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Valleytronics is a research field utilizing a valley degree of freedom of electrons for information
processing and storage. A strong valley polarization is critical for realistic valleytronic applications. Here,
we predict a tunneling valley Hall effect (TVHE) driven by tilted Dirac fermions in all-in-one tunnel
junctions based on a two-dimensional (2D) valley material. Different doping of the electrode and spacer
regions in these tunnel junctions results in momentum filtering of the tunneling Dirac fermions, generating
a strong transverse valley Hall current dependent on the Dirac-cone tilting. Using the parameters of an
existing 2D valley material, we demonstrate that such a strong TVHE can host a giant valley Hall angle
even in the absence of the Berry curvature. Finally, we predict that resonant tunneling can occur in a tunnel
junction with properly engineered device parameters such as the spacer width and transport direction,
providing significant enhancement of the valley Hall angle. Our work opens a new approach to generate
valley polarization in realistic valleytronic systems.
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Valley, i.e., a local well-separated extremum of an
energy band in the momentum space, has been recently
identified as an additional degree of freedom carried by
low-energy carriers [1–20]. To date, many material
systems have been discovered exhibiting valleys in their
band structure [21–23]. For example, in two-dimensional
(2D) materials, such as graphene and transition metal
dichalcogenides, there are two inequivalent valleys that
occur at the K and K̄ð−KÞ points at the edges of the
Brillouin zone. In a doped system, an imbalance in carrier
population between the K and K̄ valleys, known as valley
polarization, could be used to store binary information.
However, the valleys at the reversed momenta, K and K̄,
in these materials are usually degenerate, which makes
their polarization elusive.
Since K and K̄ are connected by time reversal symmetry

(T̂), the perturbations breaking T̂ symmetry, such as
optical [6,24–33] and magnetic [29,34–44], have been
employed to generate the valley polarization. These effects,
though interesting, require large perturbative fields inacces-
sible for practical use. It was suggested that the large
valley polarization can be induced in magnetic materials or
heterostructures, where the spin and valley degrees of free-
dom are strongly coupled [45,46]. Thismechanism, however,
does not work for T̂ invariant nonmagnetic materials.
Among the existing mechanisms, a valley Hall effect

(VHE) allows the electrical generation of transverse valley

dependent Hall currents [2]. This produces a detectable
valley polarization in real space, while not breaking the
valley degeneracy in k space. The intrinsic VHE is driven
by the opposite-sign Berry curvatures at K and K̄, leading
to the opposite transverse velocities at the two valleys [2].
However, the Berry curvature only emerges in systems
where the Kramers degeneracy is lifted, i.e., in nonmagnetic
materials where space inversion (P̂) symmetry is broken by a
noncentrosymmetric structure or by the application of an
electric field [47], or in magnetic materials, where T̂
symmetry is broken by magnetism. It is sizable only in
the semiconductors with very small band gaps. This limits
the material choice for VHE and also demands a very strict
control of the stoichiometry, as the doping effect can easily
shift the Fermi energy (EF) away from the band gap and
significantly reduce the Berry curvature. It would be
interesting from the fundamental point of view and desirable
for valleytronic applications to find a new mechanism of
VHE independent of the Berry curvature.
Here, we predict a Berry-curvature-free tunneling VHE

(TVHE) produced by tilted Dirac fermions. The effect
occurs in an all-in-one tunnel junction based on a 2D valley
material where the valleys are described by the Hamiltonian
supporting tilted Dirac fermions, and the electrodes and the
spacer layer have different doping. We find that the
tunneling Dirac fermions carry net transverse velocities
opposite for K- and K̄- valleys due to the momentum
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filtering in the spacer layer controlled by the Dirac-cone
tilting. This generates a strong TVHE with a giant valley
Hall angle that is defined by the ratio of the valley Hall
conductance and the longitudinal conductance. Finally, we
predict that resonant tunneling can occur in a tunnel
junction with properly engineered device parameters such
as the spacer width and transport direction, providing
significant enhancement of the valley Hall angle.
We consider a 2D material with valleys originating from

an untilted [Fig. 1(a)] or tilted [Fig. 1(b)] Dirac cone at
momenta K and K̄ [Figs. 1(a) and 1(b)]. We assume an all-
in-one tunnel junction based on this 2D valley material,
which is divided into the left (L) and right (R) electrode
regions and the central (C) spacer region. The electrodes
are assumed to be n doped and the spacer p doped by
voltage applied from the top and bottom gates. The valleys
at the K and K̄ points in this 2D material are described by
the Dirac Hamiltonian [48]

Hη;iðqÞ ¼ ημ1σ1qX þ μ2σ2qY þ ημtσ0qY þ Vi: ð1Þ

Here, index i denotes the left (i ¼ L) or right (i ¼ R)
electrodes or the spacer (i ¼ C). The Cartesian coordinate
system X-Y is used, where the X (Y) axis is perpendicular

