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Effective model analysis of intrinsic spin Hall effect with magnetism in
stacked-kagome Weyl semimetal Co3Sn2S2

Akihiro Ozawa1,∗ Koji Kobayashi2,† and Kentaro Nomura2‡
1Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan and

2Department of Physics, Kyushu University, Fukuoka 819-0395, Japan

We theoretically study the spin Hall effect in a simple tight-binding model of stacked-kagome
Weyl semimetal Co3Sn2S2 with ferromagnetic ordering. We focus on the two types of the spin
Hall current: one flowing in the in-plane direction with respect to the kagome lattice (in-plane spin
Hall current), and one flowing in the stacking direction (out-of-plane spin Hall current). We show
the spin Hall conductivities for those spin currents drastically change depending on the direction
of the magnetic moment. Especially, the out-of-plane spin Hall current may induce surface spin
accumulations, which are useful for magnetization switching via spin-orbit torque.

I. INTRODUCTION

The generation and control of spin current, namely the
flow of spin angular momentum, are important objectives
in spintronics. Spin Hall effect (SHE) [1–3] is one of the
most fundamental phenomena for generating spin cur-
rent; the spin current is driven transversely to an applied
electric field. Spin-orbit coupling (SOC) plays a signif-
icant role in obtaining the spin-dependent electron mo-
tion and thus the SHE. The SHE-based highly-efficient
manipulation of magnetization, such as spin-orbit torque
[4–9], has recently been studied. Conventionally, non-
magnetic materials with a strong SOC, such as Pt [10]
and Ta [8], had been examined as a spin Hall current
generator. Meanwhile, in such a system, the direction of
the accumulated spin at the interface is constrained to
be perpendicular to both the direction of the flow of spin
current and the applied electric field [1, 3].

In addition to non-magnetic materials, recent studies
explore the possibility of magnetic materials as spin Hall
systems [11–18]. Particularly, some magnetic systems ex-
hibit a peculiar SHE where the direction of the accumu-
lated spin is parallel to that of flow of spin current, de-
pending on the magnetic configurations, such as antifer-
romagnetic ordering [18–20]. Finding spin Hall systems
without restrictions on the direction of induced spin ac-
cumulation may help us design functional spintronic de-
vices.

Recently, from viewpoint of spintronic functionali-
ties, Weyl semimetals with magnetism, magnetic Weyl
semimetals have been studied [21–26]. Originating
from the Berry curvature generated by the band cross-
ing points (Weyl points) [27, 28], distinctive electromag-
netic responses, such as the intrinsic anomalous Hall ef-
fect (AHE) [28], occur. ABC-stacked kagome-lattice fer-
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romagnet Co3Sn2S2 is a promising candidate for mag-
netic Weyl semimetal [29–32]. The giant AHE arises be-
cause the Weyl points are very close to the Fermi level.
Additionally, the giant anomalous Hall angle is realized
due to the small longitudinal conductivity, i.e., the small
Fermi surfaces [29]. Other characteristic responses, for
example, the anomalous Nernst effect [33] and magneto-
optical Kerr effect [34] are also studied. According to the
above features, we expect Co3Sn2S2 might be useful for
the efficient and functional manipulations of the spin cur-
rent for the following reasons. First, the fully-polarized
current is realized because of the half-metalicity [29, 35].
Thus the giant anomalous Hall angle implies highly-
efficient SHE. Second, owing to SOC, the band topology
and AHE depend on the magnetic configurations [36–
38]. Similarly, the characteristic relations between the
SHE and the direction of the magnetic moments are ex-
pected. As a matter of fact, a recent experiment reported
a SOT with high spin-change conversion efficiency in the
ferromagnetic phase of Co3Sn2S2 [39]. However, the the-
oretical understanding of the role of magnetic orderings
for spin transport in this system is still limited.
In this paper, we theoretically investigate the SHE and

AHE in an effective tight-binding model [40] of magnetic
Weyl semimetal Co3Sn2S2 with ferromagnetic ordering.
First, we review that this model can describe the Dirac
semimetal state and the SHE in a non-magnetic state.
Then we show that spin Hall conductivities (SHCs) dras-
tically change depending on the direction of the mag-
netic moment. Especially, the out-of-plane SHE is en-
hanced by tilting the magnetic moment from the z axis,
in the presence of a certain SOC. Lastly, the possibility of
this system as a spin-current generator for magnetization
switching is discussed.

II. TIGHT-BINDING MODEL

First, we explain the minimal tight-binding model of
magnetic Weyl semimetal Co3Sn2S2 introduced in our
previous study Ref. 40. This model describes the three
pairs of the Weyl points by using the d orbital of Co
and the p orbital of interlayer Sn, as shown in the fol-
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lowing section. Figure 1(a) shows the crystal structure
of Co3Sn2S2. The kagome layers consist of Co, being re-
sponsible for magnetism. Sn atoms are located at the
center of these hexagons of the kagome lattice. Triangu-
lar lattice layers formed by one Sn and two S are sand-
wiched by the kagome layers. To distinguish two dif-
ferent Sn, we use the notation Sn1 and Sn2 for inter-
layer Sn and intralayer Sn, respectively. In our effective
model, one d orbital from Co forming the kagome lay-
ers (red) and one p orbital from interlayer Sn1 (blue)
are extracted. We neglect the rest of the orbitals from
another Sn2 (cyan) and S (green) for simplicity. The ef-
fect of those neglected sites is substantially incorporated
into the model as an electric field yielding a SOC, as dis-
cussed in the following. Therefore the unit cell consists
of the (3+1) sublattices. The primitive translational vec-
tors are defined as a1 = ( a√

