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High-temperature quantum valley Hall effect with
quantized resistance and a topological switch
Ke Huang1, Hailong Fu1†, Kenji Watanabe2, Takashi Taniguchi3, Jun Zhu1,4*

Edge states of a topological insulator can be used to explore fundamental science emerging at the
interface of low dimensionality and topology. Achieving a robust conductance quantization, however,
has proven challenging for helical edge states. In this work, we show wide resistance plateaus in
kink states—a manifestation of the quantum valley Hall effect in Bernal bilayer graphene—quantized
to the predicted value at zero magnetic field. The plateau resistance has a very weak temperature
dependence up to 50 kelvin and is flat within a dc bias window of tens of millivolts. We demonstrate the
electrical operation of a topology-controlled switch with an on/off ratio of 200. These results
demonstrate the robustness and tunability of the kink states and its promise in constructing electron
quantum optics devices.

C
hiral and helical edge states arising from
a nontrivial bulk topology are expected
to be protected against backscattering
and support a wealth of interesting to-
pological, mesoscopic, and interacting

phenomena in low dimensions (1, 2). Chiral
edge states of the quantum Hall (QH) and
quantum anomalous Hall (QAH) effects are
ballistic over long distances (1, 3–6), harbor
the physics of a chiral Luttinger liquid (7), and
are instrumental to the understanding of frac-
tional and non-Abelian braiding statistics (8, 9).
Helical edge states of the quantum spin Hall
(QSH) and quantum valley Hall (QVH) effects
occur at zero external and internal magnetic
field, which is generally more compatible with
device applications (10–28). Previously, QVH
internal edge states, known as the kink states,
were realized in Bernal bilayer graphene (BLG)
using lithographically patterned gates, and
operations of a valley valve and electron beam
splitter were demonstrated (22, 23). The tunable
beam splitter is analogous to the action of a
quantum point contact, which is a powerful
element used in a wide range of fundamental
research and quantum devices (29). The ab-
sence of precise resistance quantization,which
implies that backscattering is still present, is a
critical impediment to the pursuit of some of
the most exciting prospects of helical one-
dimensional (1D) systems, such as topological
superconductivity (27, 28, 30, 31), helical
Luttinger liquid physics (13, 32–34), and the
development of edge-based quantum trans-
port devices (11, 18, 23, 28, 35).

In this study, we report on the precise quan-
tization of QVH kink state resistance to better
than 1% of the expectedR = h/4e2 = 6453 ohms
(where h is the Planck’s constant and e is the
elementary electron charge) at zero magnetic
field and its persistence to tens of kelvin. We
further demonstrate the fast and repeatable
operation of a topological switch, the mech-
anism of which is based on an electric field–
controlled topological phase transition specific
to the kink states. The ballistic transport, in situ
programmability, and scalable fabrication of
the kink states lay a strong foundation for fu-
ture studies exploring the fundamental sci-
ence and application potentials of this helical
1D system.

Device structure and characterization

Figure 1, A and B, illustrates the topological
origin of the QVH effect in BLG (16–20) and a
dual split gate–based experimental scheme, re-
spectively (16, 22–24, 26). The four split gates—
i.e., the left/right top/bottom gates (L/R T/B
Gs)—define two independently gated regions.
We induce bulk gaps of opposite sign in the
two regions, and the resulting band inver-
sion at the nanoribbon junction creates valley
momentum–locked kink states inside the junc-
tion. The device structure in Fig. 1B enables
electrical control of the transition between the
topological phase with the existence of the
kink states and the trivial phase without it.
This situation is illustrated in Fig. 1C and un-
derlies the working mechanism of a topolog-
ical switch (11), which we will demonstrate.
Each valley (K and K′) contains four chiral
modes. Ballistic transport of the kink states
results in a two-terminal junction resistance
of h/4e2 = 6453 ohms. Electron backscatter-
ing requires an intervalley scattering that in-
volves a large momentum transfer of order
[(lattice constant)−1]; such events are highly
suppressed in highly crystalline BLG but not
completely absent because of residual Coulomb
impurities. The mean free path of the kink

states is at most a few micrometers in pre-
vious experiments, and the zero-field resistance
is at least hundreds of ohms away from h/4e2

with no clear quantization plateaus (21–24, 26).
The key technical advance of this work is the

incorporation of a graphite/hexagonal boron
nitride (h-BN) stack as a global gate (GG) to
tune the Fermi level of the kink states. Pre-
vious devices (22, 23) used a doped Si/SiO2

stack, which was shown to be an important
source of potential disorder (36). We use dry
van der Waals transfer, annealing, and reac-
tive ion etching to create the graphite split
LBG and RBG, an atomic force microscope
(AFM) image of which is shown in Fig. 1E.
Additional transfers and e-beam lithography
are used to complete the device (figs. S1 to S3)
(37). Figure 1D shows a false-color scanning
electron microscope (SEM) image of K23 with
a 61-nm-wide, 400-nm-long junction. The two-
terminal resistance of the junction R = Rk + Rc

includes both the kink state resistance Rk and
the contact resistance Rc; Rc is accurately de-
termined using the resistance quantization
of the QH effect (Fig. 2C) and is typically a few
hundred ohms.
We characterize the five gates (LTG, LBG,

