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ABSTRACT

Altermagnets constitute a recently identified magnetic phase that combines
the  absence  of  macroscopic  magnetization,  characteristic  of  antiferromag-
nets,  with  the  spin  splitting  typically  associated  with  ferromagnets.  This
hybrid  nature  enables  stray-field-free  spin  transport  and  ultrafast  spin
dynamics,  offering  new  opportunities  for  dissipationless  spintronics  and
spin-caloritronics.  Here,  we  perform  a  comprehensive  symmetry  analysis
and  advanced  first-principles  calculations  to  investigate  the  intrinsic  spin
Hall and spin Nernst effects in two-dimensional altermagnets, using bilayer
MnPSe3 as  a  representative  example.  In  the  nonrelativistic  limit,  interlayer
sliding induces a d-wave-like spin splitting and generates time-reversal-odd,
intraband-dominated  spin  Hall  and  spin  Nernst  responses.  Changing  the
sliding direction alters the associated symmetry operations, thereby modify-
ing  the  spin  splitting  of  the  Fermi  surface  and  enabling  tunable  control  of
spin-transport properties. This modulation originates from symmetry-driven
variations in the relative contributions of opposite spins. Our findings identify
interlayer sliding as an effective route to tuning spin transport in altermag-
nets,  establishing  a  versatile  two-dimensional  platform  for  exploring  the
interplay  between  altermagnetism  and  spin  transport,  and  paving  the  way
for future advances in altermagnetic spintronics and spin-caloritronics.

Non-sliding

Keywords  altermagnet, spin Hall effect, spin Nernst effect,
two-dimensional system

 1   Introduction

Spintronics  aims  to  exploit  the  interplay  between  spin

and charge degrees of freedom to manipulate both equi-
librium and nonequilibrium phenomena in materials and
devices.  Among  its  core  objectives,  the  generation,
detection, and control of transverse spin currents are of
central  importance  [1].  A  transverse  spin  current
induced by a longitudinal  electric  field  is  known as  the
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spin Hall effect (SHE) [2], which serves as a fundamental
mechanism  for  creating  and  detecting  spin  currents.
Analogously,  a  longitudinal  temperature  gradient  can
also  drive  a  transverse  spin  current,  giving  rise  to  the
spin  Nernst  effect  (SNE).  In  both  cases,  the  transverse
spin  response  originates  from  two  distinct  mechanisms:
extrinsic  contributions  — such  as  side-jump and  skew-
scattering  processes  —  which  strongly  depend  on
carrier–impurity interactions [3, 4];  and intrinsic contri-
butions, which arise purely from the electronic structure
of a perfect crystal and are closely tied to band topology
[5, 6].

T
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T
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From the  perspective  of  time-reversal  symmetry  ( ),
the intrinsic SHE can be decomposed into -even and -
odd components [7]. The -even contribution originates
from  spin  Berry  curvature  induced  by  spin-orbit-
coupling (SOC) [5, 6] and has been extensively explored
in both magnetic [7–9] and nonmagnetic systems [10–14].
By contrast, the -odd contribution depends sensitively
on  the  detailed  electronic  band  structure  and  does  not
rely on the strength of SOC. This provides a promising
mechanism  for  generating  and  tuning  spin  currents  in
materials  composed  of  light  elements,  where  SOC  is
intrinsically  weak.  Despite  these  advantages,  studies  on
the -odd SHE remain limited. It is further believed to
vanish  in  conventional  collinear  compensated  magnetic
systems  due  to  the  absence  of  essential  spin  splitting,
which has imposed significant constraints on both funda-
mental  understanding  and  practical  development  of
spintronic functionalities.

T

T

Recently,  a  newly  identified  class  of  magnets  —
termed  altermagnets  (AMs)  [15, 16]  —  has  attracted
considerable  attention  due  to  their  promising  potential
in spintronic applications [17]. In AMs, magnetic sublat-
tices  with  opposite  spin  orientations  are  connected  by
rotational or mirror symmetries, in contrast to conventional
collinear  antiferromagnets,  where  they  are  related
through  inversion  or  translational  symmetries.  These
symmetry  operations  enforce  alternating  spin  splittings
across  the  electronic  band  structure,  giving  rise  to  a
wide  array  of  unconventional  physical  phenomena
[18–34].  Among these,  the  emergence  of  an  intrinsic -
odd SHE is particularly notable, as it resolves the long-
standing  belief  that  such  an  effect  is  forbidden  in
collinear  compensated  magnetic  systems  [35],  thereby
expanding the pool of viable material platforms for spin-
tronics.  For instance, in altermagnetic RuO2,  the corre-
sponding  transverse  spin  conductivity  exceeds  by  a
factor of three the record values reported in nonmagnetic
materials and exhibits strong sensitivity to spin orienta-
tion.  Despite  these  promising  attributes,  progress  in
exploiting  AMs  for  generating  and  modulating -odd
SHE  has  been  limited,  particularly  in  two-dimensional
(2D)  systems.  Moreover,  it  is  essential  to  identify
control  mechanisms  beyond  spin  reorientation  to  meet
the demands of high-performance and device-compatible
functionalities.