3
, 0, c

3 ), a2 = (− a
2
√
3
, a
2 ,

c
3 ),

a3 = (− a
2
√
3
,−a

2 ,
c
3 ). Here, a and c are lattice parame-

ters of the conventional unit cell, given as a = 5.37Å and
c = 13.18Å [29], respectively.
The total Hamiltonian of this model is given by,

H0 = Hhop +Hsoc +Hexc. (1)

Here, Hhop is the spin-indenpendent hopping term, Hsoc

is the SOC term, and Hexc is the exchange coupling term
between electron spins and the magnetic moment. Hhop

is given by,

Hhop = −
∑
ijs

tijd
†
isdjs + tdp

∑
⟨ij⟩s

(d†ispjs + p†isdjs)

+ϵp
∑
is

p†ispis, (2)

where dis and pis are the annihilation operators of the
Co-d and Sn-p orbitals, respectively. The index s is
for the spin, and i for the site. tij includes the first
and second-nearest neighbor hopping, t1 and t2, in the
kagome layer, inter-kagome layer hopping tz. The sum-
mation for ⟨ij⟩ is taken over the nearest neighbor hop-
ping between the Co and Sn sites. tdp represents the dp
hybridization between the Co-d and Sn-p orbitals. The
lattice vectors for the intra-layer nearest-neighboring are
calculated by bAB = (a2 − a1)/2, bBC = (a3 − a2)/2,
and bCA = (a1 −a3)/2. In the same manner, the lattice
vectors for intra-layer second-nearest-neighboring are cal-
culated by dAB = (b3 − b2)/2, dBC = (b3 − b2)/2, and
dCA = (b1−b3)/2. The lattice vectors for the inter-layer
nearest-neighboring are calculated by cAB = (a1−a2)/2,
cBC = (a2 − a3)/2, and cCA = (a3 − a1)/2. Here, A,B
and C are the sublattice indices [40].

The SOC term is given by Hsoc = HKM +HsR, where

HKM = −itKM

∑
⟨⟨ij ⟩⟩ss′

νij · d†
isσ

z
ss′djs′ , (3)

HsR = −itsR
∑

⟨ij ⟩ss′
λij · d†

isσss′djs′ . (4)
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FIG. 1. (Color online) (a) Crystal structure of Co3Sn2S2.
(b) The Weyl points configuration computed by our model.
(c) Electric field generated by Co nucleus (red) and Sn nu-
cleus (cyan) at the center of the hexagon in the kagome layer,
arising intra-layer-kagome type SOC. (d) Electric field gener-
ated by Sn nucleus (blue) and S nucleus (green) in between
the kagome layers, arising the staggered-Rashba type SOC.

HKM describes the intra-kagome-layer Kane-Mele type
SOC [41, 42] with strength tKM. σ is the vector of Pauli
matrices, corresponding to the electron spin. The sign
is νij = +1(−1) when the electron hops counterclock-
wise (clockwise) to reach the second-nearest-neighbor site
on the kagome plane. The summation ⟨⟨ij⟩⟩ is taken
for intralayer second-nearest-neighbor sites. As shown
in Fig. 1(b), this SOC originates from the potential of Sn
at the center of hexagons of the kagome lattice. Then
we explain the staggered-Rashba type SOC HsR as in-
troduced in Ref. 43. In Co3Sn2S2, this SOC originates
from the local inversion symmetry breaking of the Sn
and S sites, as discussed below. As shown in Fig. 1(c),
when we focus on one of the triangular plaquettes of the
kagome lattice, Sn is located on the top while S is lo-
cated on the bottom. Its nearest neighboring plaquettes
have the reversed configuration. Therefore, a perpendic-
ular electric field penetrates each triangular plaquette in
a staggered pattern. λij denotes the effective magnetic
field vector from the electric field when the electron hops

from the site j to i. λAB = ( 12 ,
√
3
2 , 0), λBC = (−1, 0, 0),

λCA = ( 12 ,−
√
3
2 , 0). The summation ⟨ij⟩ is taken for in-

tralayer nearest-neighbor sites. This staggered-Rashba
type SOC has a significant role in obtaining the finite
out-of-plane AHE and SHE, as discussed later.
The exchange coupling between the itinerant electron’s

spins and magnetic moments on the kagome lattice is
given by,

Hexc = −J
∑
iss′

mi · (d†isσss′dis′ + p†isσss′pis′). (5)

J is the exchange coupling constant and mi is the vector
of magnetic moment. We note that mi should be calcu-
lated self-consistently with the Coulomb interaction [44].
We set the same value of exchange coupling on Co and Sn
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FIG. 2. (Color online) For magnetic Weyl semimetal state in this model, (a) schematic figure of band structure and (b) anoma-
lous Hall effect, (c) band structure along high-symmetry line, (d) density of states, and (e) anomalous Hall conductivity. For
Dirac semimetal state, (f) schematic figure of band structure and (g) spin Hall effect, (h) band structure along high-symmetry
line, (i) density of states, and (j) spin Hall conductivity. Fermi level is calculated with a constant electron number ne = 3 per
unit cell.

site for simplicity. In the following, we set t1 as a unit of
energy, t2 = 0.6t1, tdp = 1.8t1, tz = −1.0t1, ϵp = −7.2t1,
tKM = −0.1t1, tsR = 0.1t1, and J = 1.2t1. These param-
eters are also chosen to fit the band structure to the result
obtained by the first-principles calculations [29, 45]. In
the following, we study the SHC and AHC based on this
tight-binding model.

