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Helical edge states and fractional quantum Hall
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Helical 1D electronic systems are a promising route towards
realizing circuits of topological quantum states that exhibit
non-Abelian statistics1–4. Here, we demonstrate a versatile platform to realize 1D systems made by combining quantum Hall
(QH) edge states of opposite chiralities in a graphene electron–
hole bilayer at moderate magnetic ﬁelds. Using this approach,
we engineer helical 1D edge conductors where the counterpropagating modes are localized in separate electron and hole
layers by a tunable electric ﬁeld. These helical conductors
exhibit strong non-local transport signals and suppressed
backscattering due to the opposite spin polarizations of the
counterpropagating modes. Unlike other approaches used for
realizing helical states5–7, the graphene electron–hole bilayer
can be used to build new 1D systems incorporating fractional
edge states8,9. Indeed, we are able to tune the bilayer devices
into a regime hosting fractional and integer edge states of
opposite chiralities, paving the way towards 1D helical conductors
with fractional quantum statistics10–13.
A helical 1D conductor is an unusual electronic system where
forward and backward moving electrons have opposite spin polarizations. Theoretically, helical states can be realized by combining QH
edge states with opposite spin and opposite chiralities1,4. Most
experimental efforts though have focused on materials with strong
spin–orbit coupling at zero magnetic ﬁeld5–7. However, a QH edge
state approach offers greater ﬂexibility in system design with less
dependence on material parameters. Moreover, a QH platform
could harness the unique statistics of fractional QH states. Recent
proposals have predicted that such a system, in the form of a fractional quantum spin Hall state, for example, could host fractional
generalizations of Majorana bound states10–13.
To simultaneously realize QH states with opposite chiralities, it is
necessary to have coexisting electron-like and hole-like bands.
Electron–hole QH states are observed in semi-metals, but suffer
from low hole-mobilities14,15. In this respect, graphene is attractive
because it has high carrier mobilities and electron–hole symmetry.
In fact, the graphene electron and hole bands can be inverted by
the Zeeman effect to realize helical states16,17, but requires very
large magnetic ﬁelds18,19. A similar outcome could be realized
more easily in a bilayer system, where electric ﬁelds can dope one
layer into the electron band and the other into the hole band. At
moderate magnetic ﬁelds, this electron–hole bilayer will develop
QH edge states with opposite chiralities in each layer. Note that
unlike edge states in a lateral quantum Hall p–n junction20, the
electron–hole bilayer boundary will host modes that are counterpropagating and spaced apart by subnanometre distances. Here,
we demonstrate such a graphene electron–hole bilayer, which we
use to realize a helical 1D conductor made from QH edge states.