d

T

In this work, through comprehensive symmetry analysis
and advanced first-principles calculations, we systemati-
cally  investigate  how  interlayer  sliding  modulates  the
intrinsic  SHE  and  SNE  in  2D  bilayer  altermagnets,
using  MnPSe3 as  a  representative  example.  In  the
nonrelativistic  limit,  interlayer  sliding  induces  a -
wave–like  spin  splitting  in  momentum  space,  whose
pattern depends sensitively on the sliding direction and
its associated symmetry operations. By varying the sliding
direction,  MnPSe3 exhibits  pronounced  orientation-
dependent  spin  splitting.  Based  on  spin  and  magnetic
group  analyses,  we  further  determine  the  symmetry
constraints  on  the  spin  Hall  conductivity  (SHC)  and
spin Nernst conductivity (SNC) tensors in both nonrela-
tivistic  and  relativistic  cases.  Our  calculations  reveal
that  the -odd  intraband  contribution  dominates  the
SHE  and  SNE.  More  importantly,  both  the  sign  and
magnitude of the SHC and SNC can be efficiently tuned
by  adjusting  the  sliding  direction,  and  this  sliding-
induced  modulation  remains  robust  with  or  without
SOC. These findings not only establish interlayer sliding
as an effective route for controlling spin-transport prop-
erties but also highlight bilayer MnPSe3 as a compelling
2D  platform  for  exploring  the  interplay  between  alter-
magnetism  and  spin  transport,  paving  the  way  for
advances  in  altermagnetic  spintronics  and  spin-
caloritronics.

 2   Theory and computational details

E j

i

s

i, j, s ∈ {x, y, z}

Under an applied electric  field  along the  direction,
the  linear  response  of  a  spin  current  flowing  in  the 
direction  and  polarized  along  the  direction
( ) is given by 

J E,s
i = σs

ijEj , (1)

σs
ij

T

where  denotes  the  SHC.  According  to  its  behavior
under , the SHC can be decomposed into two parts as
[7] 

σs
ij = σs,odd

ij + σs,even
ij , (2)

with 

σs,odd
ij =

ℏ2Γ
V

∑
n,m,k

fmk − fnk
εnk − εmk

Re
(
⟨n|Js

k,i|m⟩⟨m|Jk,j |n⟩
)

(εnk − εmk)2 + (ℏΓ)2
,

(3)
 

σs,even
ij = − ℏ

V

∑
n,m,k

(fmk − fnk)
Im

(
⟨n|Js

k,i|m⟩⟨m|Jk,j |n⟩
)

(εnk − εmk)2 + (ℏΓ)2
.

(4)

V fnk =
[
e(εnk−εF )/(kBT ) + 1

]−1Here,  is the volume and  is
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(
Ŝsvk,i + vk,iŜs

)
Jk,j = evk,j e Ŝs

s vk,i/j
i/j

σ
s,odd(even)
ij

D
s,odd(even)
ij (k) σs,odd

ij

σs,odd-intra
ij

(m = n) σs,odd-inter
ij (m ̸= n)

the Fermi–Dirac distribution with Fermi energy . The
current  kernels  are  defined  as 
and , where  is the elementary charge,  is
the spin operator polarized along direction ,  and 
is  the  velocity  operator  along  direction .  The
summand of  with respect to the band indices is
denoted  as .  Furthermore,  can  be
decomposed  into  an  intraband  contribution 

 and an interband contribution  .
Γ = 1/τ

τ

In  Eqs.  (3)  and  (4),  is  an  artificial  spectral
broadening parameter,  where the relaxation time  can
be estimated using the semiclassical relation [36, 37] 

τ = µm∗/e. (5)

µ m∗

µ

τ

Here,  and  denote  the  carrier  mobility  and  the
effective  mass,  respectively.  Within  the  framework  of
deformation potential theory,  can be evaluated, allowing
 to be expressed as [38, 39] 

τ =
ℏ3C2D

kBT mdE2
1

, (6)

C2D kB
T

md =
√
m∗

xm
∗
y

m∗
x m∗

y

x y

E1 E1 = dEedge

du Eedge

u

where  is  the  in-plane  elastic  modulus,  is  the
Boltzmann  constant,  and  is  the  temperature.  The
quantity  is  the  average  effective  mass,
with  and  denoting the effective masses along the
 and  directions, respectively. The deformation potential

constant  is  defined  as ,  where  is  the
energy  of  the  conduction- or  valence-band  edge  and 
represents the applied uniaxial strain.

∇T
E

Similarly,  a  temperature  gradient  can  play  the
role  analogous  to  that  of  an  applied  electric  field ,
driving transverse spin current through the sample. This
thermal  response,  known as  the  SNE,  can be  expressed
as 

J∇T,s
i = αs

ij∇Tj , (7)

αs
ijwhere  denotes the SNC. According to the generalized

Landauer–Büttiker  formalism  [40–42],  the  SNC  is
related to the SHC through 

αs
ij =

∫ ∞

−∞
(ε− εF )

(
−∂f

∂ε

)
σs
ij(ε)dε. (8)

E j

j ∈ x, y, z

Under an applied electric field  along the  direction
( ), the linear response of a charge current flowing
in the same direction is given by 

J E
j = σjjEj , (9)

σjj

σjj

where  denotes  the  longitudinal  charge  conductivity.
Within the semiclassical Boltzmann transport formalism
[43],  can be written as [43–45] 

σjj = e2
∫ +∞

−∞

(
−∂f

∂ε

)
Σjj(ε)dε. (10)

Σjj(ε)Here,  the  is  the  transport  distribution  function,
defined as 

Σjj(ε) =
τ

V

∑
n,k

v2k,jδ(ε− εnk) , (11)

δ(ε− εnk)

where  the  constant  relaxation-time  approximation  is
adopted  and  represents  the  Dirac  delta  func-
tion.

