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Ising magnetoresistance induced by Ising spin-orbit coupling
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Ising (Zeeman-type) spin-orbit coupling (SOC) generated by in-plane inverse asymmetry has attracted
considerable attention, especially in Ising superconductors and spin-valley coupling physics. However, many
unconventional observations and emerging physical phenomena remain to be elucidated in low-symmetry two-
dimensional materials. Here, we theoretically study the spin texture of σz (spin angular momentum projection
along z) induced by Ising SOC in monolayer 1Td WTe2. We predict Ising magnetoresistance (MR), whose
resistance depends on the out-of-plane magnetic moment in the monolayer WTe2/ferromagnetic heterostructure.
The Ising MR is believed to be an interesting counterpart to the well-studied spin Hall magnetoresistance. In
addition, the unconventional charge-to-spin (named the Ising effect) and spin-to-charge conversion (named the
inverse Ising effect) also contribute to the Ising MR. The recently observed “unconventional” spin-to-charge
conversion can be well explained by the inverse Ising effect.
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I. INTRODUCTION

Spin-orbit coupling (SOC) plays a key role in many emerg-
ing physical phenomena, such as Majorana zero-energy mode
and Weyl nodes [1–6]. Also, spin Hall effect, spin-orbit
torque, and many other magnetoresistances (MRs) are also
induced by SOC [7–10]. In addition, Ising (Zeeman-type)
SOC, which is generated by in-plane (IP) inversion asymme-
try of two-dimensional (2D) materials [11,12], has attracted
much attention, especially in Ising superconductors and spin-
valley coupling on collective quantum phenomena [13–18].
In transition metal dichalcogenides (TMDs), particularly 1Td

WTe2, detailed physical exploration on Ising SOC has been
dramatically motivated by recent discoveries of nonlinear Hall
effect, out-of-plane dampinglike torque, and unconventional
spin-charge conversion [19–27].

Different types of MR induced by SOC are useful tools
to explore the material’s physical properties for spintronic
applications [28]. Among them, spin Hall magnetoresistance
(SMR) is an excellent platform to reveal the mechanisms of
spin-orbit torque in heavy metal/ferromagnet bilayers [9,29–
31]. Also, Rashba-Edelstein MR induced by Rashba SOC was
observed in Bi/Ag/CoFeB and 2D/ferromagnet heterostruc-
tures [32–35]. SMR and Rashba-Edelstein MR have similar
performances, which are therefore hardly distinguished exper-
imentally. As for Ising SOC, the spin polarization direction,
charge current, and spin current are not orthogonal to each
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other in the processes of spin-charge conversion. Therefore,
the MR induced by Ising SOC is expected to provide a differ-
ent platform to study spin and orbit related phenomena.

In this study, according to the symmetry analysis and first
principles calculation, the distribution of σz in the band struc-
ture is well described. Based on this, we predict a type of
MR, namely Ising MR, whose properties are different from
that of SMR, i.e., when the magnetic moment (M) of ferro-
magnet points to out of plane (OOP), the resistances are at the
high and low states for SMR and Ising MR, respectively. In
addition, the recently observed unconventional spin-to-charge
conversion can be well explained by the named inverse Ising
effect, which is the key physical mechanism of Ising MR.

II. RESULTS AND DISCUSSION

For monolayer 1Td WTe2, the double rotating symmetry
C2a is broken due to the slight distortion of W-Te bonding
[Fig. 1(a)] [36,37]. The Hamiltonian of SOC can be written
as HSOC ∝ (σ̂ × p̂) · (−∇V ), where σ̂, p̂, and V represent
the Pauli vector, momentum, and potential, respectively. In
Cartesian coordinates, it can be written as

HSOC = a(kyσ̂x − kxσ̂y) +
(

bkx − c

h̄
ky

)
σ̂z, (1)

where a, b, and c are the strength of SOC with the asymmetry
direction along the z , y , and x axes, respectively; k is the
wave vector.

From the crystal symmetry aspect, the symmetric opera-
tions acting on the HSOC is located at kuσν (u and ν represent x,
y, and z). In the case of 2D materials, the kz can be neglected.
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FIG. 1. (a) The top and side views of the crystal lattice 1Td WTe2. (b),(c) The spin texture of the Rashba SOC (b) and Ising SOC (c). (d)
3D band structure and spin texture of the 1Td WTe2 in the first Brillouin zone; the colors represent the energy values, and the arrow length
and direction represent projected spin values (Sz) and spin directions. (e),(f) The band structure with σz distribution along ka (kb = 0) and kb

(ka = 0) axes extracted from (d); the black line S1 and red dashed line S2 represent the spin splitting band structures due to SOC.