The studied devices consist of two monolayer graphene ﬂakes
that are stacked with a relative twist misalignment (Fig. 1a,b). The
twist causes a low-energy decoupling of the layers, despite their
tiny 0.34-nm interlayer spacing21,22, that allows each layer to
develop independent edge states in a magnetic ﬁeld22–25 (Fig. 1c).
We fabricate a dual-gated structure where top and bottom gates
allow us to control the total charge density of the twisted bilayer
and the interlayer electric ﬁeld (Fig. 1b). We deﬁne the total
applied electron density as ntot = (CTVT + CBVB)/e, where CT and
CB are the top and bottom gate capacitances per unit area, VT and
VB are the top and bottom gate voltages, and e is the electron
charge. In a magnetic ﬁeld, B, we consider the total ﬁlling factor
νtot = ntot (h/e)/B, which is the number of ﬁlled Landau levels (h/e
is the magnetic ﬂux quantum, where h is Planck’s constant).
Applying antisymmetric gate voltages will impose an interlayer electric ﬁeld that shifts charges between layers, causing them to have
different ﬁlling factors. We present this experimental knob as the
applied displacement ﬁeld D = (CTVT – CBVB)/2 divided by the
vacuum permittivity ε0.
To establish the degree of interlayer coupling in our devices, we
begin by measuring the QH effect. The QH effect is a sensitive probe
of electron degeneracy and the underlying symmetries of the
Landau levels; as such, the graphene QH effect is different for
monolayers26,27, AB-stacked bilayers28 and twisted bilayers23–25,29.
Figure 1d shows a two-probe conductance measurement, G, as a
function of νtot in a twisted bilayer device at B = 1 T. The ﬁlling
factors of the top and bottom layers are equal during the measurement
(νtop= νbottom= νtot/2, D = 0), resulting in a QH plateau sequence
double that of monolayer graphene due to the layer degeneracy.
This sequence demonstrates that a large twist misalignment leads
to a weak interlayer coupling that does not split the layer degeneracy,
and therefore the system can be modelled as two monolayer graphene
sheets conducting in parallel29,30.
In low-disorder samples, electron exchange interactions break the
graphene spin–valley degeneracy, leading to QH ferromagnetism31–33.
We observe such degeneracy breaking at higher ﬁelds as a sequence
of plateaus at all integer multiples of e 2/h from −4 to 4 (B = 4 T;
Fig. 1e). This can be explained by exchange-driven breaking of
spin–valley symmetry in each of the graphene layers, combined
with the effects of the displacement ﬁeld. For example, at νtot = 0,
both layers are charge neutral and we observe an insulating state
(G = 0), similar to the exchange-driven insulating state observed
in neutral monolayer graphene19,32,33.
Decreasing νtot from 0 to −1, a small applied displacement ﬁeld
causes charge to be removed from the top layer preferentially. The
result is a transition to a 1 e2/h plateau, which we explain as conduction
through a hole-like edge state in the top layer while the bottom layer
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Figure 1 | Quantum Hall effect in twisted bilayer graphene with brokensymmetry states. a, Stacking two graphene layers with a relative twist angle
θ decouples the Dirac cones from each layer via a large momentum
mismatch (K = 4π/3a, where a is the graphene lattice constant). In a
magnetic ﬁeld, each layer will develop monolayer graphene-like Landau
levels despite the tiny 0.34-nm interlayer spacing. b, Device schematic of
twisted bilayer graphene encapsulated in hexagonal boron nitride (hBN) with
dual gates. Contact electrodes are depicted in red. c, Cartoon of twisted
bilayer QH edge states when both layers are at ﬁlling factor –2. Each layer
has a spin degenerate edge state with a hole-like chirality (direction of
chirality indicated by horizontal arrows). d, Two-probe conductance of a
twisted bilayer graphene device at B = 1 T as a function of νtot. The sequence
is exactly double the monolayer graphene sequence of (2,6,10,14,…)e 2/h
(refs 26,27). A contact resistance has been subtracted to ﬁt the νtot = −4
plateau to 4 e 2/h. e, Two-probe conductance of the same device at B = 4 T
showing broken-symmetry states. Contact resistances have been subtracted
from the negative and positive νtot sides of the data. Note that this trace is
taken with a small interlayer displacement ﬁeld in order to observe all
integer steps (see colour map in Fig. 2e). Cartoons depict proposed edge
state conﬁgurations in the (0,−1) and (+1,0) states.