III. FERROMAGNETIC WEYL SEMIMETAL
STATE AND NON-MAGNETIC DIRAC STATE

To keep this paper self-contained, here we review the
ferromagnetic Weyl state and the paramagnetic Dirac
state in the model as discussed in Ref. 46. In Fig. 2(a),
the energy spectrum of the spin-splitting Weyl state is
schematically shown. The band structure in the fer-
romagnetic state is shown in Fig. 2(c). The red and
blue lines are the spin-up band and spin-down band, re-
spectively. We should note that the spin-up band and
spin-down band cannot be identified when the staggered-
Rashba type SOC is considered. However, for visibility of
the spin-polarized electronic structure, here we consider
only the Kane-Mele type SOC, which preserves spin sz.
In the following sections, we discuss the role of staggered-
Rashba type SOC for the SHE. We do not show the
lowest and second-lowest bands, because those bands are
energetically far from EF. The Weyl pairs near EF are
formed with spin-up (red) bands, indicated by the red
box. The Weyl points configuration seen from the kz
axis, computed by our model, is shown in Fig. 1(b). The
three-fold symmetry with respect to the kz axis and the

number of the Weyl points in the Brillouin zone are con-
sistent with first-principles calculations [40]. Figure 2(d)
is the density of states (DOS) as a function of the energy,
computed with m = (0, 0, 1). We use t1 = 0.15 eV as a
unit of energy. E = 0 eV is set as EF obtained by the
electron number per unit cell ne = 3, corresponding to
EF of non-doped Co3Sn2S2 [40, 44]. The DOS shows a
local minimum near EF, corresponding to the energy of
the Weyl points. In the Weyl semimetal state, the AHE
occurs, as schematically shown in Fig. 2(b). Figure 2(e)
shows σAHE

yx as a function of energy. Here, the AHC is
calculated by the Kubo formula [47] as

σAHE
yx =e2ℏ

∑
n ̸=m

Im

∫
BZ

d3k

(2π)3
f(Enk)− f(Emk)

(Enk − Emk)2

× ⟨nk | v̂y |mk⟩ ⟨mk | v̂x |nk⟩ . (6)

v̂i = 1
ℏ
∂H(k)
∂ki

(i = x, y) is the velocity operator. f is
the Fermi-Dirac distribution function with kBT = 0.01t1.
The AHC is maximized near the EF, originating from the
Berry curvature generated by the Weyl points. As we dis-
cussed in our previous study [40], the value ∼1000 [S/cm]
is very close to the result obtained by the first-principles
calculations and experiment [29]. We note that, in addi-
tion to the electronic structure, our model also quantita-
tively explains the doping effect for magnetic orderings,
as discussed in Ref. 44. The perpendicular ferromag-
netic ordering in the non-doped regime and suppression
of the magnetism in the hole-doped regime obtained by
the self-consistent method also agree with the first princi-
ples calculations [45]. Therefore, our model is reasonable