RTG, RBG, and GG) (fig. S4) and place the
dual-gated areas (shaded gold in Fig. 1D) in
the middle of a D field–induced bulk gap D,
with a typical size of tens of milli–electron volts.
Figure 1F shows the evolution of the junction
resistance R in device K22 as the device is
tuned from the “− −” gating configuration
(both left and right D fields pointing down)
to the “− +” configuration (left down, right up).
R reaches megohms in the “− −” configuration,
where the residual conductance comes from
localized states in the nanoribbon junction
(22, 23). It saturates to 6 to 7 kilohms in the
“− +” configuration, which confirms the pres-
ence of the kink states in the topological regime.

Resistance quantization at B = 0 T

We apply a voltage to the GG, VGG, to tune the
Fermi level EF inside the junction. Figure 2A
plots an example of the junction resistance R
(VGG) in device K22. Inside the gap, where only
the kink states are present, R exhibits a flat re-
sistance plateau ofR = (6557 ± 12) ohms. Similar
plateaus, withR very close to the expected h/4e2,
are observed at other D fields [see fig. S5 for a
systematic investigation of R(VGG) under dif-
ferent D fields]. Excellent resistance quantiza-
tion is also observed in other devices. Figure 2B
plots a fewexemplaryR(VGG) traces inK24, and
measurements in WK05 are given in fig. S7.
The breaking of time-reversal symmetry

through the application of a magnetic field
does not destroy the kink states (19, 22, 23).
Indeed, our measurements show that R only
varies by 53 ohms from 0 to 9 T, likely owing to
small changes in Rc (fig. S6B). As the B field
increases, the conduction and valence bands
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of the nanoribbon junction evolve into Landau
levels (LLs), with each LL contributing 4e2/h to
the total conductance. Thus, the total junction
resistance is

R ¼ Rc þ h

4e2 1þ nð Þ ð1Þ

where n = 0, 1, 2… represents the kink only
(n = 0) and the number of occupied LLs. The
main panel of Fig. 2C shows the measured
R(VGG) at B = 0, 1, and 2 T, with the LL
quantization already well developed at B = 1 T.
The measured R values are extremely well
described by Eq. 1, and a linear fit to theB= 1 T
data (Fig. 2D) yields Rc = 114 ohms and Rk =
R − Rc = 6443 ohms. Rk deviates from the

expected value ofh/4e2 =6453ohmsby 10 ohms.
Performing similar analysis at other B fields
and temperatures, we find the resulting Rk to
always fall within 0.4% of h/4e2 (table S3). We
have also examined the variations of the kink
state plateau resistance at different D and B
fields in multiple devices (figs. S5 to S7). These
analyses allowed us to place 1% as an upper
bound to the accuracy ofRk in our experiment.
Our results unambiguously demonstrate the
precise and robust quantization of the kink
state resistance. Quantization to this level has
so far only been observed in chiral edge states
(1, 3, 5), whereas helical edge states in any
materials are more vulnerable to backscatter-
ing. The excellent ballisticity and scalability

of the QVH kink states make it an attractive
platform to construct electronic waveguides
and explore quantum information concepts,
such as a flying qubit (38).

The temperature dependence

The temperature dependence of the kink states
is examined in Fig. 3. Figure 3A plots exem-
plary T-dependent R(VGG) traces taken in de-
vice K22. The junction resistance R remains
constant at low temperatures and decreases
slowly with increasing T. Figure 3B plots the
normalized plateau center resistance R ver-
sus T at selected bulkD fields in K22 andWK05.
R(T) has very weak T dependence, especially
whenD, hence the bulk gapD, is large. Figure 3C
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Fig. 1. The QVH kink states in bilayer graphene. (A) Schematic band diagram
showing the inverted bands, the wave function of the kink states, and its
topological origin. The valley Chern number changes by +4/−4 in the K/K′ valley
across the junction, giving rise to four chiral modes in each valley. (B) Schematic
side view of our device structure. The D field points up in a “+” configuration.
(C) 1D band diagram of the junction [gray area in (B)] in the “+ − or − +”
(topological) or “+ + or − −” (trivial) gating configurations. CB, conduction
band; VB, valence band. (D) A false-color SEM image of device K23. The Ti/Au
top split gates align with the graphite bottom split gates. The BLG sheet is

