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Electrical injection and control of vector spin flow in altermagnets
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Altermagnets host chirally split magnons that promise unique functionalities for information processing.
However, their distinctive transport signatures, crucial for experimental identification and manipulation, remain
elusive. Here, we predict that a spin accumulation electrically injects a “vector” or multidirectional magnon
spin current into an altermagnet, comprising both longitudinal and sizable transverse components. Notably, this
transverse current exhibits a sign reversal away from the source and can be switched on or off by reorienting the
Néel vector. While such a transverse current is found to be not forbidden even in conventional antiferromagnets,
we demonstrate through quantum-kinetic calculations that, in altermagnets, the transverse response is enhanced
by two orders of magnitude due to broken parity-time-translation (PT τ ) symmetry. This giant enhancement
provides a decisive transport fingerprint for detecting magnon spin splitting and Néel-vector orientation, offering
a clear criterion to experimentally distinguish nonrelativistic spin splitting from relativistic anisotropy effects.

DOI: 10.1103/4mcl-jtty

I. INTRODUCTION

Altermagnets (ATMs) constitute a distinct magnetic phase
that combines the high-frequency dynamics of antiferromag-
nets (AFMs) with the pronounced spin-dependent responses
of ferromagnets [1–6]. A key feature is a unique interplay
of crystal and spin-rotation symmetries that breaks global
Kramers degeneracy [2,7], producing the observed nonrela-
tivistic spin splitting in electronic bands via x-ray magnetic
circular dichroism [8–10] and angle-resolved photoemission
spectroscopy [11–17].

This spin splitting enables novel spintronic effects, in-
cluding nonrelativistic spin splitting torque [18], crystal Hall
effect [19–21], unique magneto-optical responses [22–24],
and unconventional thermal transport [25]. Moreover, ATMs
host chirally split magnons [26–32] (the quanta of spin waves
[33–37]), promising for low-dissipation spin transport [27,38–
40]. Efficient spin transport in conventional AFMs is often
hindered by magnetization compensation, requiring a large
magnetic field or strong spin-orbit coupling to overcome
[41–58]. ATMs intrinsically bypass this via chiral magnon
splitting, enabling effects like the temperature-gradient-driven
magnon spin Nernst effect [27,38,40], previously associated
with magnon spin swapping in AFMs [50].

Electrical spin injection from a heavy metal is a highly effi-
cient method to generate magnon spin currents, demonstrated
for longitudinal spin flow in ferromagnets [59], ferrimagnets
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[60,61], and antiferromagnets [54–58]. In contrast to the ther-
mal response [27,38,40], the electrical spin injection couples
the magnon spin polarization directly to electron spin accu-
mulation. Its behavior in altermagnetism, however, remains
wanting.

In this work, we fill this gap by exploring the electri-
cally injected, diffusion-driven transport of magnon spins in
ATMs, developing a microscopic quantum kinetic equation,
and performing a symmetry analysis. We demonstrate that
the electron spin accumulation �μμμ at a heavy-metal–ATM
interface produces a “vector” magnon (spin) current, i.e.,
multidirectional propagation containing both transverse and
longitudinal magnon flows propagating normal and parallel to
the spin-accumulation gradient [Figs. 1(a) and 1(b)]. Notably,
the transverse part reverses its direction when flowing away
from the source due to intrinsic differences in magnon diffu-
sion lengths originating from different group velocities of two
modes in ATMs, which can be turned on or off by reorienting
the Néel vector. Surprisingly, the transverse current also exists
in conventional AFMs when the Néel vector tilts away from
the diffusion axis, because the in-plane uniaxial anisotropy
renders the magnon dispersion anisotropic (especially at high
frequencies), thereby distorting the group-velocity distribu-
tion [Fig. 1(c)]. However, in AFMs, the transverse velocities
v⊥ of two magnon modes nearly compensate, yielding only
a weak net transverse spin current. In ATMs, in contrast,
magnon spin splitting from broken parity-time-translation
(PT τ ) symmetry creates strong asymmetry between the two
modes, leading to a large imbalance in transverse velocity and
a greatly enhanced transverse spin current [Fig. 1(d)]. This
intrinsic mechanism enhances the net transverse response in
ATMs by two orders of magnitude compared to AFMs of
similar crystal symmetry, offering a clear transport signature
to distinguish ATMs from conventional AFMs.
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FIG. 1. Diffusive magnon spin transport in ATMs vs AFMs un-
der electrical injection. (a) A charge current I x̂ in the normal metal
(NM) creates a spin accumulation �μμμ ‖ ẑ via spin Hall effect, driv-
ing a vector magnon flow in ATMs. Red and blue arrows indicate
the reversed transverse flow. (b) Minimal ATMs model with the Néel
vector n forming an angle θ to the diffusion ẑ axis. (c), (d) Transverse
magnon flow in AFMs and ATMs when n ∦ ẑ. Red (blue) denotes
positive (negative) transverse group velocities v⊥ ‖ x̂ of injected
magnons.

