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Higher-order topological insulators are recently discovered quantum materi-
als exhibiting distinct topological phases with the generalized bulk-boundary
correspondence. T4-WTe, is a promising candidate to reveal topological hinge
excitation in an atomically thin regime. However, with initial theories and
experiments focusing on localized one-dimensional conductance only, no
experimental reports exist on how the spin orientations are distributed over
the helical hinges—this is critical, yet one missing puzzle. Here, we employ the
magneto-optic Kerr effect to visualize the spinful characteristics of the hinge
states in a few-layer T4-WTe,. By examining the spin polarization of electrons
injected from WTe, to graphene under external electric and magnetic fields,
we conclude that WTe, hosts a spinful and helical topological hinge state
protected by the time-reversal symmetry. Our experiment provides a fertile
diagnosis to investigate the topologically protected gapless hinge states, and

may call for new theoretical studies to extend the previous spinless model.

Recently, a new class of topological phase, called a higher-order
topological insulator (HOTI), is proposed based on the generalized
bulk-boundary correspondence, covering d-2 or lower-dimensional
topological boundaries in d-dimensional systems' . For instance, time-
reversal invariant three-dimensional (3D) HOTIs exhibit gapless hinge
states, where the gapped surfaces are facing each other with a reversed
sign of the mass. Such a phenomenon can be understood based on the
fact that the gapped surface states host a doubly inverted electronic
band and the strong spin-orbit coupling (SOC)**°. With these physical
grounds, the band structure and the corresponding topological fea-
tures of HOTIs have been predicted by well-established methods such
as a multi-orbital tight-binding model, first principle calculation, and
Wilson loop calculation'®. To date, there exist only a few condensed
matter systems predicted to be HOTIs, such as bismuth”®, topological
crystalline insulator SnTe>*’, twisted bilayer graphene'®”, and some
artificial lattices™"*.

Among such candidates, WTe, has recently attracted much
interest in investigating the electronic correlations as well as exploring

the topologically protected quantum phenomena®'¢. With an orthor-
hombic 3D structure, it was first known as a type-Il Weyl semimetal
with electron and hole pockets around the Weyl points™’%; resolving
the Weyl points, however, remains challenging because angle-resolved
photoemission spectroscopy (ARPES) cannot provide sufficient
momentum resolution to resolve the small separation of Weyl points
of WTe,"*?°. In a monolayer limit, the thickness-dependent studies on
the crystal symmetry and electronic band structure have revealed the
quantum spin Hall insulating phase for 1T-WTe, crystals®*. After
recent proposals on the higher-order topology, the large arc-like sur-
face states of the bulk WTe,, which were initially considered topolo-
gically trivial, started to be understood as gapped fourfold Dirac
surface states*. Spatially resolved measurements using a Josephson
junction were then used to identify the hinge states as a clue for the
higher-order topology’, and subsequent experiments have reported
anisotropic confinement of 1D conducting hinge channels in few-layer
T4-WTe,”*. However, experimental evidence for the symmetry-
protected topological nature of the observed 1D hinge state is still
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lacking. Moreover, even in a broader sense, a time-reversal invariant
spinful feature of the helical HOTI in a natural solid-state system has
not been investigated®.

In this work, we experimentally show that atomically thin T4-WTe,
is indeed a time-reversal invariant HOTI hosting the helical spinful
hinge states. To investigate the spin orientation of the hinge states, we
have performed the spatially resolved polar magneto-optic Kerr-rota-
tion measurements on WTe,-graphene heterostructure devices. Our
results agree with the previous spin-resolved observation of WTe,,
implying the possible gapless nature of the spin-polarized states**?’. In
our measurements, the bulk- (or gapped surface-) and hinge-
originated spin polarization can be distinguished by the Fermi level
dependence of the Kerr rotation signals. Furthermore, we examine the
time-reversal invariance of the spinful hinge states by opening the
mass gap via external magnetic fields.