outlined in cyan, and the global graphite gate is outlined in white. The side
contacts are colored purple. They contact the kink states through the heavily
doped access region at the two ends. The junction length L = 400 nm in all our
devices. (E) An AFM image of the 61-nm-wide bottom graphite split gates in
the area enclosed by the red box in (D). The surface is clean after annealing. In
devices K22, K24, and WK05, the widths are 74, 71, and 74 nm, respectively.
(F) The junction resistance R in device K22 as a function of DR. DL = −161 mV/nm.
B = 0 T. T = 1.9 K. The data are extracted from fig. S5B. See (37) for the fabrication
and characterization of the devices. W, ohm.
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Fig. 2. The resistance quantization of the kink states. (A) Junction resistance
R versus VGG in device K22. In the purple-shaded region, R = 6557 ± 12 ohms.
(B) R(VGG) at selected DL values in K24. DL = −296 (orange), −199 (blue),
and −150 (violet) mV/nm. DR = 241 mV/nm for all. The traces are shifted
in VGG owing to misalignment on the left gates. B = 0 T for both (A) and (B).
(C) R(VGG) at selected magnetic fields, as labeled in the graph. (Inset)

Illustration of the appearance of QH edge states in the nanoribbon junction
in a finite B field. The index n marks the number of occupied LLs. (D) R versus
1/(n + 1). Points are taken from the data at 1 T in (C). A linear fit (red line)
using Eq. 1 yields Rc = 114 ohms and Rk = 6443 ohms. (A), (C), and (D) are
from device K22 with DL= −161 mV/nm and DR = 146 mV/nm. T = 1.9 K
for all data in this figure.
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plots the temperature T0 at which R deviates
from its low-T value by 1, 2, 3, and 5%. Notably,
atD=450mV/nmorD ~ 58meV (39),T0 = 12K
for 1% and 46 K for 3%. This high level of T
independence is a hallmark of topological edge
states but has only been observed previously
in the QH effect, whereas QAH and QSH sys-
tems appear to be more vulnerable to temper-
ature (3–6, 10, 12, 14, 40, 41).
The complex behavior of R(T) shown in Fig.

3B can in fact be well explained by recogniz-
ing the fact that the gapped BLG bulk con-
ducts in parallel to the kink states, as the inset
illustrates. In this temperature range, the T de-
pendence of gapped BLG is well understood as

consisting of thermally activated band trans-
port and nearest neighbor hopping (NNH)
inside the gap, that is

R�1
bulk ¼ R�1

1 e �D=2kBTð Þ þ R�1
2 e �E2=kBTð Þ ð2Þ

where R1 and R2 are constants, E2 is the av-
erage energy difference between adjacent im-
purity sites, and kB is the Boltzmann constant
(39, 42–45). Figure 3D plots the simulated
Rbulk(T) usingR1 = 1 kilohm,R2 = 200 kilohms,
E2 = 1.2 meV, and D (in milli–electron volts) =
−5.7 + 0.13D (in millivolts per nanometer) [see
section S6 of (37)]. The simulated total junc-
tion resistance R = R2K//Rbulk is plotted in Fig.

3B as dashed lines and is in excellent agree-
ment with the measured data. The fact that
this simple model appears to have captured
all of the complex features of the R(T) traces,
qualitatively and quantitatively, gives us con-
fidence in its validity.
The above analysis suggests that the intrin-

sic T dependence of the kink states remains
undiscernible—i.e., phonon-assisted interval-
ley scattering is negligible, up to 50 K. We
note that BLG phonons carrying the required
intervalley momentum transfer dk of the 1D
kink states have a minimum energy ℏwmin as
high as 68 meV when the junction aligns with
the zigzag crystallographic orientation of the
BLG (46, 47). When the junction deviates from
the zigzag direction, dk is reduced but remains
large [see section S3 of (37) for an estimate
of dk in our devices]. Thus, the kink states may
be immune to phonon-assisted backscattering
to temperatures on the order of 100 K. The
further suppression of bulk conduction—e.g.,
through increasing D and reducing impuri-
ty sites—will enable us to fully examine its
potential.

