm in-
terference interference at quantum Hall states such as
ν = 1 and ν = 1/3 in devices using the screening well
heterostructure [8, 35, 36], but not in devices using stan-
dard non-SW heterostructures [30, 56].

∗ jnakamur@purdue.edu
† mmanfra@purdue.edu

[1] D. C. Tsui, H. L. Stormer, & A. C. Gossard. Two-
Dimensional Magnetotransport in the Extreme Quantum
Limit. Phys. Rev. Lett. 48, 1559-1562 (1982)

[2] R. B. Laughlin. Anomolous Quantum Hall Effect: An In-
compressible Quantum Fluid with Fractionally Charged
Excitation. Phys. Rev. Lett. 50, 1395-1398 (1983)

[3] J. M. Leinaas & J. Myrheim. On the theory of identical
particles. Nuovo Cimento B 37, 1-23 (1977)

[4] F. Wilczek. Quantum Mechanics of Fractional-Spin Par-
ticles. Phys. Rev. Lett. 49, 957-959 (1982)

[5] B. I. Halperin. Statistics of Quasiparticles and the Hi-
erarchy of Fractional Quantized Hall States. Phys. Rev.
Lett. 52, 1583-1586 (1984)

[6] D. Arovas, J. R. Schrieffer, and F. Wilczek. Fractional
Statistics and the Quantum Hall Effect. Phys. Rev. Lett.

53, 722-723 (1984)
[7] H. Bartolomei, et al. Fractional statistics in anyon colli-

sions. Science 368, 173-177 (2020)
[8] J. Nakamura, S. Liang, G. C. Gardner, and M. J. Manfra.

Direct Observation of Anyonic Braiding Statistics. Nat.
Phys. 16, 931-936 (2020)

[9] F. D. M. Haldane. Fractional Quantization of the Hall
Effect: A Hierarchy of Incompressible Quantum Fluid
States Phys. Rev. Lett. 51, 605-608 (1983)

[10] S. M. Girvin. Particle-hole symmetry in the anomalous
quantum Hall effect. Phys. Rev. B 29, 6012-6014 (1984)

[11] A. C. Balram and J. K. Jain. Particle-hole symmetry
for composite fermions: An emergent symmetry in the
fractional quantum Hall effect. Phys. Rev. B 96, 245142
(2017)

[12] A. H. MacDonald. Edge States in the Fractional-
Quantum-Hall-Effect Regime. Phys. Rev. Lett. 64, 220
(1990)

[13] Y. Wu, G. J. Sreejitch, and J. K. Jain. Microscopic study
of edge excitations of spin-polarized and spin-unpolarized
ν = 2/3 fractional quantum Hall effect. Phys. Rev. B 86,
115127 (2012)

[14] Z. Hu, H. Chen, K. Yang, E. H. Rezayi, and X. Wan.
Ground state and edge excitations of a quantum Hall liq-
uid at filling factor 2/3. Phys. Rev. B 78, 235315 (2008)

[15] X. G. Wen. Gapless boundary excitations in the quantum
Hall states and in the chiral spin states. Phys. Rev. B 43,
11025 (1991)

[16] M. D. Johnson and A. H. MacDonald. Composite Edge
States in the ν = 2/3 Fractional Quantum Hall Effect.
Phys. Rev. Lett. 67, 2061-2063 (1991)

[17] C. L. Kane, M. P. A. Fisher, and J. Polchinski. Random-
ness at the Edge: Theory of Quantum Hall Transport at
Filling ν = 2/3. Phys. Rev. Lett. 72, 4129 (1994)

[18] Y. Meir. Composite Edge States in the ν = 2/3 Frac-
tional Quantum Hall Regime. Phys. Rev. Lett. 72, 2624
(1993)

[19] J. Wang, Y. Meir, and Y. Gefen. Edge Reconstruction in
the ν = 2/3 Fractional Quantum Hall State. Phys. Rev.
Lett. 111, 246803 (2013)