Results

Multilayer T4-WTe, has a noncentrosymmetric orthorhombic struc-
ture belonging to the SG 31 (Pmn2;) space group with two perpendi-
cular axes (a- and b-axis) and one mirror line along the b-axis (Fig. 1a).
Together with the time-reversal symmetry, this spatial mirror sym-
metry satisfies necessary prerequisites to support the topologically
non-trivial spin-polarized helical hinges?**®. In our experiments, mul-
tilayer WTe; is placed on monolayer graphene to detect the spinful 1D
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Fig. 1| Crystal structure of multilayer Td-WTe2 and experimental design. a The
Tq structure of multilayer WTe, is non-centrosymmetric with a mirror plane M, (red
dashed line). b Schematic experimental design for detecting the spin-polarized

electronic states in WTe,. The electrical bias voltage makes electrons flow through
WTe,, while the spin polarization of the electrons is optically recorded as the Kerr
rotation induced in the linearly polarized pump (980 nm, 1,415 W/cm?). The pump
laser with a spot size of 1.5 um sweeps through a 6 pm x 10 um region at graphene
near the edge of WTe, by scanning mirrors to obtain the spatially resolved Kerr

hinge state by observing the spin polarization of electrons in graphene
injected from WTe,. The experiment schematic is illustrated in Fig. 1b.
The bias voltage applied to the graphene channel forms a potential
gradient to the bottom of the multilayer WTe,, so the conducting
electrons of WTe, are injected into the graphene. The spatial dis-
tribution of the spin-polarized electrons is recorded by the Kerr rota-
tion microscopy with a submicrometer-scale resolution. Because the
spin diffusion length is sufficiently long in single-layer graphene”*°, we
infer that the spin-polarized electrons in graphene contain the neces-
sary spin information of WTe,. Therefore, we interpret the differential
Kerr rotation (A6) in the scanning area, obtained by subtracting the
Kerr rotation () at each spatial point with and without the bias vol-
tage, as a manifestation of the electron spin polarization originated
from WTe,. Our device employs a tunable gate voltage (V) that
enables us to distinguish the bulk and the hinge contribution by
inspecting the Fermi-level-dependent Afx. An optical microscopy
image of a complete device is shown in Fig. 1c with the crystal a- and b-
axis, where it is designed to perform the electrical and optical mea-
surements along both axes. The crystal axes were verified by measur-
ing the polarization-dependent absorption, as shown in Fig. 1d.

We start by presenting the Vs-dependent Kerr-rotation signals to
investigate the spinful characteristics of the anisotropic WTe, hinge
states. Figure 2a shows the transfer curve between contact1and 3, i.e.,
parallel to the a-axis referring to Fig. 1c. The observed two
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rotation data. ¢ An optical microscopy image of the device is shown. The multilayer
WTe, (yellow) and monolayer graphene (black) are highlighted. Electrodes are
labeled as contact numbers 1, 2, 3, and 4. d A normalized polar plot of the
polarization-dependent absorption of the multilayer WTe, is shown. The absorp-
tion was measured at the center of the WTe; flake in the device while varying the
polarization of 980 nm laser light. The anisotropy of the absorption indicates that
the crystal axes are placed as shown in ¢ (black arrows).
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Fig. 2 | Gate voltage dependence of the spatially resolved differential Kerr
rotation. a The V;-dependent drain current parallel to the a-axis of WTe, is shown.
The measurements were performed at 1.6 K. The longitudinal bias voltage was 0.5V
between contact 1 and 3 (parallel to the a-axis; see Fig. 1c for the contact number).
Two charge neutral points were observed; one at V=0.5V is for graphene (black
dashed line) and another at V5=0.95V is for WTe, (black line). The illustration in
the inset shows the schematic band alignment of graphene and WTe,. Repre-
sentative V and the corresponding Fermi level change AE are marked as the black
dashed lines. b Spatially resolved contour plots of the Vs-dependent Af. The

x position (um) X position (um)