ab initio

× ×

× 10−6

× 10−2

d

Ueff

p

d

ab initio

k 700× 700× 1

The  electronic  structures  were  calculated  using  the
Vienna   simulation  package  (VASP)  [46, 47],
within  the  framework  of  density  functional  theory
(DFT). The generalized gradient approximation (GGA)
with the Perdew–Burke–Ernzerhof (PBE) parameteriza-
tion  [48]  was  employed  to  describe  electron–electron
exchange-correlation  effects,  while  the  projected
augmented-wave  (PAW)  method  [49]  was  used  to
account  for  electron–ion  interactions.  An  energy  cutoff
of 500 eV was used for the plane-wave basis, along with
a uniform k-mesh of 9  9  1 for 2D system. The self-
consistent  field  calculations  were  considered  converged
when  the  total  energy  change  was  below  1   eV
and the residual forces on atoms were less than 1  
eV/Å.  To  properly  describe  the  localization  of  Mn  3
orbitals,  a  Hubbard  correction  of  =  5  eV  was
applied using the Dudarev scheme [50].  Long-range van
der Waals interactions were included via the semiempirical
DFT-D3  method  [51].  A  vacuum  region  of  more  than
15 Å was added along the out-of-plane direction to avoid
spurious  interactions  between  adjacent  slabs.  After
obtaining converged ground-state charge densities, maxi-
mally  localized  Wannier  functions  were  constructed
using  the  Wannier90  package  [52],  incorporating  the 
orbitals of Se and the  orbitals of Mn atoms. The spin-
and charge-transport properties were evaluated using an

  tight-binding  Hamiltonian  constructed  from
maximally  localized  Wannier  functions.  The  transverse
components were computed using our in-house developed
codes,  whereas  the  longitudinal  components  were
obtained  with  the  BoltzWann package  [45].  To  achieve
well-converged transport results,  we employed an ultra-
dense -mesh of at least .

 3   Results and discussion

S

G

For  collinear  AMs,  the  nonrelativistic  spin-split  band
structures can be systematically characterized within the
framework  of  spin  group  theory.  A  spin  point  group 
can  be  constructed  from a  crystallographic  point  group

 through the relation [13–17, 32] 

S = [E||H] + [C2||G−H], (12)

[Rs||Rl]

Rs Rl

E C2

where  denotes  a  combined  symmetry  operation
consisting  of  acting  in  spin  space  and  in  real
space. Here,  is the identity operation in spin space, 
is a twofold rotation perpendicular to the collinear spin
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H G [E||H]

[C2||G−H]

axis, and  is a halving subgroup of . The term 
preserves the spin orientation and operates within same-
spin  sublattices,  whereas  relates  sublattices
with opposite spin orientations.

[C2||G−H] P Mz

C2z z

E(k, s) = E(k,

−s) k s

C4z

C2α Mα α

C2

[C2||C2α] [C2||Mα]

α α′

[C2||C4z]

[C2||C4z]

For  the  2D  case,  the  spatial  operations  appearing  in
 must  exclude  inversion ,  mirror ,  and

the twofold rotation  (with the  axis perpendicular
to  the  atomic  plane),  as  these  symmetries  enforce  spin
degeneracy  of  the  electronic  bands,  i.e., 

, where  and  denote momentum and spin indices,
respectively  [32].  The  remaining  admissible  operations
include the fourfold rotation , in-plane twofold rotations

, and vertical mirrors , where  specifies an arbitrary
in-plane  direction.  When  combined  with  the  spin-space
rotation ,  all  three  classes  of  operations  can  induce
anisotropic  spin  splitting  in  the  band  structure  [see
Fig. 1].  For  and ,  varying the in-plane
axis  — for example, rotating it to a new direction 
—  causes  the  corresponding  band  structure  to  evolve
accordingly  [see Figs.  1(a)–(d)].  This  pronounced  direc-
tional dependence enables effective tuning of nonrelativistic
band  structures  by  controlling  the  orientation  of  the
underlying  symmetries.  In  contrast,  although  the

 symmetry  can  also  induce  spin  splitting,  its
directional character cannot be regulated in 2D systems,
because  multiple  distinct  spin-splitting  patterns  corre-
spond  to  the  same  symmetry  operation  [see Figs.  1(e)
and (f)]. Therefore,  is unsuitable for symmetry-
based  tuning  of  nonrelativistic  band  structures  in  2D
AMs.

For 2D van der Waals layered materials, the orientation
of  symmetry  operations  can  be  readily  and  effectively
controlled  via  interlayer  sliding.  Monolayer  MnPSe3

[C2||Mz]

G = D3h

H = D3

[E||E] [E||C±
3z] [E||C2α]

α = [100], [010], [110] [C2||Mz] [C2||PC±
6z]

[C2||Mα] α = [210], [120], [11̄0]

[C2||Mz]

± 1
3a ± 1

3b ± 1
3 (a+ b) a = [100]

b = [010]

T

exhibits  an  antiferromagnetic  ground  state  with  an  in-
plane easy axis and a Néel temperature of approximately
40  K  [53].  As  illustrated  in Fig.  2,  in  the  absence  of
SOC,  stacking  two  MnPSe3 monolayers  in  a  configura-
tion  that  preserves  the  combined  symmetry 
yields  a  bilayer  type-IV  collinear  magnet  [32]  that
exhibits robust magnetoelectric coupling [54]. The corre-
sponding  crystallographic  point  group  is ,  and
the  halving  subgroup  can  be  chosen  as .  The
bilayer  MnPSe3 thus  retains  the  following  spin  point
group  symmetry  operations: , , 
with , , ,  and

 with .  Among  these,  the
operation  enforces spin degeneracy, as shown in
the central  part  of Fig.  2.  This  bilayer type-IV magnet
turns to reach its energy minimum when one monolayer
is  shifted  relative  to  the  other  along  any of  six  specific
vectors, namely , , or , where 
and  [55]. Such interlayer sliding can be experi-
mentally  realized  using  in  situ  biasing  Cs-corrected
transmission  electron  microscopy  (Cs-TEM)  [56].  For
any  of  these  sliding  directions,  the  spin-degenerate
Fermi surface is lifted. This occurs because each sliding
configuration  preserves  only  a  single  vertical  mirror
symmetry, while all other symmetries except the identity
operation are broken. Moreover, the resulting pattern of
spin  splitting  depends  sensitively  on  the  sliding  direc-
tion,  which  is  confined  to  the  corresponding  preserved
mirror  plane  (see  the  outer  parts  in Fig.  2).  Since  the
intrinsic -odd SHC and SNC are directly linked to the
pattern of  spin splitting [35],  interlayer sliding provides
an effective means of modulating these spin responses.