4

<latexit sha1_base64="X6qY0Qyu0POt2OrUIs0IiVKN1O8="></latexit>

jsx
y = �sx

yxEx

jAHE
y = �AHE

yx Ex

jsy
y = �sy

yxEx

jsz
y = �sz

yxEx

<latexit sha1_base64="X6qY0Qyu0POt2OrUIs0IiVKN1O8="></latexit>

jsx
y = �sx

yxEx

jAHE
y = �AHE

yx Ex

jsy
y = �sy

yxEx

jsz
y = �sz

yxEx

<latexit sha1_base64="X6qY0Qyu0POt2OrUIs0IiVKN1O8="></latexit>

jsx
y = �sx

yxEx

jAHE
y = �AHE

yx Ex

jsy
y = �sy

yxEx

jsz
y = �sz

yxEx

<latexit sha1_base64="X6qY0Qyu0POt2OrUIs0IiVKN1O8="></latexit>

jsx
y = �sx

yxEx

jAHE
y = �AHE

yx Ex

jsy
y = �sy

yxEx

jsz
y = �sz

yxEx

<latexit sha1_base64="W9FcfSbtmVBdBCtPK2X0g/3S9IY="></latexit>

jsx
z = �sx

zxEx

jAHE
z = �AHE

zx Ex

jsy
z = �sy

zxEx

jsz
z = �sz

zxEx

x y z

<latexit sha1_base64="W9FcfSbtmVBdBCtPK2X0g/3S9IY="></latexit>

jsx
z = �sx

zxEx

jAHE
z = �AHE

zx Ex

jsy
z = �sy

zxEx

jsz
z = �sz

zxEx

x y z

<latexit sha1_base64="W9FcfSbtmVBdBCtPK2X0g/3S9IY="></latexit>

jsx
z = �sx

zxEx

jAHE
z = �AHE

zx Ex

jsy
z = �sy

zxEx

jsz
z = �sz

zxEx

x y z

<latexit sha1_base64="X6qY0Qyu0POt2OrUIs0IiVKN1O8="></latexit>

jsx
y = �sx

yxEx

jAHE
y = �AHE

yx Ex

jsy
y = �sy

yxEx

jsz
y = �sz

yxEx

<latexit sha1_base64="W9FcfSbtmVBdBCtPK2X0g/3S9IY="></latexit>

jsx
z = �sx

zxEx

jAHE
z = �AHE

zx Ex

jsy
z = �sy

zxEx

jsz
z = �sz

zxEx

x y z

<latexit sha1_base64="W9FcfSbtmVBdBCtPK2X0g/3S9IY="></latexit>

jsx
z = �sx

zxEx

jAHE
z = �AHE

zx Ex

jsy
z = �sy

zxEx

jsz
z = �sz

zxEx

x y z

<latexit sha1_base64="W9FcfSbtmVBdBCtPK2X0g/3S9IY="></latexit>

jsx
z = �sx

zxEx

jAHE
z = �AHE

zx Ex

jsy
z = �sy

zxEx

jsz
z = �sz

zxEx

x y z

<latexit sha1_base64="X6qY0Qyu0POt2OrUIs0IiVKN1O8="></latexit>

jsx
y = �sx

yxEx

jAHE
y = �AHE

yx Ex

jsy
y = �sy

yxEx

jsz
y = �sz

yxEx

<latexit sha1_base64="W9FcfSbtmVBdBCtPK2X0g/3S9IY="></latexit>

jsx
z = �sx

zxEx

jAHE
z = �AHE

zx Ex

jsy
z = �sy

zxEx

jsz
z = �sz

zxEx

x y z

<latexit sha1_base64="W9FcfSbtmVBdBCtPK2X0g/3S9IY="></latexit>

jsx
z = �sx

zxEx

jAHE
z = �AHE

zx Ex

jsy
z = �sy

zxEx

jsz
z = �sz

zxEx

x y z

<latexit sha1_base64="W9FcfSbtmVBdBCtPK2X0g/3S9IY="></latexit>

jsx
z = �sx

zxEx

jAHE
z = �AHE

zx Ex

jsy
z = �sy

zxEx

jsz
z = �sz

zxEx

x y z

<latexit sha1_base64="X6qY0Qyu0POt2OrUIs0IiVKN1O8="></latexit>

jsx
y = �sx

yxEx

jAHE
y = �AHE

yx Ex

jsy
y = �sy

yxEx

jsz
y = �sz

yxEx

<latexit sha1_base64="W9FcfSbtmVBdBCtPK2X0g/3S9IY="></latexit>

jsx
z = �sx

zxEx

jAHE
z = �AHE

zx Ex

jsy
z = �sy

zxEx

jsz
z = �sz

zxEx

x y z

<latexit sha1_base64="W9FcfSbtmVBdBCtPK2X0g/3S9IY="></latexit>

jsx
z = �sx

zxEx

jAHE
z = �AHE

zx Ex

jsy
z = �sy

zxEx

jsz
z = �sz

zxEx

x y z

<latexit sha1_base64="W9FcfSbtmVBdBCtPK2X0g/3S9IY="></latexit>

jsx
z = �sx

zxEx

jAHE
z = �AHE

zx Ex

jsy
z = �sy

zxEx

jsz
z = �sz

zxEx

x y z

<latexit sha1_base64="X6qY0Qyu0POt2OrUIs0IiVKN1O8="></latexit>

jsx
y = �sx

yxEx

jAHE
y = �AHE

yx Ex

jsy
y = �sy

yxEx

jsz
y = �sz

yxEx

(e)

(h)

(k)

<latexit sha1_base64="W9FcfSbtmVBdBCtPK2X0g/3S9IY="></latexit>

jsx
z = �sx

zxEx

jAHE
z = �AHE

zx Ex

jsy
z = �sy

zxEx

jsz
z = �sz

zxEx

x y z

<latexit sha1_base64="W9FcfSbtmVBdBCtPK2X0g/3S9IY="></latexit>

jsx
z = �sx

zxEx

jAHE
z = �AHE

zx Ex

jsy
z = �sy

zxEx

jsz
z = �sz

zxEx

x y z

<latexit sha1_base64="X6qY0Qyu0POt2OrUIs0IiVKN1O8="></latexit>

jsx
y = �sx

yxEx

jAHE
y = �AHE

yx Ex

jsy
y = �sy

yxEx

jsz
y = �sz

yxEx

<latexit sha1_base64="r6PUQ8hg4uI5h18OaHL/yHMFHjg=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0mkqMeiF49V7Ac0IWy2m3bpZhN3J4US+k+8eFDEq//Em//GbZuDtj4YeLw3w8y8MBVcg+N8W6W19Y3NrfJ2ZWd3b//APjxq6yRTlLVoIhLVDYlmgkvWAg6CdVPFSBwK1glHtzO/M2ZK80Q+wiRlfkwGkkecEjBSYNsQ5J6KsX6YepI9YSewq07NmQOvErcgVVSgGdhfXj+hWcwkUEG07rlOCn5OFHAq2LTiZZqlhI7IgPUMlSRm2s/nl0/xmVH6OEqUKQl4rv6eyEms9SQOTWdMYKiXvZn4n9fLILr2cy7TDJiki0VRJjAkeBYD7nPFKIiJIYQqbm7FdEgUoWDCqpgQ3OWXV0n7ouZe1ur39WrjpoijjE7QKTpHLrpCDXSHmqiFKBqjZ/SK3qzcerHerY9Fa8kqZo7RH1ifP+Uoky8=</latexit>