The dc bias dependence

Next, we examined the dc bias dependence of
the kink states. Figure 4A shows a false-color
map of differential conductance G(Vdc, VGG)
in device K22. Figure 4A is reminiscent of the
transport spectroscopy of an insulator, only
here G = 4e2/h inside the diamond-like re-
gion. Figure 4B plots G(Vdc) traces taken in
WK05 with VGG positioned at midgap and at
selected D fields. G(Vdc) is nearly flat at low
biases and increases sharply at a bias threshold
Vdc, which increases with increasing D. Vdc(D)
determined from measurements is plotted in
Fig. 4C. It exhibits an approximate linear de-
pendence with a slope of 0.09 mV/(mV/nm)
and reaches several tens of millivolts at large
D. Our data can be well understood using the
band diagram shown as the inset of Fig. 4C,
where the sharp onset of G at Vdc corresponds
to the electrochemical potential of the electrodes
reaching the band edge of the nanoribbon
junction. We obtain D′ (in milli–electron volts) =
−4 + 0.09D (in millivolts per nanometer) from
data, which is consistent with band structure
simulations of a finite-width nanoribbon junc-
tion (22). The behavior of the kink states at
finite dc biases attests to the cleanness of the
gapped region and further demonstrates the
robust quantization of the kink states. The large
bias window of several tens of millivolts facil-
itates potential single-electron manipulations.

A topological switch

As illustrated in Fig. 1C, the kink state has a
specific property—that is, its presence can be
turnedonandoff usinganelectric field–controlled
topological-to-trivial insulator transition. This
topological phase transition–driven switch is
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Fig. 3. The temperature dependence of the junction resistance. (A) R(VGG) measured in device K22
at temperatures from 0.33 K to 15 K, as labeled in the graph. (B) Normalized plateau center resistance
R/R(T = 2 K) versus T at selected D values. Solid symbols are from device K22, where DL = −161 mV/nm is
fixed, and DR changes in this device. Open symbols are from device WK05, where DL = −DR. The DR
values of both solid and open symbols follow the legend in (D). Raw data in WK05 are shown in fig. S7.
The dashed lines plot R = R2KRbulk(T)/[R2K +Rbulk(T)], where Rbulk(T) is given by Eq. 2 and plotted in
(D). (Inset) Illustration of the parallel bulk and kink state contributions to R. B = 0 T for all data in this figure.
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scenario, where the NNH resistance in the green dashed line is increased 10-fold through, for example,
reducing the number of impurity states or reducing the width of the gapped bulk. In this scenario, the
contribution of Rbulk becomes negligible below 40 K.
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fundamentally different from that of a con-
ventional transistor, which operates through
carrier concentration change. In the literature,
topological switches based on phase transi-
tions were proposed for QSH and topological
crystalline insulators (11, 48), but these pro-
posals are difficult to realize experimentally.
Figure 5 shows the operations of our kink
state topological switch, where the junction
conductance is switched between ~4e2/h and
~0 repeatedly as the gating configurations are
alternated between the “+ −” and “− −” con-
figurations through the voltage swing of a
few volts. This operation is very reproducible.
The on/off ratio is ~200, which can be further
increased by reducing the “off” state conduct-
ance. The rise time of ~6 ms is limited by the
charging speed of the gates. Neither parame-

ter is limited by the intrinsic properties of the
kink states, and both have much room for fur-
ther improvement.

Discussion and outlook

In this work, we have achieved the quantiza-
tion of the QVH effect at zero magnetic field
and to high temperatures of tens of kelvin. Its
manifestation in bilayer graphene—the kink
state—distinguishes itself from other chiral
and helical edge state systems in its electrical
creation and wide in situ tunability, which
make it an attractive platform to construct
on-chip quantum electronics that mimic the
functionalities of quantum optics. Clean ma-
terial and device construction are crucial to
the realization of this potential. Substantial
improvement was made in this work, which
led to excellent ballistic charge transport of
the kink states and resistance quantization.
This quantization is also robust in wide tem-
perature and voltage ranges owing to rela-
tively few in-gap states and the high energies
of phonons in graphene. Our experiments
point to lowering defect and charged impurity
states as a vital path to achieving quantized
transport, especially for helical edge states,
where the wave functions of the time-reversed
pair colocate spatially. We envision the con-
struction of a quantum interconnect network
using the kink states as the backbone and
integrating the functional elements demon-
strated to date, namely switch, waveguide,
valve, and beam splitter (23). Such a network
may be used to carry quantum information
on-chip over a long distance, for which the
preservation of quantum coherence and en-
tanglement is essential. The demonstration of
long spin relaxation length in bilayer graphene
(49) bodes well for this vision; phase coherent
transport is a promising direction to explore

(38). Kink states are also excellent candidates
to explore the physics of 1D helical Luttinger
liquid through tunneling experiments analo-
gous to measurements performed for chiral
edge states at a quantum point contact (7, 50).
The helical nature of the edge states is ex-
pected to give rise to different critical behaviors
(33). Coupling kink states to superconductivity
is another interesting direction to pursue, and
recent experiments using domain wall modes
in twisted bilayer graphene have yielded prom-
ising initial results (51).
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