These operations acting on the k and �σ can be expresed as

T (kx, ky, kz ) (−kx,−ky,−kz ) and T (σx, σy, σz ) (−σx,−σy,−σz ), (2)

Ma(kx, ky, kz ) (−kx, ky, kz ) and Ma(σx, σy, σz ) (σx,−σy,−σz ), (3)

C2a(kx, ky, kz ) (kx,−ky,−kz ) and C2a(σx, σy, σz ) (σx,−σy,−σz ). (4)

All the kuσν operated by time-reversal symmetry (T ) will keep invariant. With mirror symmetry (Ma), the kxσy, kxσz, and
kyσx are unchanged. For C2a operation, kxσx, kyσy, and kyσz satisfy invariance. There are no common invariants about kuσν , thus,
no SOC would appear. However, when C2a is broken, the kxσy, kxσz, and kyσx are the common invariants. Therefore, the HSOC of
the 1Td WTe2 can be written as

HSOC = a

h̄
(σ̂ × p̂) · ẑ + b

h̄
(σ̂ × p̂) · ŷ (5)

To simplify our model and reflect the main physics, we use the effective Hamiltonian to describe the 1Td WTe2:

H =
(

p̂2

2m

)
+ a(kyσ̂x − kxσ̂y) + b

h̄
kxσ̂z. (6)
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After solving it, we obtain the expression of Rashba-SOC and Ising-SOC spin texture equations,

+|σx|+ = aky√
b2k2

x + a2
(
k2

x + k2
y

) , −|σx|− = −aky√
b2k2

x + a2
(
k2

x + k2
y

)

〈+|σy|+〉 = −akx√
b2k2

x + a2
(
k2

x + k2
y

) , 〈−|σy|−〉 = akx√
b2k2

x + a2
(
k2

x + k2
y

) , (7)

〈+|σz|+〉 = bkx√
b2k2

x + a2
(
k2

x + k2
y

) , 〈−|σz|−〉 = −bkx√
b2k2

x + a2
(
k2

x + k2
y

) , (8)

which are intuitively displayed in Figs. 1(b) and 1(c),
respectively.

To describe the distribution of σz in the �-centered first
Brillouin zone and obtain the parameters, we performed den-
sity functional theory (DFT) calculations. In this work, all
first-principles calculations were performed on JDFTX plane-
wave DFT software [38]. The plane-wave basis was with the
cutoff energy of 500 eV, and the generalized gradient approxi-
mation (GGA) [39] with Perdew-Burke-Ernzerhof (PBE) [40]
exchange-correlation functional was used to estimate the band
gap considering the SOC. Then, the Heyd-Scuseria-Ernzerhof
(HSE) method [41] was used to adjust the band gap according
to the previous works [36]. The monolayer 1Td WTe2 was
constructed in vacuum with a thickness of approximately
16 Å. After performing the structure optimizations and self-
consistent static state calculations, we performed with the
k-point meshes of 160 × 80 × 1 to obtain the band structure
and spin texture. The convergent standard was 10−8 eV/atom.
The three-dimensional (3D) band structure of 1Td WTe2 is
shown in Fig. 1(d) accompanying with spin projected Sz.
The length and direction of the grey arrows represent the
splitting band’s projecting values of Sz and spin directions,
and the standard length of |Sz| is h̄

2 . The color maps represent
the energy values of the conduction band and valence band.
Compared with the points (−ka, −kb), the σz of the points (ka,
kb) possess the opposite direction and the same |Sz| value,
which agree with the characteristic HSOC = b

h̄ p̂xσ̂z. To di-
rectly display the σz distribution along the k a (kb = 0) and k b

(ka = 0) axes, the band structures of these two axes are shown
in Figs. 1(e) and 1(f), respectively. There is σz distribution
along k a (kb = 0) axis, however, the distribution of σz along
the k b axis is almost Sz = 0. DFT results are consistent with
Fig. 1(c).