colors represent the spatially resolved A6k at Vg=-1, 0, 1, 2 V. The bias voltage of
0.5V is applied between contact 1 and 3 to form a longitudinal electric field in +x
direction (parallel to the a-axis; see Fig. 1c for the contact number). The black
rectangle in each plot denotes the left end part of the WTe, flake. ¢, Line-cut plots of
ABy atx = 0.75 um are shown. The Vs-dependent A6 in the top panel (OV < Vg<1V)
shows the localized Afk near y = +1.85 um; these y positions correspond to the
WTe; hinge location (black dashed lines). The Vs-dependent A6 for Vg =-1.5,-1,2,
3V are displayed in the bottom panel.

conductance deeps at V=0.5 and 0.95V correspond to the charge
neutrality point of the graphene and the multilayer WTe,, respectively,
as illustrated in the inset of Fig. 2a. Two-dimensional (2D) contour
plots in Fig. 2b display the spatially resolved ABx near the WTe, edge
with varying Vg (Vg=-1, 0, 1, 2V) in the absence of the external mag-
netic field. At V5 =0 and 1V, a substantial amount of the spin-polarized
electrons is concentrated near y=+1.85um, while Afy is evenly dis-
tributed throughout |y| <1.85 pm at Vg =-1and 2 V. Considering the V-
tuned Fermi level and the spatial arrangement of A6y, the observed
Af distributions at Vg=0 and 1V match the spin-polarized in-gap
states localized in the hinge, while those of Vg =-1and 2 V represent the
electrons from the spin-split bulk bands. The opposite sign of Afk seen
near the two parallel hinges indicates the spinful and helical nature of
the localized electron states. To elucidate the bulk- and hinge-
originated Af in detail, we show in Fig. 2¢ the line-cut plots of y-
dependent AB measured at different V. In the bulk-insulating range
of Vs (Fig. 2c, top panel), |A6|localized at y=1.85um decreases
monotonically with increasing Vs and A changes the sign abruptly
when V; reaches 1V. This change is consistent with Fig. 2a, where
Vs =1V is above the charge neutral point. On the other hand, when
WTe, is degenerately doped, i.e., V=2V or Vg <-1V (Fig. 2c, bottom
panel), AG evenly spreads across |y| <1.85 pm, and no sign change of

ABy across the y position was observed. Note that the sign of A6
implies the orientation of spin-polarized electrons, and | A | denotes
the concentration of the conducting electrons (or the density of state
at the Fermi level, equivalently) with the corresponding spin. These
results strongly suggest that although the spin configuration of helical
hinge states of the bottom surface of multilayer WTe, resembles that
of the spin-momentum-locked helical edge states of the 2D quantum
spin Hall insulator. Note that the multilayer WTe; is not simply a stack
of weak 2D topological insulator layers as proven previously®.

As for the HOTI characteristics, we note that the band topology of
the multilayer WTe, should be protected by the time-reversal sym-
metry. One method to examine such topological protection, which is
associated with the gapless band with degenerated Dirac points, is to
perform the magnetic-field dependent 6 measurements. Figure 3a—c
show the line-cut plots of the Vs-dependent A6 under external mag-
netic field B, of 0.5, 1, and 2 T, applied perpendicular to the device xy
plane. In Fig. 3a, where B, is 0.5 T, we see that the Ay near the hinges
vanishes as V; approaches the charge neutrality. With increasing B, of
1T (Fig. 3b), the localized A6y survives only when V; is pushed further
below (0 V) and above (1.5 V) the charge neutrality point. When B, is
sufficiently large, Fig. 3c shows the vanishing A6y signals, which imply
that no spin-polarized electrons are present; this can be readily
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Fig. 3 | Gap opening of the multilayer WTe2 due to broken time-reversal sym-
metry. a-c The line-cut plots show A6 at x=0.75 um with varying Vs under
B,=0.5T (a),1T (b), and 2T (c). Ab is featureless only at V=1V when B,=0.5T,
while it shows no variation when the applied Vg is 0.8V <V;<12V under B,=1T.
Note that no localized Ay behavior is seen at any Vg when B,=2T. Dashed lines in
a-c at y=+1.85 um indicate the y position of the WTe, hinges in the real space.