(parallel) to the tilt direction, η ¼ 1 (−1) denotes the
K- (K̄-) valleys, q ¼ ðqX; qYÞ is the wave vector with
respect to K or K̄, σ1 and σ2 are the Pauli matrices, σ0 is
the identity matrix, parameters μ1, μ2, and μt control the
anisotropy and the tilt of the Dirac cone, and Vi are the
potential associated with the doping effect.
In the absence of gate voltage (Vi ¼ 0), the Dirac points

are located at the Fermi level, EF ¼ 0, for all regions in the
junction. In the presence of gate voltage, the Dirac point in
region i is shifted to EF þ Vi due to the doping effect
produced by the gate voltage. When μ1 ¼ μ2 and μt ¼ 0,
the Dirac cone is not tilted, resulting in the isotropic Dirac
fermions, as in graphene [49]. The associated Fermi surface
is a circle centered at qX ¼ qY ¼ 0. It changes size but
does not shift upon doping [Fig. 1(a)]. When μt ≠ 0, the
Dirac cone is tilted along the Y direction, resulting in type-I
tilted Dirac fermions. The associated Fermi surface is an
ellipse centered at q ¼ ð0; ηqdÞ. It changes size and
shifts along the Y direction upon doping, with the shift
qd having opposite sign for n and p doping [Fig. 1(b)].
The type-I tilted Dirac fermions have been discussed for
many 2D materials such as strained graphene [48],
α-ðBEDT-TTFÞ2I3 [50], 8-Pmmn borophene [51,52], and
monolayer 1T 0-MX2 (M ¼ Mo, W, X ¼ S, Se, Te) [53].
There can be also type-II Dirac fermions induced by strong
tilting (e.g., [54]), which are not considered in this work
since they cannot represent valleys as the Dirac points are
not at the band extrema.
The longitudinal conductance is given by [55]

σxx ¼
σ0

ð2πÞ2
Z �

TK
qy þ TK̄

qy

�
dqy; ð2Þ

where x (y) is the longitudinal (transverse) transport
direction, Tη

qy is transmission for valley η at the transverse
wave vector qy, and σ0 ¼ 2e2=ℏ. Hall conductance σyx
and valley Hall conductance σVyx in the right electrode are
given by [56–61]

σyx ¼ σKyx þ σK̄yx; σVyx ¼ σKyx − σK̄yx; ð3Þ

where σηyx is the conductance associated with the valley-
dependent transverse current Jηy

σηyx ¼ σ0
ð2πÞ2

Z
ζη;→qy Tη

qydqy; ð4Þ

where ζη;→qy ¼ ðvη;→y;qy=vη;→x;qyÞ. Here vη;→r;qy denotes the longi-
tudinal (r ¼ x) and transverse (r ¼ y) band velocities of
the right-going (→) states in the electrode. The Hall angle
Θ ¼ σyx=σxx and valley Hall angle ΘV ¼ σVyx=σxx can be
then defined to estimate the strengths of these effects. We
set EF ¼ 0 and assume that the left and the right electrodes
are n doped with VL ¼ VR ¼ −V0, and the central region is
p doped with VC ¼ V0. In the ballistic transport regime

2D Valley material

(a)

(c)

(d)

(b)

FIG. 1. (a),(b) Schematic electronic structure of a 2D material
with a valley arising an untilted [(a), left)] and tilted [(b), left)]
Dirac cone at the K point with respective Fermi surfaces of
untilted [(a), right)] and tilted [(b), right)] Dirac fermions upon
doping. (c) A schematic of the all-in-one tunnel junction
representing left and right electrode regions separated by central
spacer region. Top and bottom gates control doping in the
electrodes and the spacer. A valley-neutral current Jx generates
TVHE in the right electrode. (d),(e) The origin of the TVHE. For
untitled Dirac cone valleys, the transverse electron velocities vy at
K and K̄ are perfectly balanced, prohibiting the TVHE (d). For
tilted Dirac cone valleys, electrons with negative (positive)
transverse velocities vy at K (K̄) are largely filtered out, leading
to a sizable TVHE and the associated transverse valley Hall
current JVH in the right electrode.
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with negligible intervalley scattering and conserved wave
vector [62–64], and Tη

qy is determined by matching the
Fermi surfaces in the electrodes and the spacer. When
the tilt direction Y is perpendicular to the longitudinal
transport direction [Fig. 1(b)], the Fermi surface of
valley η is symmetric with respect to qy ¼ ηqd, resulting
in vη;→x;qy ¼ vη;→x;q0y and vη;→y;qy ¼ −vη;→y;q0y , where q0y ¼ 2ηqd − qy.