To obtain the SOC strength, we used the k · p model to fit
the band structure calculated by DFT. Previous works showed
that the k · p model could capture the main physical pictures
of the monolayer WTe2 and well describe the band structures
[36,42]. The k · p Hamiltonian for the monolayer 1Td WTe2

can be written as

Hkp = H0
kp + HSOC, (9)

where

H0
kp = A

(
k2

x + k2
y

)
τ0 + [

B
(
k2

x + k2
y

) + δ
]
τz + hkyτy (10)

represents the spinless part of the Hamiltonian and τi (i = x,
y, z) is the Pauli matrices in orbital space.

A and B are related to the effective masses of the valence
and conduction bands, and δ describes the degree of the
band inversion at the center of the first Brillouin zone. The h
represents the crystalline anisotropy in the x direction. Here,
we should consider the difference between Rashba-type SOC
in the x and y directions. Therefore, the Hamiltonian of the
SOC term for the monolayer 1Td WTe2 can be written as

HSOC = a1

h̄
p̂yσ̂xτx + a2

h̄
p̂xσ̂yτx + b

h̄
p̂xσ̂zτx. (11)

The total seven parameters would determine the valence and
conduction band structure of the monolayer 1Td WTe2. By
fitting the DFT calculation result as shown in Figs. 2(b) and

FIG. 2. (a) The zooming-in band structures calculated by DFT
at around of Q point; S1 and red dashed line S2 represent the spin-
splitting band structures due to SOC. (b) The fitted band structure
calculated by DFT using the k · p model at Q point. (c),(d) The band
structures calculated by DFT along kb direction and the fitted band
structure calculated by DFT using k · p model.
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FIG. 3. (a)–(c) The performance of the normalized Ising MR
ρNorm vs α, β, and γ with rotating M in three types of planes.

2(d), the SOC parameters a1, a2, and b are 0.072, 0.084, and
−0.121 eV, respectively. The sign of b is obtained according
to the spin textures. These values are close to that in Ref. [42].

Like the Rashba-Edelstein MR [43], we study the charge
and spin transport in WTe2/ferromagnetic insulator (FI) bilay-
ers considering Ising SOC. As shown in Fig. 3(a) top panel, d
is the thickness of monolayer WTe2, occupying z ∈ (−d, 0).
The Hamiltonian of this system can be written as

H =
(

p̂2

2m

)
+ HM + HV + b

h̄
(σ̂ × p̂) · ŷ, (12)

where HM = Jσ · M�(z) and HV = V+�(−z−d ) + V �(z)
are the exchange interaction of the FI and confining potential
of the monolayer 1Td WTe2 at the vacuum and FI interfaces.
� is the Heaviside unit step function. We treated V+ → +∞,
and the electrons in WTe2 can penetrate to the FI layer

depth t =
√

h̄2

2mV . Therefore, the effective thickness of the
free electrons is d ′ = d + t . The exchange interaction would
induce the penetration depth t spin-dependent ts = t (1− sJ

2V ),
where s = ±1 represents spin, and the spin-dependent effec-
tive thickness of the free electrons is ds = d + ts. We treated
HSOC as the perturbation term to H0 = ( p̂2

2m ) + HM + HV . The
eigenenergy and eigenstates of the H0 are

Ens
0 = Enq + sEnEj,

ψns
0 = ei�r·�k

√
2ds

sin[kns(z + ts)]| s〉 �M, (13)

where kns = nπ
ds

, kn = nπ
d ′ = nπ

d , and k are the quantized wave
vector due to the confined potential of HV and in-plane wave

vectors. En = h̄2k2
n

2m and Enq = h̄2k2

2m + En. We select M as the
spin quantum projection axis, and |s〉 �M is the spinor solving

�σ · �M|s〉 �M = s|s〉 �M . According to the perturbation theory, we
obtain the eigenenergy and eigenstates to the first correction:

Ens = Ens
0 − sbkF M · y × k

kF
,

ψns = ψns
0 − sbkF

2EnEj
σ̂s′s · y × k

kF
ψns′

0 , (14)

where σ̂s′s = 〈s′|�σ|s〉 �M and s′ = −s. We can calculate the
charge current in the presence of electric field in the x direc-
tion (Ex). According to the velocity operator v̂ = − i

h̄ [r̂, H ],
the average value of electrons velocity v(k) = 〈ψns|v̂|ψns〉
and the electric field-induced drift reflected by the distribu-
tion function g(k) = eτ

h̄ δ(Ens − EF ) ∂Ens

∂q · Ex, we calculate the

charge current density J = e�ns ∫ d2kg(k)v(k). The longitu-
dinal conductance can be written as