σs
xy αs

xy

T T

[C̄2||T ] [C̄2||T ]σs,even
xy = −σs,even

xy

T

T σs,odd
xy

[C2||Mz]

[C2||Mz]σ
s,odd
xy = −σs,odd

xy

± 1
3a ± 1

3b ± 1
3 (a+ b)

[C2||M[120]] [C2||M[210]]

[C2||M[11̄0]]

σs,odd
xy T

Prior to calculating the SHC and SNC, we analyze the
symmetry constraints on their in-plane components, i.e.,

 and , since the out-of-plane components are irrel-
evant in 2D systems.  Because the SHC and SNC share
identical  symmetry  constraints,  we  focus  on  the  SHC
here, and consider both the -odd and -even contributions
for  completeness.  In  the  nonrelativistic  limit,  the
symmetry  constraints  on  the  SHC  can  be  determined
using  spin  group  theory.  In  this  case,  all  collinear
magnets  possess  an  additional  symmetry  operation

 [15, 16],  which  imposes ,
thereby forcing the -even SHC to vanish regardless of
whether sliding is present or not. In the absence of interlayer
sliding,  the -odd  SHC  also  vanishes  due  to  the
constraint  imposed  by  the  symmetry,  that  is,

. Under interlayer sliding along the
, ,  or  directions,  however,  only

symmetry  operations , ,  or
 remains,  respectively.  These  operations

impose no constraints on , and thus a finite -odd
SHC becomes allowed in the sliding configurations.

When SOC is taken into account, the magnetic point
group must  be  used,  as  the  spin  and crystal  degrees  of
freedom become coupled. For convenience, we define the

 

(a) (c) (e)

(b)

α

α′z

(d) (f)

 

[C2||C2α] [C2||C2α′ ] [C2||Mα] [C2||Mα′ ]

[C2||C4z]

C2α C2α′

Mα Mα′

Fig. 1  Schematic  illustration  of  the  orientation-dependent
spin  splitting  induced  by  spin-group  symmetries:
(a) , (b) , (c) , (d) ,  and
(e,  f) .  Red  and  blue  lines  represent  bands  with
opposite  spin  polarizations.  The  solid  lines  indicate  the  in-
plane  rotation axes  of  and ,  while  the  dashed lines
denote the mirror planes  and .
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N = S1 − S2 S1 S2

N

[100] x

mm2.1

Mz Mzσ
x(y)
xy = −σ

x(y)
xy

σ
x(y)
xy = 0 σz

xy T

T ± 1
3a

m.1

M[120]

M[120]σ
y
xy = −σy

xy σy
xy = 0

σx
xy σz

xy T T

± 1
3b ± 1

3 (a+ b)

1.1

E

Néel vector as , where  and  denote the
antiparallel spin moments within a unit cell. When  is
parallel  to  the  direction  (  axis),  the  non-sliding
magnetic structure belongs to the magnetic point group

 (No. 7.1.20). In this group, the mirror symmetry
 imposes  the  constraint ,  indicating

, while allowing a finite  for both the -odd
and -even  components.  For  sliding  along ,  the
magnetic  point  group  is  reduced  to  (No.  4.1.9),
where  the  vertical  mirror  enforces

,  giving  rise  to ,  but  permits
finite  and  for both -odd and -even parts. In
contrast,  for  sliding  along  or ,  the
magnetic point group further reduces to  (No. 1.1.1),
where  only  the  identity  operation  remains.  As  a
result,  all  in-plane SHC components become symmetry-
allowed.  The  symmetry  operations  of  the  spin  and
magnetic point groups, together with their corresponding
constraints on the SHC, are summarized in Tables 1 and
2, respectively.

For  comparison,  we  also  construct  a  bilayer  MnPSe3
with intralayer  ferromagnetic  order  and interlayer  anti-
ferromagnetic order (see Fig. A1). The symmetry opera-
tions  of  the  spin  and  magnetic  point  groups,  together
with their constraints on the SHC and SNC, are summa-
rized  in Tables  A1 and A2,  respectively,  and  discussed
in  detail  in  Appendix  A.  The  results  demonstrate  that

the  specific  type  of  in-plane  magnetic  order  strongly
constrains  the  SHC  and  SNC,  highlighting  the  pivotal
role  of  magnetic  symmetry  in  tailoring  spin  transport
properties.