This leads to ζη;→qy ¼ −ζη;→q0y . Therefore, the distribution of

Tη
qy determines σηyx.
In the absence of tilting, the valley Fermi surfaces are

perfectly circular with different sizes in the electrode
and spacer regions due to different doping, as shown in
Figs. 1(a) and 1(d). Since the origin of these Fermi surfaces
does not change with doping (qd ¼ 0), the tunneling barrier
height for Dirac fermions is momentum and valley inde-
pendent, resulting in TK

qy ¼ TK−qy ¼ TK̄
qy ¼ TK̄−qy . Therefore,

the transmitted Dirac fermions have zero net transverse
velocities, for both total current Jx and valley-dependent
current Jηx, resulting in zero Hall and valley Hall con-
ductances [Fig. 1(d)].
In contrast, in the presence of tilting, the Fermi surfaces

of Dirac fermions are shifted and elongated along the y (Y)
direction, as shown in Figs. 1(b) and 1(e). Since the
displacement of the Fermi surfaces in the electrodes and
the spacer are opposite in sign due to reverse (n and p)
doping, the tunneling barrier height is momentum depen-
dent, resulting in momentum filtering that creates disba-
lance between the tunneling Dirac fermions at qy and q0y
at each valley, leading to Tη

qy ≠ Tη
q0y

and hence the finite

valley-dependent transverse current Jηy. However, for
tilting along the y (Y) direction, each valley is symmetric
with respect to qx ¼ 0 and hence vη;→x;qy ¼ −vη;←x;qy and
vη;→y;qy ¼ vη;←y;qy , where ← denotes the left-going state. In
addition, the two valleys are connected by T̂ symmetry

so that vK;→x;qy ¼ −vK̄;←x;−qy , vK;→y;qy ¼ −vK̄;←y;−qy and hence

ζK;→qy ¼ −ζK̄;→−qy . T̂ symmetry also enforces TK
qy ¼ TK̄−qy

and thus σKyx ¼ −σK̄yx, resulting in the valley-dependent

transverse currents opposite in sign, JKy ¼ −JK̄y . Therefore,
a nonzero valley Hall current JVH ¼ JKy − JK̄y ¼ 2JKy is
expected with the valley Hall conductance given by

σVyx ¼
2σ0
ð2πÞ2

Z
ζK;→qy TK

qydqy: ð5Þ

Because of ζη;→qy ¼ −ζη;→q0y , a nonzero σVyx occurs if

TK
qy ≠ TK

q0y
, which is expected for a tilted Dirac cone.

Next, we quantitatively demonstrate TVHE by perform-
ing quantum-transport calculations for a realistic tunnel
junction. We first consider μ1 ¼ μ2 ¼ μF ¼ 106 m=s
and μt ¼ 0, corresponding to isotropic Dirac fermions in
graphene [49], and assume central region widthw ¼ 10 nm

and low doping of V0 ¼ 0.05 eV. As expected, we find that
TK
qy is symmetric with respect to qy ¼ 0 [Fig. 2(a) for

μt ¼ 0], leading to vanishing σyx and σVyx. For nonzero μt,
transmission TK

qy becomes asymmetric with respect to qy
[Fig. 2(a) for μt > 0], which implies TK

qy ≠ TK
q0y

giving rise

to a finite σVyx [Fig. 2(b)]. For a weak tilting of μt ¼ 0.2 μF,
we obtain a sizable valley Hall angleΘV ¼ 0.15. ΘV can be
further enhanced by increasing μt [Fig. 2(b)].
For high doping of V0 ¼ 0.5 eV, we find a much larger

ΘV . This is expected as the increase of V0 shifts the Fermi
surfaces stronger upon doping and thus enhances momen-
tum filtering asymmetry between qy and q0y at each valley
and thus JKy and JVH ¼ 2JKy [Fig. 1(e)]. Interestingly, we
find that the ΘV-versus-μt curve exhibits anomalous peaks
[Fig. 2(b)]. Such peaks originate from resonant tunneling
due to the matching of the spacer width w and the
longitudinal electronic wavelength λx in the spacer region,
such that w ¼ 0.5nλx, where n is an integer, λx ¼ 2π=qx,

and qx ¼ ð1=μ1Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEF − VC − μtqyÞ2 − μ22q

2
y

q
[65].

The emergence of resonant tunneling implies a possibil-
ity to realize a strong VHE with a low doping and moderate
tilting. Here, we consider parameters μ1 ¼ 0.86 μF,
μ2 ¼ 0.69 μF, and μt ¼ 0.32 μF corresponding to 2D
valley material 8-Pmmn borophene [52], and calculate
TK
qy and ΘV as functions of w. For a low doping of

V0 ¼ 0.05 eV, we find that the distribution of TK
qy exhibits

a “fishbone” pattern [Fig. 2(c)], which has typical
peaks reflecting the resonant tunneling. For example,
for qy ¼ 0.05 nm−1, the resonant enhancements occur at
w ¼ 0.5nλx ≈ 32n nm, as can be seen from Fig. 2(c). As a
result, a large ΘV ≈ 0.75 is predicted for certain widths of
the spacer layer w [Fig. 2(d)].
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FIG. 2. (a),(b) Transmission TK
qy for valley K as a function of qy