σxx = dσ0 + σ0
3b2

20

(
2 + M2

z

)
, (15)

where σ0 = e2k3
F τ

3π2m is the Drude conductance. Here, we name
the MR induced by the Ising SOC the Ising MR. According
to the b = −0.121 eV, the ratio of the Ising MR r = ρ⊥−ρ‖

ρ⊥ =
0.2% is comparable with that of SMR [44], where ρ⊥ and ρ‖
represent the resistivities when M is parallel and perpendicu-
lar to the z . The changes of ρNorm = ρxx−ρ⊥

ρ⊥−ρ‖ at three different

planes are shown in Fig. 3. According to Eq. (15), ρNorm can
be written as

ρNorm = 1
2 [cos (2θ ) − 1], (16)

where θ is the angle of the M with the sample plane. For
Figs. 3(a) and 3(b), θ is α and β. As for Fig. 3(c), the θ keeps
0 with the change of γ . The ρNorm thus remains 0.

In reality, the Ising SOC and Rashba SOC coexist in-
evitably, which influences the performance of RNorm. We
define the spin-orbit angle ϑ in Fig. 4, and the strengths of
Ising SOC and Rashba SOC can be written as a = γ cosϑ
and b = γ sinϑ , respectively [45]. The values of the ϑ rep-
resent the relative strength of Ising SOC and Rashba SOC. As
ϑ = 0◦, it means only Ising SOC exists. And ϑ = 90◦, only
Rashba SOC exists. The function of ρNorm can be refined as

ρNorm = 1
2 [cos (2β + 2ϑ ) − 1]. (17)

To display the change process of the MR with ϑ , we also
plot ρNorm − β curves of several ϑ values, which are dis-
played in Fig. 4 according to Eq. (17). The ϑ value of the
monolayer WTe2 calculated by DFT is approximately 57◦.
However, the angle values may vary due to the presence of
Rashba SOC and other complicated SOC [46,47]. In practice,
the value of the ϑ can be easily obtained from the ρNorm − β

curve experimentally. Therefore, the relative strength of Ising
SOC and Rashba SOC can be separated according to the ϑ .
In addition, to simplify our calculation, we assume that the
ferromagnetic layer is an insulator. Nevertheless, the presence
of metallic ferromagnetic material would not influence the
Ising MR when the M is rotated in the y - z plane.

When the M is rotated in the x - z plane, the change of
the ρNorm with α is shown in Fig. 5(b) as long as ϑ �= 90◦.
That is because the M is always orthogonal to the Rashba-
SOC component along y , as shown in Fig. 5(a). Then, the
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FIG. 4. The evolution of the ρNorm-β with spin-orbit angle
ϑ considering Ising SOC and Rashba SOC in 1Td WTe2/FM
heterostructure.

FIG. 5. (a) The spin component with external current applied
along x. (b),(c) The evolution of the normalized MR with spin-orbit
angle ϑ when the M rotation in the x-z and y-z planes. (d) The
schematic images of the geometric relation between the flow of
electrons and spin accumulation in Pt/FM heterostructure. (e) The
performance normalized SMR ρNorm vs α, β, and γ with rotating M
of the ferromagnetic layer in three types of planes shown on the right
side.

FIG. 6. (a) The spin texture of Ising SOC induced by the current
along the x-axis direction. (b) A one-dimensional band structure
sketch of the spin-galvanic current induced by Ising SOC. (c),(d)
The schematic images of the geometric relation between the flow
of electrons and spin accumulation in 1TdWTe2/FM heterostructure.

Rashba-Edelstein MR would always stay at zero, and there
would be Ising MR only. When the M is rotated in the x - y
plane, the change of the ρNorm with γ is shown in Fig. 5(c), as
long as ϑ �= 0◦. At this condition, the M is always orthogonal
to the Ising-SOC component along z as shown in Fig. 5(a).
Then, the Ising MR would stay at zero, and there would be the
Rashba-Edelstein MR only. The shape of the normalized MR
would have no relation with ϑ when the M is rotated in the x -
z and x - y planes. However, the resistance oscillate amplitude
�ρ would be �ρα = �ρβcosϑ and �ργ = �ρβsinϑ accord-
ing to the definition of the spin-orbit angle, where �ρα , �ρβ ,
and �ργ are the resistivity oscillating amplitudes when the M
is rotated in the x - z , y - z , and x - y planes, respectively.