remains insulating (Fig. 1e, left cartoon). Conversely, increasing νtot
to 1 preferentially adds charges to the bottom layer, resulting in an
electron-like edge state with conductance of 1 e 2/h (Fig. 1e, right
cartoon). We label these states by the ﬁlling factors on each layer
as (νbottom, νtop) = (0,−1) and (1,0). In monolayer graphene, the
ﬁlling factor ν = ±1 states are thought to be spin polarized due to
the combined effects of Zeeman and QH ferromagnetism20,33. At
ν = 1, the spin magnetic moment is aligned with the magnetic
ﬁeld; for the hole-like ν = −1 edge state, the spin is ﬂipped since it
originates from the bulk excited state. If the same effect occurs in
twisted bilayer graphene, it should be possible to create a pair of
helical edge states with opposite chiralities and opposite spin
polarizations by realizing coexisting ν = 1 and ν = −1 states.
We now explore the outcomes when the twisted bilayer is electron–
hole doped such that the layers have edge states of opposite
chiralities. Starting with each layer in the insulating state at charge
neutrality (0,0), we imbalance the bilayer with a displacement
ﬁeld such that the charge density from each layer is of equal magnitude but of opposite sign (νtop = −νbottom , νtot = 0; Fig. 2a). As the
displacement ﬁeld increases, the system ﬁrst transitions to a conductive state of order e 2/h, and then transitions sharply to another
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insulating state at higher displacement ﬁelds (Fig. 2b,c). Assuming
that transitions correspond to layer ﬁlling factor changes, we
assign the conductive states to the (±1,∓1) charge conﬁgurations,
and the insulating states at higher D magnitudes to the (±2,∓2)
states. We have consistently observed this conductance sequence
in all large-twist bilayer graphene devices that display brokensymmetry states (9 devices in total), with (±1,∓1) state conductances
varying from 0.8 to 1.5 e 2/h.
To verify the assignment of the (±1,∓1) states, we studied a wider
range of edge state conﬁgurations away from νtot = 0. Figure 2d
shows the two-probe conductance as a function of νtot and displacement ﬁeld. The (±1,∓1) states form clearly deﬁned plateaus in the
map (white dotted circles). We model the sequence by considering
all possible combinations of ﬁlling factors in the graphene zeroth
Landau level with broken spin–valley degeneracy. The resulting
map in Fig. 2e matches the entire sequence of plateau transitions
observed in the two-probe conductance (Fig. 2d) and four-probe
longitudinal resistance measurements (Supplementary Fig. 1).
Furthermore, capacitance measurements on a different sample
reveal that the bulk is insulating for all plateaus in the map, as expected
for QH states (Supplementary Fig. 2). The consistency of the model
with the observed plateaus supports the assignment of the conductive
νtot = 0 states to the (±1,∓1) ﬁlling factor conﬁgurations.
The measured conductances of nearly all the ﬁlling factor conﬁgurations are given by G = νtot e 2/h. Noticeably, only the (±1,∓1)
states depart from this pattern. When νbottom and νtop have the
same sign, this formula follows directly from the parallel conductance contributions of QH edge states in each layer. But for
electron–hole bilayer combinations, such as the (+2,–2) or (+2,–1)
states, this equation implies that conductance contributions from
each layer can cancel. For this to occur, there must be a backscattering process that couples opposite chirality edge states between layers
(Fig. 2a, bottom)29. Moreover, temperature dependence of the insulating G = 0 (±2,∓2) states suggests that this backscattering leads to a
complete transport gap (Supplementary Fig. 5). Interlayer backscattering requires tunnelling between the closely spaced layers, which
may be enhanced at the edge even if it is suppressed in the bulk.
In contrast, the same backscattering process is nearly absent in
the (±1,∓1) states, resulting in a conductive plateau of order e 2/h
for a device with greater than 5-µm-long edges.
We also show that the (±1,∓1) states conduct through counterpropagating edge modes by measuring the non-local voltage response in
the same device. In the non-local measurement, a voltage VNL is
measured between adjacent contacts far away from the electrodes
where a current IM is sourced and drained. We ﬁnd that the nonlocal resistance RNL = VNL/IM of the (±1,∓1) states is 10 to 1,000
times larger than the resistance of other conductive states (Fig. 3c,
white dotted regions and Fig. 3d). This non-local signal sharply differentiates the (±1,∓1) states from being either normal chiral edge states
or diffusive conductors: the voltage drop along a chiral edge state is
zero, while in a diffusive bulk conductor the non-local voltage far
away from the source–drain electrodes is exponentially suppressed.
In contrast to a weak bulk response, the strong non-local resistance
of the (±1,∓1) states signiﬁes that current ﬂows predominately
along the edge, with both forward and backward propagating
modes equilibrating at the electrodes to give a voltage drop.
Based on the transport data collected—the mapping of the QH
plateau sequence and the edge state non-local signal—we conclude
that at ﬁlling factors (±1,∓1) conduction occurs through a pair of
QH edge states with opposite chiralities (Fig. 2a, middle).
Backscattering between the two counterpropagating modes is
strongly suppressed, resulting in a highly conductive 1D transport
channel with conductance ranging from 0.8 to 1.5 e 2/h for devices
of different edge lengths (0.2–16 µm) (details in Supplementary
Fig. 9). This is contrasted with the spin-degenerate (±2,∓2) states,
where interlayer tunnelling leads to insulating behaviour in the