(a) and valley Hall angle ΘV as a function μt (b) for w ¼ 10 nm.
(c),(d) Transmission TK

qy (c) and ΘV valley Hall angle (d) as
functions of w. The parameters used in the calculations are
indicated.
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We further consider a more general case where the tilting
Y direction has an angle ϕ away from the transverse y
direction [inset in Fig. 3(a)], using the parameters for
8-Pmmn borophene [52]. Experimentally, the angle ϕ can
be controlled by changing the direction of the longitudinal
current. We choose the central region widths w such that
they do not support resonant tunneling and calculate Hall
conductance σyx as a function of ϕ for different V0. For
ϕ ≠ 0.5nπ (n is an integer), we find that the symmetry
constraint σKyx ¼ −σK̄yx is absent, resulting in a finite σyx
even for a uniform system [w ¼ 0, Fig. 3(a)]. This is due to
the fact that at μ1 ≠ μ2, σxxðϕ ¼ 0Þ ≠ σxxðϕ ¼ 0.5πÞ
resulting in σyxðϕÞ ¼ ½σxxð0.5πÞ − σxxð0Þ� sinϕ cosϕ.
When w is large, resonant tunneling appears and leads
to peaks in σyx [Fig. 3(b)]. Interestingly, although w and V0

strongly influence the σyx-ϕ curve, the calculated Hall

angles Θ are the same for different w and V0, and the
features of resonant tunneling are not revealed in Θ
[Fig. 3(c)]. On the contrary, the valley Hall conductance
σVyx arises only at nonzero w and ϕ ≠ 0.5 mπ (m is an odd
number) [Figs. 3(d) and 3(e)] and increases with increasing
V0. For a small w, the σVyx-ϕ curves are smooth [Fig. 3(d)],
while for a large w, pronounced peaks associated with
resonant tunneling emerge [Fig. 3(e)]. These peaks also
appear in the ΘV-ϕ curves [Fig. 3(f)]. Therefore, transport
direction can also be used to control resonant tunneling for
enhancing ΘV . This is different from that in the ordinary
Hall effect (OHE) and the AHE in bulk materials, where the
Hall current is usually independent of the current direction,
but is similar to that in the in-plane AHE discovered
recently, where the Hall current is strongly dependent on
the relative direction of the longitudinal current and an in-
plane magnetic field [66,67].

The different behaviors of Θ and ΘV shown in Figs. 3(c)
and 3(f) can be understood from a simple analytic deriva-
tion. Since the two valleys are connected by T̂ symmetry,

we have T qy ≡ TK
qy ¼ TK̄−qy and vK;→r;qy ¼ −vK̄;←r;−qy (where

← denotes the left-going state). The latter results in

ζK;→qy ¼ ζK̄;←−qy . We can then define ϑ� ¼ ζK;→qy � ζK;←qy and
rewrite Eq. (3) as follows:

σyx ¼
σ0

ð2πÞ2
Z

T qyϑþdqy;

σVyx ¼
σ0

ð2πÞ2
Z

T qyϑ−dqy: ð6Þ

Introducing parameters γ1¼μ2=μ1 and γ2¼μt=μ1 to reflect
the anisotropy and tilting, respectively, we obtain [68]

ϑþ ¼ 2 sinϕ cosϕðγ21 − γ22 − 1Þ
cos2ϕþ ðγ21 − γ22Þsin2ϕ

;

ϑ− ¼ ðγ2V0μ1 cosϕþ ðγ21 − γ22Þqyμ21Þðq←x − q→x Þ
ðγ21 − γ22Þq2yμ21 þ 2γ2V0μ1ðcosϕþ 1Þ − ðcos2ϕþ γ21sin

2ϕÞV2
0

: ð7Þ

It is seen that ϑþ is a function of γ1, γ2, ϕ and does not
depend on w, V0, and qy. As a result, the Hall angle takes a
universal form

Θ≡ σyx
σxx

¼ sinϕ cosϕðγ21 − γ22 − 1Þ
cos2ϕþ ðγ21 − γ22Þsin2ϕ

; ð8Þ

consistent with our numerical result in Fig. 2(c). On the
other hand, ϑ− is dependent on V0 and qy. This leads to ΘV

being dependent on w and V0, as shown in Fig. 3(f).