[20] D. B. Chklovskii, B. I. Shklovskii, and L. I. Glazman.
Electrostatics of edge channels. Phys. Rev. B 46, 4026-
4034 (1992)

[21] C. W. J. Beenakker. Edge Channels for the Fractional
Quantum Hall Effect. Phys. Rev. Lett. 64, 216-219 (1990)

[22] A. M. Chang. A Unified Transport Theory for the Inte-
gral and Fractional Quantum Hall Effects: Phase Bound-
aries, Edge Currents, and Transmission/Reflection Prob-
abilities. Solid State Comm. 74, 871-876 (1990)

[23] U. Khanna, M. Goldstein, and Y. Gefen. Fractional edge
reconstruction in integer quantum Hall phases. Phys.
Rev. B 103, L121302 (2021)

[24] U. Khanna, M. Goldstein, and Y. Gefen. Emergence of
Neutral Modes in Laughlin-like Fractional Quantum Hall
Phases. Phys. Rev. Lett. 129, 146801 (2022)

[25] A. Bid, N. Ofek, M. Heiblum, V. Umansky, and D. Ma-
halu. Shot Noise and Charge at the 2/3 Composite Frac-
tional Quantum Hall State. Phys. Rev. Lett. 103, 236802
(2009)

[26] S. Baer et al. Interplay of fractional quantum Hall states
and localization in quantum point contacts. Phys. Rev.
B 89, 085424 (2014)

[27] R. Sabo et al. Edge reconstruction in fractional quantum
Hall states. Nature Phys. 13, 491 (2017)



6

[28] A. Bid et al. Observation of neutral modes in the frac-
tional quantum Hall regime. Nature 466, 585-590 (2010)

[29] M. Goldstein and Y. Gefen. Suppression of Interference
in Quantum Hall Mach-Zehnder Geometry by Upstream
Neutral Modes. Phys. Rev. Lett. 117, 276804 (2016)

[30] R. Bhattacharyya, M. Banerjee, M. Heiblum, D. Ma-
halu, and V. Umansky. Melting of Interference in the
Fractional Quantum Hall Effect: Appearance of Neutral
Modes. Phys. Rev. Lett. 122, 246801 (2019)

[31] C. D. C. Chamon, D. E. Freed, S. A. Kivelson, A. L.
Sondhi, and X. G. Wen. Two point-contact interferom-
eter for quantum Hall systems. Phys. Rev. B 55, 2331
(1997)

[32] B. I. Halperin, A. Stern, I. Neder, and B. Rosenow.
Theory of the Fabry-Perot quantum Hall interferometer.
Phys. Rev. B 83, 155440 (2011)

[33] D. E. Feldman and B. I. Halperin. Fractional charge and
fractional statistics in the quantum Hall effects. Rep.
Prog. in Phys. 84, 076501 (2021)

[34] D. E. Feldman and B. I. Halperin. Robustness of quan-
tum Hall interferometry. Phys. Rev. B 105, 165310
(2022)

[35] J. Nakamura, S. Fallahi, H. Sahasrabudhe, R. Rah-
man, S. Liang, G. C. Gardner, and M. J. Manfra.
Aharonov-Bohm interference of fractional quantum Hall
edge modes. Nat. Phys. 15, 563-569 (2019)

[36] J. Nakamura, S. Liang, G. C. Gardner, and M. J. Manfra.
Impact of bulk-edge coupling on observation of anyonic
braiding statistics in quantum Hall interferometers. Nat.
Comm. 13, 344 (2022)

[37] H. Sahasrabudhe, B. Novakovic, J. Nakamura, S. Fal-
lahi, M. Povolotskyi, G. Klimeck, R. Rahman, and M. J.
Manfra. Optimization of edge state velocity in the integer
quantum Hall regime. Phys. Rev. B 97, 085302 (2018)

[38] B. I. Halperin, A. P. Lee, and N. Read. Theory of the half-
filled Landau level. Phys. Rev. B 47, 7312-7343 (1993)