tsR 6= 0
<latexit sha1_base64="k9fmJf8jDYxv56c0j8xKHAh68UQ=">AAACA3icbZA9SwNBEIbn4leMX1FLm8UgWIU7EbURgjaWUcwHJEfY22ySJXt7x+6cEI6AjX/FxkIRW/+Enf/GTXKFJr6w8PDODLPzBrEUBl3328ktLa+sruXXCxubW9s7xd29uokSzXiNRTLSzYAaLoXiNRQoeTPWnIaB5I1geD2pNx64NiJS9ziKuR/SvhI9wShaSwFCB1Jog4YQCBi4gzFcWnJd6BRLbtmdiiyCl0EJMlU7xa92N2JJyBUySY1peW6Mfko1Cib5uNBODI8pG9I+b1lUNOTGT6c3jMmRdbqkF2n7FJKp+3sipaExozCwnSHFgZmvTcz/aq0Eexd+KlScIFdstqiXSIIRmQRCukJzhnJkgTIt7F8JG1BNGdrYCjYEb/7kRaiflL2z8untaalylcWRhwM4hGPw4BwqcANVqAGDR3iGV3hznpwX5935mLXmnGxmH/7I+fwBcpqSRQ==</latexit>

tsR = 0(f) (g)

(i) (j)

(m)(l)

<latexit sha1_base64="w5TUOKPmYC8nbYWXIa4hHG9AgbA=">AAACBHicbZDLSsNAFIYn9VbrLeqym8EiuCqJFHVZdOOygr1AE8rJdNIOnUnCzEQooQU3voobF4q49SHc+TZO2yy09YeBj/+cw5nzBwlnSjvOt1VYW9/Y3Cpul3Z29/YP7MOjlopTSWiTxDyWnQAU5SyiTc00p51EUhABp+1gdDOrtx+oVCyO7vU4ob6AQcRCRkAbq2eXPeDJEPB0OsVeQHVOAxACenbFqTpz4VVwc6igXI2e/eX1Y5IKGmnCQamu6yTaz0BqRjidlLxU0QTICAa0azACQZWfzY+Y4FPj9HEYS/Mijefu74kMhFJjEZhOAXqolmsz879aN9XhlZ+xKEk1jchiUZhyrGM8SwT3maRE87EBIJKZv2IyBAlEm9xKJgR3+eRVaJ1X3Ytq7a5WqV/ncRRRGZ2gM+SiS1RHt6iBmoigR/SMXtGb9WS9WO/Wx6K1YOUzx+iPrM8fX5qX7w==</latexit>

↵ � �

<latexit sha1_base64="w5TUOKPmYC8nbYWXIa4hHG9AgbA=">AAACBHicbZDLSsNAFIYn9VbrLeqym8EiuCqJFHVZdOOygr1AE8rJdNIOnUnCzEQooQU3voobF4q49SHc+TZO2yy09YeBj/+cw5nzBwlnSjvOt1VYW9/Y3Cpul3Z29/YP7MOjlopTSWiTxDyWnQAU5SyiTc00p51EUhABp+1gdDOrtx+oVCyO7vU4ob6AQcRCRkAbq2eXPeDJEPB0OsVeQHVOAxACenbFqTpz4VVwc6igXI2e/eX1Y5IKGmnCQamu6yTaz0BqRjidlLxU0QTICAa0azACQZWfzY+Y4FPj9HEYS/Mijefu74kMhFJjEZhOAXqolmsz879aN9XhlZ+xKEk1jchiUZhyrGM8SwT3maRE87EBIJKZv2IyBAlEm9xKJgR3+eRVaJ1X3Ytq7a5WqV/ncRRRGZ2gM+SiS1RHt6iBmoigR/SMXtGb9WS9WO/Wx6K1YOUzx+iPrM8fX5qX7w==</latexit>

↵ � �

<latexit sha1_base64="w5TUOKPmYC8nbYWXIa4hHG9AgbA=">AAACBHicbZDLSsNAFIYn9VbrLeqym8EiuCqJFHVZdOOygr1AE8rJdNIOnUnCzEQooQU3voobF4q49SHc+TZO2yy09YeBj/+cw5nzBwlnSjvOt1VYW9/Y3Cpul3Z29/YP7MOjlopTSWiTxDyWnQAU5SyiTc00p51EUhABp+1gdDOrtx+oVCyO7vU4ob6AQcRCRkAbq2eXPeDJEPB0OsVeQHVOAxACenbFqTpz4VVwc6igXI2e/eX1Y5IKGmnCQamu6yTaz0BqRjidlLxU0QTICAa0azACQZWfzY+Y4FPj9HEYS/Mijefu74kMhFJjEZhOAXqolmsz879aN9XhlZ+xKEk1jchiUZhyrGM8SwT3maRE87EBIJKZv2IyBAlEm9xKJgR3+eRVaJ1X3Ytq7a5WqV/ncRRRGZ2gM+SiS1RHt6iBmoigR/SMXtGb9WS9WO/Wx6K1YOUzx+iPrM8fX5qX7w==</latexit>