The predicted TVHE is related to the previously pro-
posed tunneling anomalous and spin Hall effects [56–61].
Both effects are associated with the momentum filtering.
However, the origins of the momentum filtering for these
effects are different. The tunneling anomalous and spin
Hall effects occur due to the symmetry mismatch in a
magnetic electrode, where T̂ symmetry is broken, and a
nonmagnetic barrier layer with strong spin-orbit coupling,
where T̂ symmetry is preserved [56–61]. On the contrary,
for the TVHE, the momentum filtering is due to the
mismatch of the Fermi surfaces of the tilted Dirac fermions

V0 = 0.05 eV
V0 = 0.1 eV

w = 0

w = 1 nm

V0 = 0.05 eV
V0 = 0.1 eV

w = 200 nm

V0 = 0.05 eV
V0 = 0.1 eV

w = 200 nm

V0 = 0.05 eV
V0 = 0.1 eV

(a) (b) (c)

(d) (e) (f)

y
Y

x
X

ϕ

FIG. 3. (a),(b) Hall conductance σyx as a function of angle ϕ for
w ¼ 0 (a) and 200 nm (b) for V0 ¼ 0.05 and 0.1 eV. (c) Hall angle
Θ as a function of ϕ for the parameters as in (a) and (b). (d),
(e) Valley Hall conductance σVyx as a function of ϕ for w ¼ 1 nm
(d) and 200 nm (e). (f) Valley Hall angle ΘV as a function of ϕ for
the parameters as in (d) and (e).
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in the electrode and spacer regions resulting from reverse.
The symmetry remains the same for all regions of such a
tunnel junction, and hence the junction can be constructed
using a single 2D material (Fig. 1), where the doping, the
spacer width, and the transport direction can be conven-
iently controlled.
The proposed TVHE has significant advantages over the

intrinsic VHE driven by the Berry curvature mechanism.
First, the intrinsic VHE occurs only in materials with
broken P̂ T̂ symmetry. The proposed TVHE, on the other
hand, does not have these restrictions, and thus can emerge
even in centrosymmetric nonmagnets or spin-degenerate
antiferromagnets with preserved P̂ T̂ symmetry. Second,
the strong intrinsic VHE normally requires EF to be close
to the Weyl points or at the band edge with not too large
spin splitting [62,63,75], while the proposed TVHE exhib-
its a giant valley Hall angle that can be further optimized by
engineering the parameters of the junction such as Dirac
cone tilting, doping, spacer width, and transport direction.
The TVHE is expected to occur not only for the reversly

doped electrodes and spacer (VL ¼ VR ¼ −VC), as was
assumed above, but for any modulated doping along the
junction. As long as VL ¼ VR ≠ VC, a nonvanishing trans-
verse valley current emerges and produces the TVHE.
We note here that although we consider a tunnel junction
with the abrupt potential changes at the interfaces,
our conclusions are also valid for the potential smoothly
changing across the interfaces, as discussed in Supplemental
Material [68]. The presence of regions with inhomogeneous
doping and tiltingmay produce stronger intervalley scattering
that is expected to affect the predicted TVHE, which is worth
investigating in future.
Finally, the proposed TVHE device can be made

nonvolatile. In a heterostructure where the 2D valley
material is placed on top of a ferroelectric insulator,
different doping of the electrodes and the spacer layer
can be induced by polarization charges of oppositely
polarized ferroelectric domains, and the TVHE can be
controlled by ferroelectric switching.
In conclusion, we have predicted a TVHE driven by the

tilted Dirac fermions in an all-in-one tunnel junction based
on a 2D valley material. Different doping of the electrodes
and the spacer layer in this tunnel junction results in tilting-
dependent momentum filtering of the tunneling Dirac
fermions, generating a strong TVHE with a giant valley
Hall angle. Resonant tunneling is predicted to occur in the
tunnel junction with properly engineered device parameters,
such as the spacer width and transport direction, providing
significant enhancement of the valley Hall angle. Our work
opens a new approach to generate valley polarization in
realistic valleytronic systems.

We thank Professor Hua Jiang for helpful discussions.
This work was supported by the National Key R&D
Program of China (Grant No. 2021YFA1600200), the

National Natural Science Foundation of China (Grants
No. 12174019, No. 12274411, No. 12241405,
No. 52250418, and No. U2230402), the Basic Research
Program of the Chinese Academy of Sciences Based on
Major Scientific Infrastructures (Grant No. JZHKYPT-
2021-08), and the CAS Project for Young Scientists in
Basic Research (Grant No. YSBR-084). E. Y. T. acknowl-
edges support from the EPSCoR RII Track-1 (NSF Award
OIA-2044049) program. The authors acknowledge the
computational support from the Beijing Computational
Science Research Center (CSRC) and Hefei Advanced
Computing Center. The figures were created using the
SciDraw scientific figure preparation system [76].

*shuhuizhang@mail.buct.edu.cn
†dfshao@issp.ac.cn
‡wenyang@csrc.ac.cn
§tsymbal@unl.edu

[1] A. Rycerz, J. Tworzydło, and C. W. J. Beenakker,
Valley filter and valley valve in graphene, Nat. Phys. 3,
172 (2007).