T
Γ

τ = 238.0

ℏΓ =

2.8

To  quantitatively  evaluate  the  SHC  and  SNC  using
Eqs.  (3),  (4),  and  (8),  the  temperature  and  spectral
broadening  parameter  must  be  specified.  Given  that
monolayer  MnPSe3 has  a  Néel  temperature  exceeding
40 K and its bulk counterpart exhibits a Néel temperature
of 68 K [57], we adopt a reasonable temperature of 50 K
for  the  SHC  and  SNC  calculations  of  bilayer  MnPSe3.
According  to  deformation  potential  theory,  bilayer
MnPSe3 possesses  a  high  electron  mobility  of
418.6 cm2·V–1·s–1 in the valence band, which is consider-
ably  larger  than  the  theoretical  mobility  of  monolayer
MoS2 (72.2  cm2·V–1·s–1)  [58].  Based  on  Eq.  (6),  the
corresponding  relaxation  time  is  estimated  to  be

 fs,  significantly longer than that of  monolayer
CrI3 (30–70  fs)  [59]  and  NiI2 (22.7  fs)  [36],  indicating
weak carrier scattering in bilayer MnPSe3. The associated
spectral  broadening  is  then  determined  to  be 

 meV.
T

x σx,odd
xy

The  magnitude  and  sign  of  the  nonrelativistic -odd
spin transport can be effectively modulated by interlayer
sliding.  Here,  we  take  the  spin  Hall  response  with  spin
polarization along the  direction, , as an illustrative
example,  as  shown  in  the  top  row  of Fig.  3,  while  the

 

1
3 b

1
3 b

1
3 (a + b)

1
3 (a + b)

1
3−

− −

a 1
3 a

 

εF = −0.16

Fig. 2  Schematic  illustrations  of  the  magnetic  structures  and  Fermi  surface  with  and  without  interlayer  sliding.  The
orange arrows mark the sliding directions, and the dashed lines indicate the preserved mirror planes. Red and blue spheres
represent Mn atoms with opposite spin orientations, while the red and blue lines denote the Fermi surfaces associated with
opposite  spin  polarizations,  calculated  at  the  Fermi  energy  eV.  The  symmetry  operations  remaining  after  each
sliding configuration are listed below the corresponding schematic magnetic structure and its Fermi surface. The rectangular
box highlights the atomic and magnetic structures of bilayer MnPSe3 without sliding, where the red and blue arrows indicate
the directions of the Mn spin moments.
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1
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[C2||Mz]

cases with spin polarization along the  and  directions
( ) exhibit similar behavior. We analyze the inter-
layer sliding with the sequence of 

, which proceeds counterclockwise
in  60°  intervals  (see Fig.  2).  For  all  sliding  configura-
tions,  is dominated by the intraband contribution,
whereas the interband part is negligible. For the  slid-
ing,  as  the  Fermi  level  moves  downward  from  the
valence-band maximum,  develops a deep valley
of  at  and  a  peak  of  at

. For the  sliding,  exhibits similar
behavior  but  with  reduced  magnitudes,  with  the
extrema  decreased  to  and ,  respec-
tively. In contrast, for the  sliding,  is exactly
opposite  in  sign  to  that  of  the  case.  This  sign
reversal  arises  because  the  two  corresponding  crystal
structures  are  related  by  the  symmetry  operation

, which flips the sign of . Furthermore,
for the , , and  slidings (i.e., the opposite
displacements  of , ,  and ,  respectively),

 retains  the  same  magnitude  but  acquires  the
opposite sign compared with their positive-sliding coun-
terparts.  This  behavior  is  enforced  by  the  symmetry
operation , which connects each pair of opposite
sliding configurations.

T

Dx,odd-intra
xy

1
3a Dx,odd-intra

xy

To elucidate the microscopic origin of the variation in
nonrelativistic -odd spin transport under different sliding
configurations,  we  examine  its  momentum-space  distri-
bution by calculating , as shown in the inset of
the  top  row  of Fig.  3.  For  the  sliding, 
spreads almost uniformly along the Fermi surface, indi-

σx,odd-intra
xy

Dx,odd-intra
xy

kx ky
[C2||M[120]]D

x,odd-intra
xy (kx, ky) = Dx,odd-intra

xy (kx,−ky)

[C2||T ][C2||M[120]]D
x,odd-intra
xy (kx, ky) = Dx,odd-intra

xy (−kx, ky)

− 1
3a

Dx,odd-intra
xy

1
3a

[C2||Mz]

[C2||Mz]D
x,odd-intra
xy (kx, ky) = −Dx,odd-intra

xy (kx, ky)

σx,odd-intra
xy

± 1
3 (a+ b) ± 1

3b

[C2||M[11̄0]]

[C2||M[210]]

Dx,odd-intra
xy

σx,odd-intra
xy

cating  that  arises  predominantly  from  Fermi-
surface contributions. More specifically, the spin-up and
spin-down Fermi surfaces contribute nearly equally. The
distribution  of  is  symmetric  with  respect  to
both  the  and  axes  due  to  the  symmetry
constraints 
and .
The same symmetry analysis applies to the  sliding,
however,  in  this  case  the  sign  of  is  reversed
relative  to  the  configuration.  This  originates  from
the  opposite  spin  polarizations  of  the  Fermi  surfaces
produced  by  the  two  opposite  sliding  directions  (also
refer  to Fig.  2),  which  are  related  by  the  symmetry
operation .  This  symmetry  imposes  the
constraint ,
thereby  enforcing  an  overall  sign  reversal  of .
For  the  and  slidings,  the  spin-up  and
spin-down  Fermi  surfaces  remain  symmetrically
distributed  with  respect  to  the  and

 symmetry  operations,  respectively.  However,
the quantity  itself  does  not  remain symmetric
under  these  operations.  As  a  result,  the  contributions
from the two spin channels  become unbalanced — and
may  even  acquire  opposite  signs  —  which  ultimately
reduces the magnitude of .