↵ � �

<latexit sha1_base64="W9FcfSbtmVBdBCtPK2X0g/3S9IY="></latexit>

jsx
z = �sx

zxEx

jAHE
z = �AHE

zx Ex

jsy
z = �sy

zxEx

jsz
z = �sz

zxEx

x y z

<latexit sha1_base64="W9FcfSbtmVBdBCtPK2X0g/3S9IY="></latexit>

jsx
z = �sx

zxEx

jAHE
z = �AHE

zx Ex

jsy
z = �sy

zxEx

jsz
z = �sz

zxEx

x y z

<latexit sha1_base64="W9FcfSbtmVBdBCtPK2X0g/3S9IY="></latexit>

jsx
z = �sx

zxEx

jAHE
z = �AHE

zx Ex

jsy
z = �sy

zxEx

jsz
z = �sz

zxEx

x y z

<latexit sha1_base64="W9FcfSbtmVBdBCtPK2X0g/3S9IY="></latexit>

jsx
z = �sx

zxEx

jAHE
z = �AHE

zx Ex

jsy
z = �sy

zxEx

jsz
z = �sz

zxEx

x y z

<latexit sha1_base64="W9FcfSbtmVBdBCtPK2X0g/3S9IY="></latexit>

jsx
z = �sx

zxEx

jAHE
z = �AHE

zx Ex

jsy
z = �sy

zxEx

jsz
z = �sz

zxEx

x y z

<latexit sha1_base64="X6qY0Qyu0POt2OrUIs0IiVKN1O8="></latexit>

jsx
y = �sx

yxEx

jAHE
y = �AHE

yx Ex

jsy
y = �sy

yxEx

jsz
y = �sz

yxEx

<latexit sha1_base64="W9FcfSbtmVBdBCtPK2X0g/3S9IY="></latexit>

jsx
z = �sx

zxEx

jAHE
z = �AHE

zx Ex

jsy
z = �sy

zxEx

jsz
z = �sz

zxEx

x y z

<latexit sha1_base64="X6qY0Qyu0POt2OrUIs0IiVKN1O8="></latexit>

jsx
y = �sx

yxEx

jAHE
y = �AHE

yx Ex

jsy
y = �sy

yxEx

jsz
y = �sz

yxEx

(a) (b) (c) (d)

<latexit sha1_base64="W9FcfSbtmVBdBCtPK2X0g/3S9IY="></latexit>

jsx
z = �sx

zxEx

jAHE
z = �AHE

zx Ex

jsy
z = �sy

zxEx

jsz
z = �sz

zxEx

x y z

FIG. 3. (Color online) Schematic figures of in-plane (a) anomalous Hall effect and (b-d) spin Hall effect induced by electric field
Ex. (a) Anomalous Hall current flows to y-direction and is characterized by the Hall conductivity σAHE

yx . Spin Hall currents
with spin angular momentum (b) sx, (c) sy, and (d) sz, flow to y - direction and are characterized by the Hall conductivities
σsx
yx, σ

sy
yx, and σsz

yx, respectively. σ
AHC
yx (black), σsx

yx (red), σ
sy
yx (blue), and σsz

yx (green) (f) without and (g) with staggered Rashba
SOC tsR, as a function of tilting angle (e) α (in x-z plane). (i)(j) The same for tilting angle (h) β (in y-z plane). (l)(m) The
same for tilting angle (k) γ (in x-y plane).

to describe the electronic state including the Weyl points
near the Fermi level in Co3Sn2S2.

Next, we explain the paramagnetic Dirac semimetal
state and the SHE [46]. In Fig. 2(f), the energy spec-
trum of the paramagnetic Dirac state is schematically
shown. Figures 2(h) and (i) show the spin degenerate
band structure and DOS as a function of the energy, us-
ing the parameter m = (0, 0, 0). We emphasize that the
energy of the Dirac points is located on E ∼ 0.1 eV, de-
viating from EF. The Dirac semimetal state the SHE
occurs, as schematically shown in Fig. 2(g). We focus on
the spin current driven by an electric field pointing in the

x-direction. The SHCs can be calculated as

σsµ
νx =ℏ

∑
n ̸=m

Im

∫
BZ

d3k

(2π)3
f(Enk)− f(Emk)

(Enk − Emk)2

×
〈
nk

∣∣∣ ĵµν ∣∣∣mk
〉
⟨mk | (−ev̂x) |nk⟩ , (7)

where jµν is a spin-current operator with a spin po-
larization µ and spatial direction ν, given by jµν =
1
2{ℏ

2σµ, vν} [3]. We neglect an extrinsic contribution from

impurities for simplicity. Figure 2(j) shows the σ
sµ
yx as a

function of the energy. Near the energy of the Dirac
points, corresponding to the minimum of the DOS, σ

sµ
yx

is maximized. To obtain the maximized SHC originating
from the Dirac points, an appropriate tuning of EF is
required [46].
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FIG. 4. (Color online) Schematic figures of out-of plane (a) anomalous Hall effect and (b-d) spin Hall effect induced by appleid
electric field Ex. (a) Anomalous Hall current flows to z-direction and is characterized by the Hall conductivity σAHE

zx . Spin
Hall currents with spin angular momentum (b) sx, (c) sy, and (d) sz, flow to z-direction and are characterized by the spin
Hall conductivities σsx

zx , σ
sy
zx, and σsz

zx, respectively. σAHC
zx (black), σsx

zx (red), σ
sy
zx (blue), and σsz

zx (green) (f) without and (g)
with staggered Rashba SOC tsR, as a function of tilting angle (e) α (in x-z plane). (i)(j) The same for different tilting angle
(h) β (in y-z plane). (l)(m) The same for different tilting angle (k) γ (in x-y plane).