[2] D. Xiao, W. Yao, and Q. Niu, Valley-contrasting physics in
graphene: Magnetic moment and topological transport,
Phys. Rev. Lett. 99, 236809 (2007).

[3] I. Martin, Y. M. Blanter, and A. F. Morpurgo, Topological
confinement in bilayer graphene, Phys. Rev. Lett. 100,
036804 (2008).

[4] J. L. Garcia-Pomar, A. Cortijo, and M. Nieto-Vesperinas,
Fully valley-polarized electron beams in graphene, Phys.
Rev. Lett. 100, 236801 (2008).

[5] Z. Wu, F. Zhai, F. M. Peeters, H. Q. Xu, and K. Chang,
Valley-dependent Brewster angles and Goos-Hänchen effect
in strained graphene, Phys. Rev. Lett. 106, 176802 (2011).

[6] D. Xiao, G.-B. Liu, W. Feng, X. Xu, and W. Yao, Coupled
spin and valley physics in monolayers of MoS2 and other
group-VI dichalcogenides, Phys. Rev. Lett. 108, 196802
(2012).

[7] Y. Jiang, T. Low, K. Chang, M. I. Katsnelson, and F. Guinea,
Generation of pure bulk valley current in graphene, Phys.
Rev. Lett. 110, 046601 (2013).

[8] R. V. Gorbachev, J. C. W. Song, G. L. Yu, A. V. Kretinin, F.
Withers, Y. Cao, A. Mishchenko, I. V. Grigorieva, K. S.
Novoselov, L. S. Levitov, and A. K. Geim, Detecting topo-
logical currents in graphene superlattices, Science 346, 448
(2014).

[9] Y. Shimazaki, M. Yamamoto, I. V. Borzenets, K. Watanabe,
T. Taniguchi, and S. Tarucha, Generation and detection of
pure valley current by electrically induced Berry curvature
in bilayer graphene, Nat. Phys. 11, 1032 (2015).

[10] M. Sui, G. Chen, L. Ma, W.-Y. Shan, D. Tian, K. Watanabe,
T. Taniguchi, X. Jin, W. Yao, D. Xiao, and Y. Zhang, Gate-
tunable topological valley transport in bilayer graphene,
Nat. Phys. 11, 1027 (2015).

[11] K. F. Mak, K. L. McGill, J. Park, and P. L. McEuen, The
valley Hall effect in MoS2 transistors, Science 344, 1489
(2014).

PHYSICAL REVIEW LETTERS 131, 246301 (2023)

246301-5

https://doi.org/10.1038/nphys547
https://doi.org/10.1038/nphys547
https://doi.org/10.1103/PhysRevLett.99.236809
https://doi.org/10.1103/PhysRevLett.100.036804
https://doi.org/10.1103/PhysRevLett.100.036804
https://doi.org/10.1103/PhysRevLett.100.236801
https://doi.org/10.1103/PhysRevLett.100.236801
https://doi.org/10.1103/PhysRevLett.106.176802
https://doi.org/10.1103/PhysRevLett.108.196802
https://doi.org/10.1103/PhysRevLett.108.196802
https://doi.org/10.1103/PhysRevLett.110.046601
https://doi.org/10.1103/PhysRevLett.110.046601
https://doi.org/10.1126/science.1254966
https://doi.org/10.1126/science.1254966
https://doi.org/10.1038/nphys3551
https://doi.org/10.1038/nphys3485
https://doi.org/10.1126/science.1250140
https://doi.org/10.1126/science.1250140


[12] J. Lee, K. F. Mak, and J. Shan, Electrical control of the
valley Hall effect in bilayer MoS2 transistors, Nat. Nano-
technol. 11, 421 (2016).

[13] H. Pan, Z. Li, C.-C. Liu, G. Zhu, Z. Qiao, and Y. Yao,
Valley-polarized quantum anomalous Hall effect in silicene,
Phys. Rev. Lett. 112, 106802 (2014).

[14] H. Yu, Y. Wu, G.-B. Liu, X. Xu, and W. Yao, Nonlinear
valley and spin currents from Fermi pocket anisotropy in 2D
crystals, Phys. Rev. Lett. 113, 156603 (2014).

[15] M. Settnes, S. R. Power, M. Brandbyge, and A.-P. Jauho,
Graphene nanobubbles as valley filters and beam splitters,
Phys. Rev. Lett. 117, 276801 (2016).

[16] X.-T. An, J. Xiao, M.W.-Y. Tu, H. Yu, V. I. Fal’ko, and W.
Yao, Realization of valley and spin pumps by scattering at
nonmagnetic disorders, Phys. Rev. Lett. 118, 096602
(2017).

[17] J. Zhou, Q. Sun, and P. Jena, Valley-polarized quantum
anomalous Hall effect in ferrimagnetic honeycomb lattices,
Phys. Rev. Lett. 119, 046403 (2017).