NATURE NANOTECHNOLOGY | VOL 12 | FEBRUARY 2017 | www.nature.com/naturenanotechnology

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

119

LETTERS

NATURE NANOTECHNOLOGY

DOI: 10.1038/NNANO.2016.214

G (e2/h)

b

νtot = 0

0
0

d

+2
−2

+1
−1

−50

10−1

D/ε0 (mV nm−1)

0
0

G (e2/h)

100

10−2
+1
–1

D

0

40
80
D/ε0 (mV nm−1)

c

1

2

3

4

e

B=4T

Interlayer displacement field

a

0

0

8
D

50

B (T)

+2
–2

−4 −3 −2
0
−100

0
D/ε0 (mV nm−1)

−1 0
1
νtot

2

3

4

−2
−2 +2 −1
+1 −1 +2
−2
0
0
−2
−1 +1 0 +2 +1
−2 −1 −1 0 0 +1 +1 +2 +2
0
+2
−2 −1 −1
0
+1 +1 +2
+1
−2 0 −1
0
+2
+1
0
−2
+1 −1 +2
−2 +2 −1
−2
νtot

100

G (e2/h)
0
1.25

Figure 2 | Transport in graphene electron–hole bilayers. a, Cartoons depicting edge state conﬁgurations with νtop = −νbottom. b, Measured two-probe
conductance G for νtot = 0 as a function of displacement ﬁeld, D, at B = 4 T. The (−1,+1) state is conductive while the (−2,+2) state is insulating. c, Magnetic
ﬁeld dependence of νtot = 0 line (white dashed line shows the location of the line trace in b). d, Two-probe conductance map, G, as function of νtot and D.
Conductance is given by νtot(e 2/h) for all conﬁgurations except for the (±1,∓1) states (indicated by the dashed white circles). Contact resistances have been
subtracted from the positive and negatives sides of the data to ﬁt the νtot = ±1 plateaus. e, Schematic map of possible ﬁlling factor combinations.
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Figure 3 | Non-local measurements of helical edge states. a, Optical image of four-probe device. Scale bar, 5 µm. Graphite leads are highlighted in orange
and the gold top-gate that covers the device is highlighted in yellow. b, Schematics of different measurement conﬁgurations for the four-probe device.
c, Non-local resistance, RNL , as a function of νtot and displacement ﬁeld, D, measured at B = 4T. Dashed white circles highlight the (±1,∓1) states that exhibit
a strong non-local signal, indicating transport through highly conductive counterpropagating edge modes. Axis ranges are identical to those in Fig. 2d. In the
(0,0) insulating state, RNL ﬂuctuates strongly due to low current signals near the noise limit (bright white features). d, RNL (black line, left axis) compared to
two-probe resistance, Rtwo-probe , (grey line, right axis) of a constant D line cut through the (+1,−1) state (horizontal dashed line in Fig. 3c). RNL is near zero
when Rtwo-probe exhibits a conductance plateau, since the voltage drop along a chiral edge state is zero. During plateau transitions, the bulk becomes
conductive, resulting in a small peak that is suppressed by the non-local geometry of the measurement. e, Magnetic ﬁeld dependence of RNL and Rxx in the
(+1,−1) state. Plotted points are determined by averaging the resistance over the region in the νtot and D map corresponding to the (+1,−1) state (error bars
represent one standard deviation from the mean).