T

εF = −0.16 T

Having  clarified  the  sliding  dependence  of  the  SHC,
we now turn to the SNC. As shown in the bottom row
of Fig.  3,  the  SNC is  likewise  dominated by the -odd
intraband contribution, and its dependence on the sliding
direction  closely  resembles  that  of  the  SHC,  as  both
responses  obey  the  same  symmetry  constraints.
However,  their  energy-dependent  behaviors  differ
markedly. At  eV, where the -odd intraband

 

Table  1  Symmetry  operations  of  bilayer  MnPSe3 under
various  slidings  for  spin  point  group  (without  SOC)  and
magnetic point group (with SOC).

w/o SOC
Non-sliding [E∥E] [C2∥Mz]

[E∥C±
3z] [C2∥PC±

6z]

[E∥C2[100]] [C2∥M[210]]

[E∥C2[110]] [C2∥M[120]]

[E∥C2[010]] [C2∥M[11̄0]]

±1

3
a [E∥E] [C2∥M[120]]

±1

3
b [E∥E] [C2∥M[210]]

±1

3
(a+ b) [E∥E] [C2∥M[11̄0]]

N∥xw SOC ( -axis)
Non-sliding E C2[100] Mz M[120], , , 

±1

3
a E M[120], 

±1

3
b E

±1

3
(a+ b) E

 

σ
s,odd/even
xy

Table  2  Symmetry  constraints  on  the  SHC  components
 imposed by the spin point group (without SOC) and

the  magnetic  point  group  (with  SOC).  The  corresponding
constraints for the SNC are identical to those for the SHC.

w/o SOC
σx,odd
xy σy,odd

xy σz,odd
xy σx,even

xy σy,even
xy σz,even

xy

Non-sliding ✘ ✘ ✘ ✘ ✘ ✘

±1

3
a ✔ ✔ ✔ ✘ ✘ ✘

±1

3
b ✔ ✔ ✔ ✘ ✘ ✘

±1

3
(a+ b) ✔ ✔ ✔ ✘ ✘ ✘

N∥xw SOC ( -axis)
σx,odd
xy σy,odd

xy σz,odd
xy σx,even

xy σy,even
xy σz,even

xy

Non-sliding ✘ ✘ ✔ ✘ ✘ ✔

±1

3
a ✔ ✘ ✔ ✔ ✘ ✔

±1

3
b ✔ ✔ ✔ ✔ ✔ ✔

±1

3
(a+ b) ✔ ✔ ✔ ✔ ✔ ✔
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εF = −0.18

9.9× 10−9Aℏ/(Ke)

SHC  reaches  an  extremum,  the  corresponding  SNC
nearly vanishes. In contrast, at  eV, the SNC
attains a maximum value of , coinciding
with  a  region  where  the  SHC  exhibits  a  steep  energy
gradient.  This  correlation  arises  directly  from the  Mott
relation, 

αx
xy = −π2

3

k2BT
e

(
σx
xy

)′
, (13)

which dictates that the SNC is proportional to the first-
order energy derivative of the SHC.

T

T

1
3a

σx,odd-intra
xy

εF = −0.16 −6.0 e/(4π)

−1272.0 Sℏ/(cme)

Mn3X X =

219 Sℏ/(cme)

1136 Sℏ/(cme)

XY X = Y =

755 Sℏ/(cme)

αx,odd-intra
xy εF = −0.19

When SOC is included, the -even components of the
SHC  and  SNC  become  symmetry-allowed.  However,  as
shown in Fig.  4,  their  magnitudes  remain negligible,  so
both responses  continue to be dominated by the -odd
intraband  contribution.  The  overall  sliding  and  energy
dependences of the SHC and SNC are thus qualitatively
preserved in the presence of SOC, although their magni-
tudes  undergo  quantitative  modifications.  For  the 
sliding,  the  first  extremum  of  (located  at

 eV) is reduced to , which corresponds
to  when  expressed  in  the  conventional
units  of  a  three-dimensional  system.  Despite  this
decrease,  the magnitude still  exceeds those reported for
non-collinear antiferromagnets  (  Sn, Ge, Ga),
which exhibit values around  [60], as well as
nonmagnetic  Ni70Cu30 ( )  [61]  and nonmag-
netic  Zr  (  Si,  Ge;  S,  Se,  Te),  which  reach
approximately  [62].  Similarly,  the
extremum  of  (at  eV)  decreases  to

5.3× 10−9 Aℏ/(Ke) 5.2 Aℏ/(Kme)

3.5 Aℏ/(Kme)

1.5 Aℏ/(Kme)

 (corresponded  to  in  the
unit  of  three-dimensional  system).  This  value  still
surpasses  those  reported  for  nonmagnetic  Ni70Cu30
( )  [61]  and  nonmagnetic  ZrSiS
( ) [62].

T

2π

β
1
3a

± 1
3a

y

2π

Figures 5(a) and 5(b) show the angular dependence of
the -odd intraband SHC and SNC with respect to the
sliding direction. In the nonrelativistic limit, both quan-
tities exhibit a clear -periodic variation with the sliding
angle , defined as the angle between the sliding vector
and . The SHC and SNC reach their extrema for the

 slidings  and  vanish  when  the  sliding  occurs  along
the  axis.  The  results  reveal  a  pronounced  anisotropy
in  the  sliding-induced  SHC  and  SNC,  demonstrating
that both the magnitude and sign of the spin transport
can be tuned continuously by adjusting the sliding direc-
tion.  This  control  is  intrinsic  to  the  sliding  degree  of
freedom and is  independent  of  the  applied electric  field
or temperature gradient, providing a new mechanism for
tuning spin currents in 2D altermagnets.  When SOC is
included, the SHC and SNC retain the same  periodicity
and  phase  positions.  However,  their  magnitudes  are
reduced compared with the nonrelativistic case, indicating
that  SOC  partially  suppresses  the  spin-transport
response while preserving the overall angular anisotropy.