[18] C. Hu, V. Michaud-Rioux, W. Yao, and H. Guo, Moiré
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Tilted anisotropic Dirac cones in quinoid-type graphene and
α − ðBEDT-TTFÞ2I3, Phys. Rev. B 78, 045415 (2008).

[49] A. H. Castro Neto, F. Guinea, N. M. R. Peres, K. S.
Novoselov, and A. K. Geim, The electronic properties of
graphene, Rev. Mod. Phys. 81, 109 (2009).

[50] S. Katayama, A. Kobayashi, and Y. Suzumura, Pressure-
induced zero-gap semiconducting state in organic conductor
α − ðBEDT-TTFÞ2I3 salt, J. Phys. Soc. Jpn. 75, 054705
(2006).

[51] X.-F. Zhou, X. Dong, A. R. Oganov, Q. Zhu, Y. Tian, and
H.-T. Wang, Semimetallic two-dimensional boron allotrope
with massless Dirac fermions, Phys. Rev. Lett. 112, 085502
(2014).

[52] A. D. Zabolotskiy and Y. E. Lozovik, Strain-induced pseu-
domagnetic field in the Dirac semimetal borophene, Phys.
Rev. B 94, 165403 (2016).

[53] X. Qian, J. Liu, L. Fu, and J. Li, Quantum spin Hall effect in
two-dimensional transition metal dichalcogenides, Science
346, 1344 (2014).

[54] L. L. Tao and E. Y. Tsymbal, Two-dimensional type-II Dirac
fermions in a LaAlO3=LaNiO3=LaAlO3 quantum well,
Phys. Rev. B 98, 121102 (2018).

[55] S. Datta, Electronic Transport in Mesoscopic Systems
(Cambridge University Press, Cambridge, England, 1995).

[56] A. Vedyayev, N. Ryzhanova, N. Strelkov, and B. Dieny,
Spontaneous anomalous and spin Hall Effects due to spin-
orbit scattering of evanescent wave functions in magnetic
tunnel junctions, Phys. Rev. Lett. 110, 247204 (2013).

[57] A. V. Vedyayev, M. S. Titova, N. V. Ryzhanova, M. Y.
Zhuravlev, and E. Y. Tsymbal, Anomalous and spin Hall
effects in a magnetic tunnel junction with Rashba spin-orbit
coupling, Appl. Phys. Lett. 103, 032406 (2013).

[58] A. Matos-Abiague and J. Fabian, Tunneling anomalous and
spin Hall effects, Phys. Rev. Lett. 115, 056602 (2015).

[59] M. Y. Zhuravlev, A. Alexandrov, L. L. Tao, and E. Y.
Tsymbal, Tunneling anomalous Hall effect in a ferroelectric
tunnel junction, Appl. Phys. Lett. 113, 172405 (2018).

[60] B. Scharf, A. Matos-Abiague, J. E. Han, E. M. Hankiewicz,
and I. Žutić, Tunneling planar Hall effect in topological
insulators: Spin valves and amplifiers, Phys. Rev. Lett. 117,
166806 (2016).

[61] D.-F. Shao, S.-H. Zhang, R.-C. Xiao, Z.-A. Wang, W. J. Lu,
Y. P. Sun, and E. Y. Tsymbal, Spin-neutral tunneling anoma-
lous Hall effect, Phys. Rev. B 106, L180404 (2022).

[62] Z.Wu, B. T. Zhou, X. Cai, P. Cheung, G.-B. Liu,M. Huang, J.
Lin, T. Han, L. An, Y. Wang, S. Xu, G. Long, C. Cheng, K. T.
Law, F. Zhang, and N.Wang, Intrinsic valley Hall transport in
atomically thin MoS2, Nat. Commun. 10, 611 (2019).

[63] J. Chen, Y. Zhou, J. Yan, J. Liu, L. Xu, J. Wang, T. Wan, Y.
He, W. Zhang, and Y. Chai, Room-temperature valley
transistors for low-power neuromorphic computing, Nat.
Commun. 13, 7758 (2022).

[64] The intervalley scattering is ignored in the calculation, since
the typical scale of this scattering in 2D valley materials lies
in the micrometer range which is well beyond the width of
the central region in the considered tunnel junction, as
shown in Refs. [62,63].

[65] S.-B. Zhang, C.-A. Li, F. Peña-Benitez, P. Surówka, R.
Moessner, L. W. Molenkamp, and B. Trauzettel, Super-
resonant transport of topological surface states subjected to
in-plane magnetic fields, Phys. Rev. Lett. 127, 076601
(2021).

[66] J. Zhou et al., Heterodimensional superlattice with in-plane
anomalous Hall effect, Nature (London) 609, 46 (2022).

[67] This is because the “driving force” of the OHE and AHE,
i.e., a magnetic field or a net magnetization, is usually out-
of-plane and always perpendicular to the longitudinal
current. On the contrary, the TVHE proposed here is driven
by the Dirac cone tilting along the in-plane direction, and
hence the relative direction of the current and tilting axis
strongly influences ΘV .