[39] C. Nosigla, J. Park, B. Rosenow, and Y. Gefen. Incoher-
ent transport on the ν = 2/3 quantum Hall edge. Phys.
Rev. B 98, 115408 (2018)

[40] I. V. Protopopov, Y. Gefen, and A. D. Mirlin. Transport
in a disordered ν = 2/3 fractional quantum Hall junction.
Ann. Phys. 385, 287-327 (2017)

[41] C. Spanslatt, Y. Gefen, I. V. Gornyi, and D. G. Polyakov.
Contacts, equilibration, and interactions in fractional
quantum Hall edge transport. Phys. Rev. B 104, 115416
(2021)

[42] C. Lin et al. Charge equilibration in integer and fractional
quantum Hall edge channels in a generalized Hall-bar de-
vice. Phys. Rev. B 99, 195304 (2019)

[43] X. Wen. Edge transport properties of the fractional quan-
tum Hall states and weak-impurity scattering of a one-
dimensional charge-density wave. Phys. Rev. B 44, 5708-
5719 (1991)

[44] M. Hashisaka and T. Fujisawa. Tomonaga–Luttinger-
liquid nature of edge excitations in integer quantum Hall
edge channels. Reviews in Physics 13, 32-43 (2018)

[45] T. Fujisawa. Nonequilibrium Charge Dynamics of
Tomonaga–Luttinger Liquids in Quantum Hall Edge
Channels. Annalen der Physik 534, 2100354 (2022)

[46] S. Roddaro et al. Particle-Hole Symmetric Luttinger Liq-
uids in a Quantum Hall Circuit. Phys. Rev. Lett. 95,
156804 (2005)

[47] T. Maiti et al. Magnetic-Field-Dependent Equilibration
of Fractional Quantum Hall Edge Modes. Phys. Rev. Lett.

125, 76802 (2020)
[48] R. Kumar et al. Observation of ballistic upstream modes

at fractional quantum Hall edges of graphene. Nat.
Comm. 13, 213 (2022)

[49] H. Fu et al. 3/2 fractional quantum Hall plateau in con-
fined two-dimensional electron gas. Nature Communca-
tions 10, 4351 (2019)

[50] Y. Hayafuchi et al. Even-denominator fractional quan-
tum Hall state in conventional triple-gated quantum
point contact. Appl. Phys. Express 15, 025002 (2022)

[51] J. Yan et al. Anomalous quantized plateaus in two-
dimensional electron gas with gate confinement. Preprint
in arxiv, arXiv:2207.06701 (2022)

[52] I. P. Radu, J. B. Miller, C. M. Marcus, M. A. Kastner,
L. N. Pfeiffer, and K. W. West. Quasi-particle Properties
from Tunneling in the ν = 5/2 Fractional Quantum Hall
State. Science 320, 899-902 (2018)

[53] F. Lafont, A. Rosenblatt, M. Heiblum, and V. Uman-
sky. Counter-propagating charge transport in the quan-
tum Hall effect regime. Science 363, 54-57 (2019)

[54] J. P. Eisenstein, H. L. Stormer, L. N. Pfeiffer, and K.
W. West. Evidence for a spin transition in the ν = 2/3
fractional quantum Hall effect. Phys. Rev. B 41, 7910-
7913 (1990)

[55] V. V. Vanovsky, V. S. Khrapai, A. A. Shashkin, V. Pel-
legrini, L. Sorba, and G. Biasol. Spin transition in the
fractional quantum Hall regime: Effect of the extent of
the wave function. Phys. Rev. B 87, 081306 (R) (2013)

[56] H. K. Kundu, S. Biswas, N. Ofek, V. Umansky, and
M. Heiblum. Anyonic interference and braiding phase
in a Mach-Zehnder Interferometer. Preprint in arxiv,
https://arxiv.org/abs/2203.04205 (2022)

ACKNOWLEDGEMENTS

This work is supported by the U.S. Department of En-
ergy, Office of Science, Office of Basic Energy Sciences,
under award number DE-SC0020138.


