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taken from the 100-nm-long channel in device
1 in the QSHE regime (i.e., gate range of the
plateau) are shown in Fig. 3. We define Gs as 1/
DRs, which measures the conductance of the
edges in the short channel limit. Gs is plotted
as a function of Vc in Fig. 3A for a series of
magnetic fields B applied perpendicular to the
monolayer at 1.6 K. Gs decreases substantially
once B is turned on, in contrast to the bulk
state, which is hardly affected (fig. S8). For all
Vc, Gs decreases rapidly for low magnetic fields
(B < 2 T). After this initial stage, two types of
behavior are observed, depending on Vc, as
shown in Fig. 3B. When Vc is near –6.44 V, Gs

decreases exponentially without saturation,
up to 8 T. For other values of Vc, Gs saturates at
high B. These behaviors are notably different
from the previous observations for resistive
channels (12).
Both types of behavior can be understood in

the context of the QSHE. The 1D edge state of the
QSH phase consists of two species: left and right
movers associated with opposite spin polariza-
tion. The two linearly dispersing bands cross at
the Kramers degeneracy point (Fig. 3B, inset I).
Magnetic fields applied nonparallel to the spin
polarization are expected to open an energy gap
at the Kramers point owing to the Zeeman ef-
fect (29). For a homogeneous chemical poten-
tial close to the degeneracy point (Fig. 3B, inset
II), onewould expect an exponential decay of the
conductance without saturation. To reveal the
existence of the gap, we performed temperature-

dependence measurements of the magnetocon-
ductance at Vc = –6.44 V. The exponential decay
ofGs persists up to high temperatures (measured
up to 34 K, inset of Fig. 3C). Moreover, all the
curves collapse onto a single universal trend

when renormalized by plotting the dimension-
less values –log(Gs/G0) versus mBB/kBT (Fig. 3C),
whereG0 is the zero-field conductance, mB is the
Bohr magneton, kB is the Boltzmann constant,
and T is the temperature. The slope of the trend
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Fig. 1. Device structure
and resistance near
h/2e2. (A) Schematic of
the device structure. BN,
boron nitride. (B) Four-
probe conductance
measurement at 4 K of
device 1 as a function of
Vtg across all the local
gates, which are floating.
Inset shows the optical
image of device 1 (left)
and the corresponding
monolayer WTe2 flake
before fabrication (right).
(C) Color map of the
flake resistance tuned by
Vtg and the 100-nm-wide
local gate Vc at 4 K. Two
regions are separated by
a step in the resistance,
which distinguishes the
doped and undoped local
channels, as depicted
by the inset schematics.
W, ohm. (D) DR versus Vc
for the 100-nm-wide gate
on device 1 at Vtg = 3.5 V
[white dashed line in (C)]
and the 60- and 70-nm-
wide gates on device 2 at Vtg = 4.1V (taken at 5 K). For clarity, the two curves from device 2 are offset by +3 V along the x axis. Inset shows the average step
height <DR>, extracted from (C), as a function of Vtg, showing a clear saturation toward h/2e2 for large Vtg.

Fig. 2. Length dependence of the undoped-channel resistance. Data taken at 4 K from five
different devices (table S1), each denoted by a different color and symbol. The device numbers and
associated colors are: 1, black; 2, green; 3, purple; 4, red; and 5, blue. The DRs values approach a
minimum of h/2e2 in the short-channel limit, confirming a total conductance of 2e2/h for the
undoped channel, i.e., a conductance of e2/h per edge in the device, in agreement with QSHE.
Detailed analysis of raw data can be found in figs. S4 to S7.
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Failure of conductance quantization in WTe2

taken from the 100-nm-long channel in device
1 in the QSHE regime (i.e., gate range of the
plateau) are shown in Fig. 3. We define Gs as 1/
DRs, which measures the conductance of the
edges in the short channel limit. Gs is plotted
as a function of Vc in Fig. 3A for a series of
magnetic fields B applied perpendicular to the
monolayer at 1.6 K. Gs decreases substantially
once B is turned on, in contrast to the bulk
state, which is hardly affected (fig. S8). For all
Vc, Gs decreases rapidly for low magnetic fields
(B < 2 T). After this initial stage, two types of
behavior are observed, depending on Vc, as
shown in Fig. 3B. When Vc is near –6.44 V, Gs