d, Schematic band structures representing the effect of B, on the spin-polarized
hinge states (black lines) and spin-split bulk bands (colored lines). Because B,

breaks the time-reversal symmetry, Dirac fermions at the topological hinge states
gain an effective mass. This opens a finite energy gap, which is proportional to the
magnitude of B,. The gap opening appears as a flat AG along y since the Fermi level
falls within the gap. The dashed lines in the diagram indicate the Fermi levels when
Vg is 0,1, and 1.5 V. For the case when B,=2T (d), the schematic represents one
possibility that the hinge states are merged into the bulk band due to the induced
gap in the hinge states.

understood as the mass gap opening due to the broken time-reversal
symmetry®*2, The schematic diagrams in Fig. 3d show how B, is
expected to affect the gapless dispersion of the helical hinge states.
Without B,, the hinge states remain gapless because the degeneracy of
the Dirac point is protected by time-reversal symmetry. In the case of
relatively weak B, (= 0.5, 1T), the hinge opens a bandgap while pre-
serving its spin texture (Fig. 3a, b). On the other hand, when a relatively
strong B, of 2 T is applied (Fig. 3c), the trace of the hinge disappears.
Such disappearance of Af characteristics when B, =2 T may originate
from either the hinge states being merged into the bulk while main-
taining the HOTI phase (Fig. 3d)*®> or WTe, exhibits no HOTI phases
with increasing external magnetic fields. A further theoretical investi-
gation is necessary to elucidate the correlation between the spin tex-
ture and the band configuration under strong B,.

There might exist alternative scenarios on the role of B, other than
the mass gap opening. First, one plausible explanation would be the
formation of quantum Hall states accompanied by the chiral boundary.
However, B, used in our experiment is not strong enough to generate
such an effect’®*, and the observed Vs-dependent counter-
propagating hinge modes are not consistent with the chiral state
characteristics. Second, the effect of B, on the graphene channel may
cause a similar Vg dependence of Af, such as opening a gap or causing
transverse spin (or valley) flow in graphene. However, existing studies
show that B, of 10 T is the lower boundary to observe such effects,
which is far larger compared to our B,*¥. Lastly, the broken time-
reversal symmetry can be associated with the spatial split of the hinge
modes rather than the bandgap opening®. In our experiment regime,
the applied B, makes the hinge a boundary between one parallel to B,
and another perpendicular to B,. Thus, considering the non-zero mass

and Zeeman contribution to the position away from the hinge, such
spatially shifted hinge modes cannot occur between the two surface
states.

The transverse spin accumulation originated from the WTe; bulk,
i.e., spin Hall effect (SHE), might be an alternative to explain the
observed Abk. To further substantiate that observed A6 features arise
from the spinful hinge state exclusively, we investigated the spatially
resolved Afy using a device with a modified structure (device #4).
Figure 4a shows the corresponding optical microscopy image. The
graphene layer below the multilayer WTe, has a 1.5 um wide gap along
the a-axis of the multilayer WTe, (see Supplementary Note 1-3 for
details). If Af originates from the hinge states, the localized A6y
should arise only near the WTe;, hinge (Fig. 4b). On the other hand, if
the observed A6 originates from the bulk spin transport in WTe,, the
spin-polarized electrons injected into graphene are expected to be
spread out to the left as well as to the right of the graphene area in a
transverse direction to the applied electric field (Fig. 4c). Therefore,
the presence of a gap in graphene would collect the accumulated spin-
polarized electrons at the edge of graphene on both sides of the gap
(Fig. 4¢). To check the above idea, we have investigated the magneto-
optic Kerr effect on device #4. The results are shown in Fig. 4d, e. Here
we measured the spatially resolved Afy at different Vg with and with-
out an external magnetic field (B,=1T) (see Supplementary Note 4 and
Figs. S15, 16 for spatially resolved Afy with B,). We first note that no
accumulation of the spin-polarized electrons was seen on either side of
the graphene gap, regardless of V. Secondly, with varying V; (see
Supplementary Note 1-2 for the relationship between Vg and AFg),
Fig. 4d, e shows that AB appears only in line with the WTe, hinges.
We also observed a clear sign flip of A6 when E is swept across the