σxx

|CSE|

Finally,  we  evaluate  the  longitudinal  electronic
conductivity  and the charge-to-spin conversion effi-
ciency , which quantify, respectively, the ability of
an  applied  electric  field  to  drive  a  longitudinal  charge
current  and  the  efficiency  with  which  that  longitudinal
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Fig. 3  The -odd SHC (top row) and SNC (bottom row) of bilayer MnPSe3 for different interlayer-sliding configurations,
calculated at  K without SOC. The two vertical  black dashed lines mark the Fermi levels  eV and  eV,
respectively. The insets in the top row show the Fermi surfaces at  eV, where the red and blue dashed lines denote
opposite spin polarizations, together with the distribution of  (color maps in arbitrary units).
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|CSE|SHE = |σs
xy/σxx|× |CSE|SNE =

|αs
xy/σxx|×

|σxx| ± 1
3a ± 1

3b

± 1
3 (a+ b)

charge  current  is  converted  into  a  transverse  spin
current.  Specifically,  the  conversion  efficiencies  are
defined  as 100%  and 

100%.  As  shown  in Figs.  6(a)  and  (b),  the
values  of  are  identical  for  the , ,  and

 sliding configurations.  This  equivalence arises

[C2||Mz]

Mz

|σxx| ± 1
3b ± 1

3 (a+ b)

|σxx|
[E||M[100]]

M[100] |σxx|
|σxx|

± 1
3a

3.9× 104 e2/h

εF = −0.19 εF =

−0.22 ± 1
3b ± 1

3 (a+ b)

|σxx|

because  each  pair  of  opposite  sliding  configurations  is
related  by  the  symmetry  operation  in  the
absence  of  SOC  (or  by  when  SOC  is  included),
which preserves . Moreover, the  and 
slidings  also  yield  identical ,  as  they are  connected
by the  symmetry operation  without  SOC (or
by  with  SOC),  which  likewise  preserves .
Below the valence-band maximum,  increases mono-
tonically with decreasing energy. For the  slidings, a
pronounced peak of approximately  appears
at  eV,  whereas  this  peak  shifts  to 

 eV  for  the  and  slidings.  Upon
including SOC, the overall magnitude of  is slightly
reduced,  indicating  that  SOC  weakly  suppresses  the
longitudinal charge transport.

|CSE|

|CSE|SHE |CSE|SNE
εF = 0

12.5 (ℏ/e) |CSE|SHE
7.5× 105 (Aℏ/(SKe)) |CSE|SNE

σxx

|CSE|SHE |CSE|SNE

|CSE|

The  energy-dependent  for  different  sliding
configurations is shown in Figs. 6(c)–(f). In the absence
of  SOC,  both  and  exhibit  pronounced
oscillations with multiple peaks below  eV, reflecting
their  strong  sensitivity  to  hole  doping.  The  maximum
values reach approximately % for  and

%  for .  Upon  inclusion  of
SOC,  the  overall  magnitudes  are  moderately  reduced,
and the peak structures become slightly smoother. This
suppression indicates that SOC partially diminishes the
charge-to-spin  conversion  process.  Since  is  also
reduced  when  SOC  is  included,  the  decrease  in  both

 and  can  be  reasonably  attributed  to
the concomitant reduction in the SHC and SNC. Despite
this  overall  reduction,  the  energy  dependence  of 
still faithfully reflects the intrinsic nature of the charge-
to-spin conversion mediated by interlayer sliding.
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Fig. 4  The SHC (top row) and SNC (bottom row) of bilayer MnPSe3 for different interlayer-sliding configurations, calculated
at  K with SOC. The two vertical black dashed lines mark the Fermi levels  eV and  eV, respectively.
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Fig. 5  (a) The SHC (evaluated at  eV, without
and  with  SOC)  and (b) the  SNC  (evaluated  at 
eV without SOC and  eV with SOC) as a function
of the orientation of the sliding vector. The green arrow indicates
the  orientation  angle ,  measured  from  the  black  arrow
representing  the  sliding  direction.  The  quantities  in  (a)
and (b)  are  given in  units  of  and ,  respec-
tively.
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 4   Summary

d

T

1
3a

−6.0 e/4π

εF = −0.16 5.3× 10−9 Aℏ/(Ke) εF = −0.19

In  summary,  by  combining  group-theory  analysis  and
first-principles  calculations,  we  have  investigated  the
SHE and SNE in the 2D bilayer altermagnet MnPSe3. In
the nonrelativistic limit, spin-group analysis reveals that
interlayer sliding induces -wave — like spin splittings,
which  give  rise  to  nonvanishing  spin  Hall  and  spin
Nernst  responses.  We  shown  that  both  the  SHE  and
SNE  are  dominated  by  the -odd  intraband  contribu-
tion. When the sliding direction changes, the associated
symmetry operation is modified, leading to corresponding
changes  in  the  spin  splitting  of  the  Fermi  surface  and,
consequently, to a tunable modulation of the spin-transport
properties.  This  modulation  originates  from  symmetry-
induced  variations  in  the  opposite  spin  polarizations  of
the band structures  generated by different directions of
interlayer sliding. In addition, interlayer sliding can effi-
ciently  modulate  the  charge-to-spin  conversion  effi-
ciency. When SOC is included, the proposed mechanism
remains  valid.  Specifically,  under  the  sliding,  the
SHC  and  SNC  reach  large  values  of  at

 eV  and  at  eV,
respectively.  Our  findings  establish  interlayer  sliding  as
an effective  route  to  control  the  patterns  of  band spin-
splitting as well as the spin Hall and Nernst transport in

2D layered altermagnets, paving the way for advancements
in altermagnetic spintronics and spin-caloritronics.
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Appendix A: Bilayer MnPSe3 with
intralayer ferromagnetic order and
interlayer antiferromagnetic order

T

[C̄2||T ]

G = D3h

H = C3v

[E||E] [E||C±
3z] [E||Mα] α = [120], [11̄0], [210]