decreases exponentially without saturation,
up to 8 T. For other values of Vc, Gs saturates at
high B. These behaviors are notably different
from the previous observations for resistive
channels (12).
Both types of behavior can be understood in

the context of the QSHE. The 1D edge state of the
QSH phase consists of two species: left and right
movers associated with opposite spin polariza-
tion. The two linearly dispersing bands cross at
the Kramers degeneracy point (Fig. 3B, inset I).
Magnetic fields applied nonparallel to the spin
polarization are expected to open an energy gap
at the Kramers point owing to the Zeeman ef-
fect (29). For a homogeneous chemical poten-
tial close to the degeneracy point (Fig. 3B, inset
II), onewould expect an exponential decay of the
conductance without saturation. To reveal the
existence of the gap, we performed temperature-

dependence measurements of the magnetocon-
ductance at Vc = –6.44 V. The exponential decay
ofGs persists up to high temperatures (measured
up to 34 K, inset of Fig. 3C). Moreover, all the
curves collapse onto a single universal trend

when renormalized by plotting the dimension-
less values –log(Gs/G0) versus mBB/kBT (Fig. 3C),
whereG0 is the zero-field conductance, mB is the
Bohr magneton, kB is the Boltzmann constant,
and T is the temperature. The slope of the trend

Wu et al., Science 359, 76–79 (2018) 5 January 2018 2 of 4

Fig. 1. Device structure
and resistance near
h/2e2. (A) Schematic of
the device structure. BN,
boron nitride. (B) Four-
probe conductance
measurement at 4 K of
device 1 as a function of
Vtg across all the local
gates, which are floating.
Inset shows the optical
image of device 1 (left)
and the corresponding
monolayer WTe2 flake
before fabrication (right).
(C) Color map of the
flake resistance tuned by
Vtg and the 100-nm-wide
local gate Vc at 4 K. Two
regions are separated by
a step in the resistance,
which distinguishes the
doped and undoped local
channels, as depicted
by the inset schematics.
W, ohm. (D) DR versus Vc
for the 100-nm-wide gate
on device 1 at Vtg = 3.5 V
[white dashed line in (C)]
and the 60- and 70-nm-
wide gates on device 2 at Vtg = 4.1V (taken at 5 K). For clarity, the two curves from device 2 are offset by +3 V along the x axis. Inset shows the average step
height <DR>, extracted from (C), as a function of Vtg, showing a clear saturation toward h/2e2 for large Vtg.

Fig. 2. Length dependence of the undoped-channel resistance. Data taken at 4 K from five
different devices (table S1), each denoted by a different color and symbol. The device numbers and
associated colors are: 1, black; 2, green; 3, purple; 4, red; and 5, blue. The DRs values approach a
minimum of h/2e2 in the short-channel limit, confirming a total conductance of 2e2/h for the
undoped channel, i.e., a conductance of e2/h per edge in the device, in agreement with QSHE.
Detailed analysis of raw data can be found in figs. S4 to S7.
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yields an effective g-factor ~4.8 for the out-of-
plane field in this device [i.e., the device con-
ductance obeys Gs = G0 exp(–gmBB/2kBT )]. This
observation confirms a Zeeman-type gap open-
ing in the edge bands.
If the Fermi energy at the edge is gated away

from the Kramers degeneracy point (Fig. 3B,
inset III), the Zeeman gap will not be directly
observed, and themagnetoconductance should
be determined by the scattering mechanisms at
the edge allowed by the TR symmetry breaking.
For example, in our devices, the presence of local
charge puddles can be natural. According to
theoretical calculations, the edge conductance
will be reduced to ae2/h, where a is a field-

dependent coefficient determined by the micro-
scopic details of the edge (24, 30). Calculations
show that, at high magnetic fields, an individual
puddle can reduce transmission along an edge
by 50% (24, 31), leading to a saturated a deter-
mined by the distribution of the puddles along
the edges. We find the conductance saturation
is consistent with this picture (fig. S9). In addi-
tion to verticalmagnetic fields, we have also found
considerably reduced edge conductance when in-
plane magnetic field is applied (fig. S10). We ex-
pect that both in- and out-of-planemagnetic fields
will suppress the conductance: TR symmetry
removes protection of the edge conduction, and
the edge-mode spin-polarization axis is not neces-