Nature Communications | (2023)14:1801



Article

https://doi.org/10.1038/s41467-023-37482-0

P [

(Grapliene

=== oocimp=i
m

Multilayer WTe,

. . — :
1V Graphene! iGraphene A6
) ' Ex' (mrad)

’é\ 3.00 s F b 25
H '
s
2 150 : : {1 t 1 oo
o : !
Q H H H H
o] 0.00 : : : 3 I

' i ey ) R Wigh . 1 ) 25

-5.00 -2.50 0.00 2.50 5.00 -5.00 -2.50 0.00 2.50 5.00

y position (um)

Fig. 4 | Spatially resolved differential Kerr rotation on a device with a spatial
gap in graphene. a An optical microscopy image is shown. Two monolayer gra-
phene flakes are separated by a 1.5 pm gap. This device scheme is almost identical
to the other devices, except the presence of a gap in graphene. The graphene layer
for the electron transport measurement is located below WTe,. b, ¢ Schematic
diagrams of the expected AB when the spin-polarized electrons are injected in
graphene from the hinges (b) and when they originate from the bulk (c). Dashed
rectangles indicate the window of spatially resolved measurement, and black

y position (um)

arrows indicate electron transport. d, e Contour plots of AG observed in device #4
when V=0 (d), 1V (e) are shown. The Vs-dependent transport measurements are
shown in Fig. S4. The distribution of Af is as expected in b, meaning there was no
spin accumulation at the edge of graphene, and the spin-polarized electrons are
originated from the hinges of multilayer WTe,. Dashed lines mark the edge of each
graphene layer, and the black rectangles indicate the location of the multilayer
WTe, flake.

Dirac point of the hinge states. Third, AB under the magnetic field
(Figs. S15, 16) shows the gap opening of the hinge states. Under the
external magnetic field B, of 1T, the localized A6 at the y-position of
the hinges disappears when the Fermi level is close to the Dirac point
(i.e., Vg near 0.88 V in the case of device #4), demonstrating the lifted
degeneracy of hinge eigenstates due to the broken time-reversal
symmetry. To summarize, the V- and B,-dependent Af distributionin
device #4 is essentially identical to the devices without the graphene
gap (see Fig. 2 and Figs. S6-11). These data provide additional evidence
that SHE is not likely the origin of our observation.

In conclusion, we experimentally have shown that the multi-
layer T4-WTe, is a time-reversal invariant helical HOTI possessing
the spinful hinge states. The spin polarization of electrons origi-
nating from the 1D hinge state of the multilayer WTe, was investi-
gated by the spatially resolved magneto-optical Kerr rotation
measurement in the WTe,-graphene heterostructure device. The
Vs- and B,-dependent data provide strong evidence that the helical
spin-polarized states are within the bulk bandgap while they are
localized at the geometric hinge of the multilayer WTe,, whose
energy degeneracy is protected by the time-reversal symmetry.
Because the topologically protected spinful mode is highly confined
in the 1D channel, the hinge state of the HOTI may open up a new
arena to study the strong correlation and topology in other higher-
order topological materials.

Methods

The detailed information about the device fabrication, experimental
setup and full dataset with further discussion are available in Supple-
mentary Information.

Data availability
The data that support the findings of this study are available from the
corresponding author on reasonable request.

References

1. Benalcazar, W. A., Bernevig, B. A. & Hughes, T. L. Quantized electric
multipole insulators. Science 357, 61-66 (2017).