[C2||Mz] [C2||PC±
6z] [C2||C2α] α = [100], [110],

[010] T

[C2||Mz] ± 1
3a

[E||E]

[E||M[120]] [E||M[120]]σ
s,odd
xy = −σs,odd

xy T

± 1
3b ± 1

3 (a+ b)

[E||E] [E||M[210]] [E||E] [E||M[11̄0]]

σs,odd
xy T

Figure A1 shows the atomic and magnetic structures of
non-sliding bilayer MnPSe3 with intralayer ferromagnetic
order  and  interlayer  antiferromagnetic  order.  In  the
absence of  SOC, the -even SHC has  to  vanish due to
the  additional  symmetry  operation  arising  from
the collinear  magnetic  order.  Without  sliding,  the  crys-
tallographic  point  group  is .  Using  its  halving
subgroup ,  the  spin  point  group  is  generated:

, ,  with ,
, ,  and  with 

.  The -odd  SHC  vanishes  due  to  the  constraint
imposed by .  With sliding along the  direc-
tion,  the  spin  point  group  changes  to:  and

, where , forcing the -
odd SHC to be zero. In contrast, with sliding along the

 ( ) direction, the spin point group becomes
 and  (  and ), imposing no

constraints  on ,  and  hence  a  finite -odd  SHC  is
expected.

N ∥ x− axis
When  SOC  is  taken  into  account,  the  non-sliding

configuration  ( )  belongs  to  the  magnetic
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Fig. 6  (a,  b) The  longitudinal  conductivity , (c,
d) the charge–spin conversion efficiency in the SHE, ,
and (e, f) the corresponding efficiency in the SNE, ,
calculated for different sliding configurations. The quantities
in panels (c, d) and (e, f) are given in units of % and

%, respectively.

 

Mn P Se

 
Fig. A1  The atomic and magnetic structures of non-sliding
bilayer  MnPSe3 with  intralayer  ferromagnetic  order  and
interlayer  antiferromagnetic  order.  The red and blue arrows
indicate the directions of the Mn spin moments.
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m′m2′

Mz Mzσ
x(y)
xy = −σ

x(y)
xy

M[120]T M[120]Tσ
z,odd
xy =−σz,odd

xy

σ
x(y)
xy σz,odd

xy

σz,even
xy

± 1
3a

point group  (No. 7.3.22). In this group, the mirror
symmetry  imposes  the  constraint ,
and  imposes the constraint .
These  two  constraints  force  and  to  be  zero,
respectively, while a finite  is allowed. When sliding
is  introduced  along  the  direction,  the  magnetic

m′

M[120]T M[120]Tσ
x(z),odd
xy =

−σ
x(z),odd
xy M[120]Tσ

y,even
xy = −σy,even

xy

σ
x(z),odd
xy = 0 σy,even

xy = 0

σy,odd
xy

σ
x(z),even
xy ± 1

3b ± 1
3 (a+ b)

1.1

E

point  group  is  reduced  to  (No.  4.3.11).  Here,  the
symmetry  operation  enforces 

 and ,  giving  rise  to
 and ,  respectively,  whereas  finite

values  are  permitted  for  the  components  and
.  For  slidings  along  the  or ,  the

magnetic  point  group  is  further  reduced  to  (No.
1.1.1),  where  only  the  identity  operation  remains.
Consequently,  all  SHC  components  become  symmetry-
allowed.  In  summary,  the  symmetry  operations  of  the
spin  and  magnetic  point  groups,  together  with  their
constraints on the SHC, are collected in Tables A1 and
A2, respectively.
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Table  A1  Symmetry operations of spin point group (without
SOC) and magnetic point group (with SOC) for non-sliding
and  sliding  bilayer  MnPSe3 with  intralayer  ferromagnetic
order and interlayer antiferromagnetic order.

w/o SOC
Non-sliding [E∥E] [C2∥Mz]

[E∥C±
3z] [C2∥PC±

6z]

[E∥M[120]] [C2∥C2[100]]

[E∥M[11̄0]] [C2∥C2[110]]

[E∥M[210]] [C2∥C2[010]]

±1

3
a [E∥E] [E∥M[120]]

±1

3
b [E∥E] [E∥M[210]]

±1

3
(a+ b) [E∥E] [E∥M[11̄0]]

N∥xw SOC ( -axis)
Non-sliding E C2[100]T Mz M[120]T, , , 

±1

3
a E M[120]T, 

±1

3
b E

±1

3
(a+ b) E

 

σ
s,odd/even
xyTable  A2  Symmetry  constraints  on  the  SHC 

imposed  by  the  spin  point  group  (without  SOC)  and  the
magnetic point group (with SOC) for non-sliding and sliding
bilayer  MnPSe3 with  intralayer  ferromagnetic  order  and
interlayer  antiferromagnetic  order.  The  corresponding
constraints for the SNC are identical to those for the SHC.

w/o SOC
σx,odd
xy σy,odd

xy σz,odd
xy σx,even

xy σy,even
xy σz,even

xy

Non-sliding ✘ ✘ ✘ ✘ ✘ ✘

±1

3
a ✘ ✘ ✘ ✘ ✘ ✘

±1

3
b ✔ ✔ ✔ ✘ ✘ ✘

±1

3
(a+ b) ✔ ✔ ✔ ✘ ✘ ✘

N∥xw SOC ( -axis)
σx,odd
xy σy,odd

xy σz,odd
xy σx,even

xy σy,even
xy σz,even

xy

non-sliding ✘ ✘ ✘ ✘ ✘ ✔

±1

3
a ✘ ✔ ✘ ✔ ✘ ✔

±1

3
b ✔ ✔ ✔ ✔ ✔ ✔

±1

3
(a+ b) ✔ ✔ ✔ ✔ ✔ ✔
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