IV. IN-PLANE SPIN/ANOMALOUS HALL
EFFECT

In the previous section, we reviewed that our model
describes the SHE and AHE, originating from the non-
magnetic Dirac state and ferromagnetic Weyl state, re-
spectively. As we mentioned in the introduction, the re-
cent experiment reported the SOT with high spin-charge
conversion efficiency in a device based on Co3Sn2S2 and
CoFeB film [39]. In the device, an in-plane magnetized
CoFeB is attached to the top surface of Co3Sn2S2. Ad-
ditionally, it was predicted that Co3Sn2S2 of this de-
vice possesses an in-plane component of the magneti-
zation near the interface [39], although the single sys-
tem has a strong perpendicular magnetic anisotropy [48].
Motivated by these experimental results, we study the
relation between the SHCs and the direction of the
magnetization. In this section, we study the in-plane

SHE (AHE), where the spin (anomalous) Hall current
j
sµ
y (jAHE

y ) is induced by an electric field Ex, as schemat-
ically shown in Figs. 3(a)-3(d). The in-plane SHCs and
AHC are described as σ

sµ
yx and σAHE

yx , respectively. Then,
we introduce the magnetic moments with different di-
rections, which are characterized by the parameter mi

in the exchange coupling term Eq. (5). For simplic-
ity, we focus on the uniform tilting of the magnetiza-
tion in the bulk model and introduce the tilting an-
gles as tunable parameters. We use uniform magne-
tization with three tilting angles in (e) x-z plane α,
(h) y-z plane β, and (k) x-y plane γ, as shown in
Fig. 3. These magnetic configurations are given by,
(e) mA = mB = mC = m(sinα, 0, cosα), (h) mA =
mB = mC = m(0, sinβ, cosβ), (k) mA = mB = mC =
m(cos γ, sin γ, 0), respectively. In all the following cal-
culations, EF is computed at each angle with the con-
stant electron number (ne = 3), corresponding to the
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non-doped Co3Sn2S2 [40, 44].

First, we study the SHCs (AHC) for the changes in the
magnetization angle α shown in Fig. 3(e). In Fig. 3(f),
σ
sµ
yx and σAHE

yx are computed as a function of α by con-
sidering only the Kane-Mele type SOC tKM. When
α = 90◦, the magnetization is parallel to the applied
electric field. Red, blue, green, and black lines indicate
σsx
yx, σ

sy
yx, σsz

yx, and σAHE
yx , respectively. The sign of the

AHC σAHE
yx (black line) changes when the magnetization

flips [40]. One finds that when α = 0◦ and α = 180◦,
|σAHE

yx | ∼ |σsz
yx| (green line) holds except for the unit

ℏ
2e because the spin Hall current is equal to the spin-
polarized anomalous Hall current. σsx

yx (red line) can be
finite and has a periodicity of 180◦. On the other hand,
σ
sy
yx (blue line) vanishes. In Fig. 3(g), the staggered-

Rashba SOC tsR is considered in addition to tKM. We
note σAHE

yx can be finite even without the out-of-plane
component of the magnetization at α = 90◦ and 270◦.
The periodicities of the Hall conductivities remain un-
changed even with tsR.

Next, we study the SHCs (AHC) for the changes in
the magnetization angle β, as shown in Fig. 3(h). In
Fig. 3(i), σ

sµ
yx and σAHE

yx are computed as a function of β
by considering only tKM. When β = 90◦, the magnetiza-
tion is parallel to the spin Hall current. The behaviors of
σAHE
yx (black line) and σsz

yx (green line) are equivalent to

those for the angle α [Fig. 3(f)]. We find σ
sy
yx (blue line)

can be finite, whereas σsx
yx (red line) vanishes. In Fig. 3(j),

tsR is considered in addition to tKM. In contrast to the
case with α, all the components of SHCs become finite.
σAHE
yx (black line) vanishes at β = 90◦ and 270◦, while

σAHE
yx can be finite at α = 90◦ and 270◦.

Then, we study the SHCs (AHC) for the changes in the
magnetization angle γ shown in Fig. 3(k). When γ = 0◦,
the magnetization is parallel to the applied electric field.
As shown in Fig. 3(l), all the conductivities are indepen-
dent of γ by considering only tKM. We note that only
σsz
yx (green line) is finite. In Fig. 3(m), tsR is considered

in addition to tKM. All of the conductivities can be finite
and show angular dependences.