2. Schindler, F. et al. Higher-order topological insulators. Sci. Adv. 4,
eaat0346 (2018).

3. Benalcazar, W. A., Bernevig, B. A. & Hughes, T. L. Electric multipole
moments, topological multipole moment pumping, and chiral
hinge states in crystalline insulators. Phys. Rev. B 96, 245115 (2017).

4. Wang, Z., Wieder, B. J., Li, J., Yan, B. & Bernevig, B. A. Higher-order
topology, monopole nodal lines, and the origin of large Fermi arcs
in transition metal dichalcogenides XTe, (Xx= Mo, W). Phys. Rev. Lett.
123, 186401 (2019).

5. Armitage, N., Mele, E. & Vishwanath, A. Weyl and Dirac semimetals
in three-dimensional solids. Rev. Mod. Phys. 90, 015001 (2018).

6. Ezawa, M. Second-order topological insulators and loop-nodal
semimetals in Transition Metal Dichalcogenides XTe, (X= Mo, W).
Sci. Rep. 9, 5286 (2019).

7. Schindler, F. et al. Higher-order topology in bismuth. Nat. Phys. 14,
918-924 (2018).

8. Noguchi, R. et al. Evidence for a higher-order topological insulator
in a three-dimensional material built from van der Waals stacking of
bismuth-halide chains. Nat. Mater. 20, 473-479 (2021).

9. Tang, F., Po, H. C., Vishwanath, A. & Wan, X. Efficient topological
materials discovery using symmetry indicators. Nat. Phys. 15,
470-476 (2019).

Nature Communications | (2023)14:1801



Article

https://doi.org/10.1038/s41467-023-37482-0

10. Park, M. J., Kim, Y., Cho, G. Y. & Lee, S. Higher-order topological
insulator in twisted bilayer graphene. Phy. Rev. Lett. 123,

216803 (2019).

1. Ahn, J., Park, S. & Yang, B.-J. Failure of Nielsen-Ninomiya theorem
and fragile topology in two-dimensional systems with space-time
inversion symmetry: Application to twisted bilayer graphene at
magic angle. Phys. Rev. X 9, 021013 (2019).

12. Liu, B. et al. Higher-order band topology in twisted moiré super-
lattice. Phys. Rev. Lett. 126, 066401 (2021).

13. Kempkes, S. et al. Robust zero-energy modes in an electronic
higher-order topological insulator. Nat. Mater. 18,

1292-1297 (2019).

14. Ezawa, M. Higher-order topological insulators and semimetals on
the breathing kagome and pyrochlore lattices. Phys. Rev. Lett. 120,
026801 (2018).

15. Sun, B. et al. Evidence for equilibrium exciton condensation in
monolayer WTe,. Nat. Phys. 18, 94-99 (2022).

16. Wang, P. et al. One-dimensional Luttinger liquids in a two-
dimensional moiré lattice. Nature 605, 57-62 (2022).

17. Soluyanov, A. A. et al. Type-Il Weyl semimetals. Nature 527,
495-498 (2015).

18. Li, P. et al. Evidence for topological type-Il Weyl semimetal WTe,.
Nat. Commun. 8, 2150 (2017).

19. Deng, K. et al. Experimental observation of topological Fermi
arcs in type-Il Weyl semimetal MoTe,. Nat. Phys. 12,

1105-1110 (2016).

20. Wang, C. et al. Observation of Fermi arc and its connection with
bulk states in the candidate type-Il Weyl semimetal WTe2. Phys. Rev.
B 94, 241M19(R) (2016).

21. Tang, S. et al. Quantum spin Hall state in monolayer 1T"-WTe,. Nat.
Phys. 13, 683-687 (2017).

22. Fei, Z. et al. Edge conduction in monolayer WTe,. Nat. Phys. 13,
677-682 (2017).

23. Choi, Y.-B. et al. Evidence of higher-order topology in multilayer
WTe, from Josephson coupling through anisotropic hinge states.
Nat. Mater. 19, 974-979 (2020).