The Ising MR can also be understood from another point
of view, i.e., the inverse spin-galvanic effect and spin-galvanic
effect, which are both induced by Ising SOC. To simplify the
description here, we name them the Ising effect and inverse
Ising effect, respectively. The spin direction in 1Td WTe2 with
±ka wave vector would point to ±z. When the external current
is applied to the a axis, the symmetric distribution of the wave
vector is broken [Fig. 6(a)]. As a result, the spin polarization
along z would be generated, i.e., the Ising effect, and the
spin polarization is proportional to the external current. This
is believed to be the origin of the nonlinear Hall effect and
out-of-plane dampinglike torque found by a series of works
recently [19,20].

As for the inverse Ising effect, it can be described by the
phenomenological equation

jx = QxzSz. (18)

The spin accumulation Sz and second-rank pseudotensor com-
ponents Qxz both determine the inverse Ising effect. The
microscopic mechanism of the inverse Ising effect is due
to asymmetric spin-flip relaxation of the nonequilibrium
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spin-polarized electrons. In terms of energy conversion, this
phenomenon is the transformation of nonequilibrium spin
chemical potential into charge potential. The scattering matrix
element of the spin-flip processes |↑, ki〉 → |↓, k j〉 are related
to [v(k j − ki )]

2(ki + k j )
2. Processes 1 and 2 in Fig. 6(b),

marked with green arrows, have the same spin scattering pos-
sibility due to k2 − k1 = k4 − k3 and (k2 + k1)2 = (k4 + k3)2.
Therefore, they preserve the symmetric distribution of elec-
trons, and no current appears. As for processes 3 and 4
depicted by black arrows [Fig. 6(b)], if the elastic scattering
arises, i.e., |k1| = |k4| and |k2| = |k3|, (k2 + k1)2 = 0 and the
possibility of the spin scattering vanishes. Therefore, the ap-
pearance of charge current requires inelastic scattering. On
account of spin polarization, in reality, the spin scattering from
spin up to spin down is inelastic, because the initial and final
states are not at the same energy level.

The spin accumulation in WTe2 can induce the inverse
Ising effect. The spin accumulation (the value of Sz) and Qxz

both determine the inverse Ising effect. Similar to the inverse
Rashba-Edelstein effect, the physical mechanism is mainly
based on the property of spin-momentum locking. Only con-
sidering the Ising SOC, HSOC = −bkxσz. Electron’s wave
vector kx is locked with σz. b can represent the strength of the
symmetry breaking and the strength of the spin-momentum
locking. Then, b should be proportional to Qxz. According
to the description of Fig. 6(b), the spin-dependent part of the
electron scattering matrix Mki, k j can be written as [48]

Mki, k j = Aki, k j I + σ · Bki, k j , (19)

where Aki, k j and I is the spin scattering independent of SOC
and unit matrix. σ · Bki, k j can be written as

σ · Bki, k j = v(k j − ki )σzkx. (20)

Equation (20) determines the spin relaxation time τs. There-
fore, the charge current, for instance in the y direction, can
be written as

jx = QxzSz ∝ ene
b

h̄

τpτs

τ ,
s

Sz, (21)

where τ
′
s is the Elliot-Yafet spin-relaxation time, which is

proportional to the momentum-relaxation time τp, and τs is
the total spin-relaxation time.

In WTe2/FM heterostructure [Fig. 6(c)], an external cur-
rent JC will generate spin accumulation at the interface of
heterostructure. Then, the spin current JS towards the FM
layer would occur. When M points to OOP, the JS with σz is
rarely absorbed by the FM layer, and the back flowed JS will
generate the voltage due to the inverse Ising effect. At this
condition, the measured resistance (Rxx) is small. When the
M of the FM layer points to IP in Fig. 6(d), the spin current
with OOP spin polarization is absorbed by the FM layer and
drives the procession of M. Then, the Rxx of WTe2 would stay
unchanged.