V. OUT-OF-PLANE SPIN/ANOMALOUS HALL
EFFECT

In the SOT experiment based on Co3Sn2S2 mentioned
previously [39, 46], it is favorable to study the spin cur-
rent flowing to the stacking (z-) direction. Motivated by
such experiments, we study the out-of-plane SHE (AHE),
where the spin (anomalous) Hall current j

sµ
z (jAHE

z ) is in-
duced by an electric field Ex, as shown in Figs. 4(a)-4(d).
We find the characteristic angular dependences and en-
hancements of the Hall conductivities. The out-of-plane
SHCs and AHC are described as σ

sµ
zx and σAHE

zx , respec-
tively. We again consider the changes in the angles of the
magnetization α, β, and γ [see Figs. 4(e), 4(h), and 4(k)].
Here, red, blue, green, and black lines indicate σsx

zx, σ
sy
zx,

(a) (b)
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FIG. 5. (Color online) (a) Possible configurations of spin ac-
cumulation ⟨sy⟩ and ⟨sz⟩ induced by out-of-plane spin Hall
effect. (b) Relation between the in-plane magnetization and
spin accumulations.

σsz
zx, and σAHE

zx , respectively. Figure 4 shows the out-
of-plane Hall conductivities as a function of the angles
as in Fig. 3. We notice that all the Hall conductivities
vanish irrespective of the angles when only tKM is finite
[see Figs. 4(f), 4(i), and 4(l)]. Then, we consider tsR in
addition to tKM. In Fig. 4(g), for the angle α, σ

sy
zx (blue

line) can be finite, and others vanish. In Figs. 4(j) and
4(m), for the angles β and γ, all of the Hall conductivi-
ties can be finite. σ

sy
zx (blue line) and |σAHE

zx | (black line)
are maximized at β = γ = 90◦ and 270◦. At those an-
gles, we recall the magnetization is perpendicular to the
applied electric field and induced Hall currents. This en-
hancement of the out-of-plane AHC σAHE

zx is consistent
with that obtained by first-principles calculations [36]. In
Fig. 4(j), for the angle β, σsx

zx (red line) is negligible. On
the other hand, in Fig. 4(m), for the angle γ, σsx

zx (red
line) and σ

sy
zx (blue line) are comparable. In particular,

in both angles β and γ, |σsz
zx| (green line) is enhanced

around 60◦, 120◦, 240◦, and 300◦ while it vanishes at
0◦, 90◦, 180◦, and 270◦. We emphasize that the distinct
angular dependences of the Hall conductivities are orig-
inating from the presence of the staggered-Rashba type
SOC.

Before concluding this paper, we discuss the possibil-
ity of this system as a functional spin current genera-
tor. Here, we show that the SHE studied in this work
might be useful for efficient magnetization switching. In
the previous paragraph, we found the enhancement of
the SHCs by tilting the magnetization. In particular, we
showed the enhancement of σ

sy
zx (blue line) and σsz

zx (green
line) as shown in Fig. 4(j). This implies that the y-
and z-components of the spin accumulations (⟨sy⟩ and
⟨sz⟩, respectively) are induced at the surface, as shown
in Fig. 5(a). As mentioned previously, the recent experi-
ment studied SOT in the devices of Co3Sn2S2 attached to
the in-plane magnetized CoFeB film [39]. Motivated by
this experiment, we consider the same geometry where
a ferromagnet is attached to the top of Co3Sn2S2. In
the attached ferromagnet, we assume that the macro-
scopic magnetization points in the y-direction, which is
represented by a single purple arrow in Fig. 5(a). Ad-
ditionally, when the ferromagnetic coupling exists near
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the interface, the magnetization of Co3Sn2S2 (red arrow)
may be tilted slightly even with the perpendicular mag-
netic anisotropy. This may yield an enhancement of the
SHCs as mentioned previously. With this situation, let us
discuss the SOT from ⟨sz⟩ and ⟨sy⟩ exerting on the mag-
netization, as shown in Fig. 5(b). First, we discuss two
types of SOTs from σsz

zx. The damping-like torque tends
to align magnetization parallel to z-axis. The field-like
torque drives the precession motion of the magnetization
around z-axis. When the easy-plane magnetic anisotropy
is present, the field-like SOT drives the precession mo-
tion of the magnetization in the easy plane, while the
damping-like SOT generates the hard-axis component.
We note that the flip of the electric field changes the di-
rection of the field-like SOT. Nevertheless, the torque re-
sults in the precession motion of the magnetization. Then
we discuss the SOTs from σ

sy
zx. The damping-like torque

can stabilize the magnetization pointing in the +y axis.
When the direction of the electric field is flipped, the anti-
damping-like torque points in the −y direction, helping
the switching of the magnetization. We note the field-
like torque, pointing in +z or −z direction, is ineffective
when the easy plane magnetic anisotropy is present. In
summary, a combination of the field-like torque from σsz

zx

and the (anti-) damping-like torque from σsz
zx may switch

the magnetization efficiently, only with an electric field

but without an external magnetic field.

VI. CONCLUSION

In this paper we theoretically studied the SHE in an
effective model of magnetic Weyl semimetal Co3Sn2S2.
We showed the drastic changes of the SHCs depending
on the direction of the magnetic moment. Especially,
for the out-of-plane SHE, the enhancements of the SHCs
were found. Our finding may help us design an efficient
SOT generator for the in-plane magnetization switching
based on the magnetic Weyl semimetal.
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