24. Kononov, A. et al. One-dimensional edge transport in few-layer
WTe,. Nano Lett. 20, 4228-4233 (2020).

25. Xie, B. et al. Higher-order band topology. Nat. Rev. Phys. 3,
520-532 (2021).

26. Das, P. K. et al. Layer-dependent quantum cooperation of electron
and hole states in the anomalous semimetal WTe,. Nat. Commun. 7,
10847 (2016).

27. Fanciulli, M. et al. Spin, time, and angle resolved photoemission
spectroscopy on WTe,. Phys. Rev. Res. 2, 013261 (2020).

28. Das, P. et al. Electronic properties of candidate type-Il Weyl semi-
metal WTe,. A review perspective. Electron. Struct. 1,

014003 (2019).

29. Han, W. & Kawakami, R. K. Spin relaxation in single-layer and bilayer
graphene. Phys. Rev. Lett. 107, 047207 (2011).

30. Drogeler, M. et al. Spin lifetimes exceeding 12 ns in graphene
nonlocal spin valve devices. Nano Lett. 16, 3533-3539 (2016).

31. Rosenberg, G. & Franz, M. Surface magnetic ordering in topological
insulators with bulk magnetic dopants. Phys. Rev. B 85,

195119 (2012).

32. Queiroz, R. & Stern, A. Splitting the hinge mode of higher-order
topological insulators. Phys. Rev. Lett. 123, 036802 (2019).

33. Otaki, Y. & Fukui, T. Higher-order topological insulators in a mag-
netic field. Phys. Rev. B 100, 245108 (2019).

34. Wang, P. et al. Landau quantization and highly mobile fermions in an
insulator. Nature 589, 225-229 (2021).

35. Neto, A. C., Guinea, F., Peres, N. M., Novoselov, K. S. & Geim, A. K.
The electronic properties of graphene. Rev. Mod. Phys. 81,

109 (2009).

36. Sarma, S. D., Adam, S., Hwang, E. & Rossi, E. Electronic transport in
two-dimensional graphene. Rev. Mod. Phys. 83, 407 (2011).

37. Settnes, M., Garcia, J. H. & Roche, S. Valley-polarized quantum
transport generated by gauge fields in graphene. 2D Mater. 4,
031006 (2017).

Acknowledgements

J.L., JK., J.P.,, and H.C. were supported by the National Research Foun-
dation of Korea (NRF) through the government of Korea (Grant No. NRF-
2021R1A2C3005905, NRF-2020M3F3A2A03082472), Creative materials
Discovery program (Grant No. 2017M3D1A1040828), Scalable Quantum
Computer Technology Platform Center (Grant No. 2019R1A5A1027055),
the Ministry of Education through the core center program
(2021R1A6C101B418), and the Institute for Basic Science (IBS), Korea,
under Project Code IBS-R014-G1-2018-A1. SC and M.-H.J were supported
by the IBS, Korea, under Project Code IBS-RO14-A1. Part of this study has
been performed using facilities at IBS Center for Correlated Electron
Systems, Seoul National University.

Author contributions

J.L., JK,, E.L. fabricated samples. J.L., J.P., S.C. performed the device
characteristics examination. KW. and T.T. provided high-quality hBN
crystal. J.L., M.-H.J., and H.C. performed data analysis and discussed the
results. H.C. supervised the project. J.L. and H.C. wrote the manuscript
with input from all co-authors.

Competing interests

Correspondence and requests for materials should be addressed to H.C.
(hy.choi@snu.ac.kr). Authors declare no competing interests. Reprints
and permissions information is available at www.nature.com/reprints.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-37482-0.

Correspondence and requests for materials should be addressed to
Hyunyong Choi.

Peer review information Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to the peer review of this
work. Peer reviewer reports are available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:1801


http://www.nature.com/reprints
https://doi.org/10.1038/s41467-023-37482-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Spinful hinge states in the higher-order topological insulators WTe2
	Results
	Methods
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