same devices (Fig. 2a). A simple explanation for the difference is that
the counterpropagating modes of the (±1,∓1) states have opposite spin
polarizations, which are the expected Zeeman plus exchange-driven
120

ground states for monolayer graphene at ν = ±1 (refs 20,33). When
the spin wavefunctions on each layer are orthogonal, interlayer tunnelling processes are forbidden and the edge states are protected from
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Figure 4 | Fractional QH effect in twisted bilayer graphene. a, Rxx measurements at B = 9 T as a function of νtot and D show clear minima at fractional
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backscattering. The result is a pair of helical edge states in the (±1,∓1)
electron–hole bilayer.
The expected conductance of the helical edge states is 2 e 2/h
when backscattering is completely suppressed (each edge contributes 1 e 2/h in parallel). In our two-probe measurements, we identify
a signiﬁcant reduction in the conductance due to contact resistances
from the electrode/edge state interfaces (see Supplementary
Materials). To avoid this effect, we measure the four-probe resistance of the (+1, –1) states as a function of magnetic ﬁeld in both
local (Rxx) and non-local conﬁgurations (RNL) (Fig. 3e). Above
1.5 T, RNL increases slowly until it saturates at high ﬁelds, while
Rxx decreases to approach a similar value, despite the two measurements probing edges of very different lengths. Moreover, the
measurements approach h/4e 2—the expected value for ballistic
counterpropagating edge states that fully equilibrate at the contacts.
The convergence of Rxx and RNL suggests that backscattering in the
helical (±1,∓1) states decreases steadily to zero with increasing
magnetic ﬁeld, resulting in a length-independent edge segment
resistance of h/e 2.
We next examined the low-ﬁeld regime of the (±1,∓1) states
(Fig. 3e). At zero magnetic ﬁeld, the non-local resistance is insignificant (1–10 Ω); as the magnetic ﬁeld rises to 1.5 T, RNL sharply
increases by a factor of 100. This coincides with the emergence of
clearly distinguished plateaus at (±1,∓1) in both the RNL and
Rtwo-probe maps (Supplementary Fig. 10). We interpret the sharp
increase in RNL as the onset of conduction in the helical edge
states at 1.5 T, a comparatively low ﬁeld that is encouraging for
future efforts to engineer topological superconductivity in this
helical conductor1,4.
One unique advantage of building a helical 1D conductor from
QH edge states is the possibility of extending the system to fractional
edge states8,9. As a promising step in this direction, we have observed
the fractional QH effect in our high-quality devices. Figure 4a shows
an Rxx measurement taken at B = 9 T, where clear minima are
observed at fractional values of νtot = ±1/3, ±2/3, ±4/3 and ±5/3.
Simultaneous with the Rxx minima, we observed plateaus in 1/Rxy
Hall measurements (Fig. 4b,c). From the location of the line cuts
in Fig. 4b, we deduced that one layer is in the ν = 0 insulating
state, while the other layer hosts a fractional edge state.
Interestingly, we also observed fractional states in the electron–
hole bilayer regime (Fig. 4c), with clear fractional QH states that

we identify with the (+1/3,–2), (+2/3,–2), (+4/3,–2) and (+5/3,–2)
states. The Hall measurements follow 1/Rxy= νtote 2/h, suggesting
again the role of interlayer tunnelling, in this case resulting in coupling and complete backscattering between fractional and integer
edge states on different layers. These observations of fractional
QH states pave the way towards realizing a fractional quantum
spin Hall state—a key ingredient in recent proposals to construct
fractional generalizations of Majorana fermions10–12.

Methods
Methods and any associated references are available in the online
version of the paper.
Received 17 May 2016; accepted 13 September 2016;
published online 31 October 2016
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Methods

All studied devices consist of two monolayer graphene ﬂakes stacked together using a dry
transfer process34,35. The stacking naturally results in a rotational misalignment, or twist,
between the layers. We fabricated dual-gated structures where the twisted bilayer was
encapsulated by hexagonal boron nitride (hBN) dielectric layers. The hBN also shields the
graphene layers from contamination during the fabrication process, resulting in a more
homogenous electronic system34,36. For the device discussed in the main text, the twisted
bilayer was contacted using graphite electrodes, which makes good contact to both layers
of the bilayer, even at high magnetic ﬁelds (further details in Supplementary Materials).
Unless otherwise noted, all measurements were performed in a He3 cryostat at 0.3 K.
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