In addition, the inverse Ising effect in 1Td WTe2 would
cause “unconventional” spin-to-charge conversion. To de-
scribe these unconventional phenomena concretely, we in-
troduce a spin-to-charge model as shown in Fig. 7(a). A
charge current is applied to a ferromagnetic electrode (F1)
and flows out from electrode F2. We choose graphene as the
spin-transmission channel owing to its long spin diffusion

FIG. 7. (a) Sketch structure of the inverse Ising effect induced
by 1TdWTe2. (b) The change of the normalized voltage (V Norm)
generated by inverse Ising effect with α, β, and γ under rotation
of the M.

length [21,49]. The spin current from F1 would pour into
the graphene channel. Driven by the spin chemical potential,
the spin current would flow toward the 1Td WTe2 side. Only
considering the action of the inverse Ising effect, the WTe2

layer would absorb the spin current with σz and produce the
voltage. Rotating M of the F1 will change the spin polarized
direction, then the voltage values generated by the inverse
Ising effect can be described by

V ∝ jx = QxzSz ∝ ene
b

h̄

τpτs

τ ,
s

Sz = ene
b

h̄

τpτs

τ ,
s

sinθ. (22)

When the M of F1 is rotated in the y - z and x - z
planes, the θ equals α and β, and the change of the normalized
V Norm = V

V⊥
with α and β are shown in Fig. 7(b), where V⊥

is the voltage when θ = π
2 . When the M of F1 is rotated in

the x - y plane, the θ is always 0. Thus, the V Norm remains
0 regardless of the angle γ (the angle between y and M)
[Fig. 7(b)].

Considering the coexistence of Rashba-SOC and Ising
SOC, Eq. (22) can be written as V ∝ ene

b
h̄

τpτs

τ
,
s

sin(θ + ϑ ).
Within the scope of SOC, Rashba SOC and bulk SOC have
similar performances, and their spin-to-charge conversions
cannot be distinguished experimentally. As shown in Fig. 8(a),
WTe2 is the spin sink layer to detect the voltage along the a
( x ) direction. Here, we mainly discuss the evolution of the
normalized voltage (V Norm) with ϑ in the y - z plane. For
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FIG. 8. (a) Sketch structure to confirm the inverse Ising effect
induced by 1TdWTe2. (b) The evolution of the V Norm generated by
the inverse Ising effect and inverse Rashba-Edelstein effect with
spin-orbit angle ϑ in 1TdWTe2 under rotating M of the ferromagnetic
electrode (F1) in the y-z plane. (c) The schematic model to character
inverse spin Hall effect induced by Pt. (d) The V Norm vs α, β, and γ

curves in three different planes generated by inverse spin Hall effect
in (c).

ϑ = 0, the V Norm vs ϑ is the pure inverse Ising effect curve as
shown in the top panel of Fig. 8(b). Assuming that the strength
of the Rashba SOC is the same as Ising SOC, the direction of
the spin component in the y - z plane is ϑ = 45◦. When
the direction of the spin polarization is parallel (α = 45◦) to
and antiparallel (α = 225◦) to the spin component, the values
of V Norm approach the maximum and minimum, respectively.
As the direction of M of the F1 is orthogonal to the spin
component, i.e., α = 135◦ and 315◦, the projection of spin to
the spin component is zero, then the V Norm is also zero. In
short, whatever the value of ϑ , when the spin component is
collinear with the M, |V Norm| is equal to 1, and when the M is
orthogonal to the spin component, V Norm is zero, as shown in

the bottom panel of Fig. 8(b). The voltage induced by inverse
spin Hall effect such as that in Pt/ferromagnetic bilayers along
the a direction is mainly contributed by the σy component of
spin current rather than the σz, and it is proportional to Sy as
shown in Figs. 8(c) and 8(d).

It is worth mentioning that recently reported “anisotropic
magnetoresistance” (AMR) in monolayer WTe2 [28,50–52]
has essential physical differences with the proposed Ising
MR in monolayer WTe2/FI bilayers. The appearance of the
AMR in monolayer WTe2 is caused by a special topological
band structure (gapless edge states). However, the Ising MR
would appear only considering the Ising SOC and exchange
interaction in Eq. (12). This is also the reason why we use
the free electron model to derive the Ising MR, which can
not only simplify our derivation but also avoid confusion with
AMR. The Ising MR can appear at room temperature because
Ising SOC persists at room temperature, however, the AMR
in monolayer WTe2 disappears at 100 K.

III. CONCLUSION

We have demonstrated the generation of σz considering
Ising SOC in 1Td WTe2, and predict an interesting phe-
nomenon, namely Ising MR, which originates from the
combination of the Ising effect and inverse Ising effect, in
which the σz does not obey the rule of jc ∝ js × σ. Ising
MR is believed to be a promising complement to the well-
known SMR and Rashba-Edelstein MR. We also explain the
recently observed unconventional spin-to-charge conversion
by the inverse Ising effect. Our work broadens the under-
standing of emerging SOC and related physical phenomena,
which provides opportunities to the fields of spintronics and
multiferroics.
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