sarily normal or parallel to the layer because the
monolayer lacks out-of-plane mirror symmetry.
The exact spin-polarization axis may be influ-
enced by multiple factors, such as the direction
of the crystallographic edge and the existence
of displacement electric fields. The irregular
edge of the exfoliated monolayer makes the sit-
uation more complex. Overall, the magnetocon-
ductance behavior is consistent with criterion
(iii). Therefore, the QSHE is indeed observed in
monolayer WTe2.
Notably, the distinctive zero-field conductance

value survives up to high temperatures. Figure
4A plots the temperature dependence of Gs

at different Vc in the QSHE regime;Gs stays
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Fig. 3. Magnetoconductance and Zeeman-like
gap at the Dirac point. (A) The evolution of
the edge conductance Gs versus local gate voltage
Vc under the application of a perpendicular
magnetic field, B (from 0 T, thick blue curve,
to 8 T, thick red curve, in 0.2-T steps) at 1.8 K,
for device 1, 100-nm channel. (B) Traces of Gs

versus B for a few selected Vc, showing two
types of behavior, saturation and nonsaturation,
associated with whether the Fermi energy (EF) is
in the Zeeman gap, as depicted in the band
schematics inset I (linear bands at zero B, EF at
Dirac point), II (gapped bands at finite B, EF at
Dirac point), and III (gapped bands at finite B,
EF away from Dirac point). Red and blue spheres
illustrate the opposite spin polarization of the
edge bands, respectively. Purple areas indicate
the filled bands. (C) Inset shows temperature
dependence of Gs versus B for the nonsaturating
curves (Vc = –6.44 V). All the curves in the
inset collapse to a single trend in the normalized
plot of –log(Gs/G0) versus mBB/kBT. The black
line is a linear fit. Additional temperature and
magnetic field dependence is shown in
figs. S9 to S11.

Fig. 4. Quantum spin Hall effect up to 100 K.
(A) Temperature dependence of the edge
conductance at a few representative gate
voltages for the 100-nm channel in device 1. The
conductance is dominated by the QSHE up to
about 100 K.The right schematic depicts the onset
of bulk-state contribution to the conductance.
Inset shows gate dependence of DR at various
temperatures. (B) Temperature dependence of the
resistance of the whole flake (full length) when
the Fermi energy in the local channel is in the
doped (Vc = –1 V, red) and undoped (Vc = –5.7 V,
blue) regimes, at Vtg = 3.5 V. The difference
between the curves yields the temperature-
dependent channel resistance DRs (yellow). The
vertical dashed line highlights the kink in the
undoped regime at 100 K, indicating the transition
to the QSHE edge-dominated regime.
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undoped channel conductance.



Existing mechanisms
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Our idea

x̂

ŷ

Interaction-induced
magnetism

Helical edge modes

Non-magnetic
impurity

๏At an edge of a 2DTI, a nonmagnetic short-range impurity can effectively act as a 
magnetic one due to its dressing via on site e-e interactions 

๏The latter favor the formation of a local magnetic moment with non-zero in-plane 
components 

๏These cause spin mixing and hence back-scattering
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Mean field model
Kane-Mele model

Hartree-Fock expansion of the Hubbard model

Local mean electron density

Local mean spin polarization



Numerical results: 
magnetization
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The in-plane components are 
those leading to spin-mixing 
and hence back-scattering. 
Numerical results in this figure 
have been obtained by setting  
λ/t = 0.09 and U/t = 0.1
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Numerical results: 
conductance

Numerical results in these figures: 
λ/t = 0.09 (δg ≈ 0.93 t).  

Since on-site e-e interactions 
produce a spin polarization with 

in-plane components near the 
vacancy, back-scattering events 
occur at the same 2DTI edge 
and lead to the breakdown of 

conductance quantization.
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Thank you!



More numerical results: 
fit with analytical model 
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Position of the dips

Controls dips’s width

Controls dips’s depth
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Numerical results in this figure have been obtained by setting λ/t = 0.09 and U/t = 0.1

More numerical results:  
dependence on the position of the vacancy 