[68] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.131.246301 for the
detailed analytical derivations of the transmission proba-
bility, tunneling Hall effects, and the numerical calculations
for a tunneling junction with a smooth potential, where
Refs. [69–74] are cited.

[69] K. Sadhukhan and A. Agarwal, Anisotropic plasmons,
Friedel oscillations, and screening in 8 − Pmmn borophene,
Phys. Rev. B 96, 035410 (2017).

[70] S. F. Islam and A. M. Jayannavar, Signature of tilted Dirac
cones in Weiss oscillations of 8 − Pmmn borophene, Phys.
Rev. B 96, 235405 (2017).

[71] S.-H. Zhang and W. Yang, Oblique Klein tunneling in
8 − Pmmn borophene p − n junctions, Phys. Rev. B 97,
235440 (2018).

[72] Y.-F. Zhou, H. Jiang, X. C. Xie, and Q.-F. Sun, Two-
dimensional lattice model for the surface states of topo-
logical insulators, Phys. Rev. B 95, 245137 (2017).

[73] R. Logemann, K. J. A. Reijnders, T. Tudorovskiy, M. I.
Katsnelson, and S. Yuan, Modeling Klein tunneling and
caustics of electron waves in graphene, Phys. Rev. B 91,
045420 (2015).

[74] C. W. Groth, M. Wimmer, A. R. Akhmerov, and X. Waintal,
Kwant: A software package for quantum transport, New J.
Phys. 16, 063065 (2014).

[75] C. Jiang, A. Rasmita, H. Ma, Q. Tan, Z. Zhang, Z. Huang, S.
Lai, N. Wang, S. Liu, X. Liu, T. Yu, Q. Xiong, and W.-B.
Gao, A room-temperature gate-tunable bipolar valley Hall
effect in molybdenum disulfide/tungsten diselenide hetero-
structures, Nat. Electron. 5, 23 (2022).

[76] M. A. Caprio, LevelScheme: A level scheme drawing
and scientific figure preparation system for Mathematica,
Comput. Phys. Commun. 171, 107 (2005).

PHYSICAL REVIEW LETTERS 131, 246301 (2023)

246301-7

https://doi.org/10.1103/PhysRevLett.124.126802
https://doi.org/10.1103/PhysRevLett.124.126802
https://doi.org/10.1038/ncomms13612
https://doi.org/10.1038/s41467-021-23127-7
https://doi.org/10.1038/s41467-021-23127-7
https://doi.org/10.1103/PhysRevB.100.161110
https://doi.org/10.1103/PhysRevB.78.045415
https://doi.org/10.1103/RevModPhys.81.109
https://doi.org/10.1143/JPSJ.75.054705
https://doi.org/10.1143/JPSJ.75.054705
https://doi.org/10.1103/PhysRevLett.112.085502
https://doi.org/10.1103/PhysRevLett.112.085502
https://doi.org/10.1103/PhysRevB.94.165403
https://doi.org/10.1103/PhysRevB.94.165403
https://doi.org/10.1126/science.1256815
https://doi.org/10.1126/science.1256815
https://doi.org/10.1103/PhysRevB.98.121102
https://doi.org/10.1103/PhysRevLett.110.247204
https://doi.org/10.1063/1.4815866
https://doi.org/10.1103/PhysRevLett.115.056602
https://doi.org/10.1063/1.5051629
https://doi.org/10.1103/PhysRevLett.117.166806
https://doi.org/10.1103/PhysRevLett.117.166806
https://doi.org/10.1103/PhysRevB.106.L180404
https://doi.org/10.1038/s41467-019-08629-9
https://doi.org/10.1038/s41467-022-35396-x
https://doi.org/10.1038/s41467-022-35396-x
https://doi.org/10.1103/PhysRevLett.127.076601
https://doi.org/10.1103/PhysRevLett.127.076601
https://doi.org/10.1038/s41586-022-05031-2
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.246301
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.246301
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.246301
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.246301
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.246301
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.246301
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.246301
https://doi.org/10.1103/PhysRevB.96.035410
https://doi.org/10.1103/PhysRevB.96.235405
https://doi.org/10.1103/PhysRevB.96.235405
https://doi.org/10.1103/PhysRevB.97.235440
https://doi.org/10.1103/PhysRevB.97.235440
https://doi.org/10.1103/PhysRevB.95.245137
https://doi.org/10.1103/PhysRevB.91.045420
https://doi.org/10.1103/PhysRevB.91.045420
https://doi.org/10.1088/1367-2630/16/6/063065
https://doi.org/10.1088/1367-2630/16/6/063065
https://doi.org/10.1038/s41928-021-00686-7
https://doi.org/10.1016/j.cpc.2005.04.010