II. MODEL AND SYMMETRY

We model the ATMs using a minimal square-lattice model
with lattice constant a, shown in Fig. 1(b). The spin Hamilto-
nian reads

Ĥ = J1

∑
〈i, j〉

Ŝ1,i · Ŝ2, j − γ h̄
∑

i

H0 · (Ŝ1,i + Ŝ2,i )

+ J2

∑
〈iz, jz〉

Ŝ1,i · Ŝ1, j + J ′
2

∑
〈ix, jx〉

Ŝ1,i · Ŝ1, j

+ J ′
2

∑
〈iz, jz〉

Ŝ2,i · Ŝ2, j + J2

∑
〈ix, jx〉

Ŝ2,i · Ŝ2, j

+ K
∑

i

(
Ŝz

1,i

)2 + K
∑

i

(
Ŝz

2,i

)2
. (1)

Here, Ŝ1,i and Ŝ2, j represent spins of magnitude S on oc-
cupied lattice sites of sublattices 1 and 2. 〈i, j〉 denotes the
nearest-neighbor coupling between different sublattices along
the diagonal direction of the square lattice, while 〈ix, jx〉 and
〈iz, jz〉 indicate the nearest-neighbor coupling of the same
sublattice along two main axis of the crystal. J1 > 0 is the
antiferromagnetic intersublattice exchange constant, J2 (J ′

2)
is the intrasublattice exchange constant, K < 0 is uniaxial
anisotropy constant, γ is the electron gyromagnetic ratio, and
H0 is the applied magnetic field aligned with the Néel vector
n. To realize different spin-injection configurations with dif-
ferent relative directions of n and �μμμ, fabrication of a series
of heavy-metal strips atop an altermagnet film is convenient
since the measurements can be compared easily without in-
troducing artificial factors. In the calculation, this is equivalent
to treat the Néel vector tunable and forms an angle θ with the
diffusion ẑ direction [Fig. 1(b)].

The dispersions ω1/2,k(θ ) of modes 1 and 2 are chirally
split, carrying opposite spins −h̄ and +h̄ along the Néel vector
(see Supplemental Material (SM) [62] for details). The exis-
tence of the parity-effective-time operation PTCx(π ) (Cx(π )
is a global π spin rotation about the x̂ axis) in collinear
magnets does not protect band degeneracy [63]. The breaking
of PT τ (τ is a translation of half a unit cell along the diagonal
direction) symmetry by J2 �= J ′

2 causes momentum-dependent
spin splitting. The magnon chirality splitting vanishes when
J2 = J ′

2, reducing to conventional AFMs.

III. QUANTUM KINETIC THEORY

We develop the microscopic quantum kinetic equations to
account for the electrical injection, coherence, diffusion,
and dephasing of magnon spin current in ATMs/AFMs
in the geometry [Fig. 1(a)]. Magnons in the ATMs cou-
ple with the conduction electrons in normal metal via
the interfacial s–d exchange interaction [53,64–68] Ĥint =
J a3 ∑

l

∑N
i∈int

∫
drδ(r − Rl,i )ŝ(r) · Ŝl,i, where J is the ex-

change coupling strength, ŝ(r) is the electron spin density, and
N is the number of interface sites. This interaction leads to the
interfacial scattering between electron operator {ĉ†

kζ , ĉkχ } and

magnon operator b̂ξ,q according to

Ĥint = a

d

√
S

2N
J

∑
ζ ,χ=↑,↓

∑
k,k′

∑
q

∑
ξ=1,2

(
σσσ ζχ · δSξ

q

)

× ĉ†
k′ζ ĉkχ b̂ξ,qδk+q,k′ + H.c., (2)

where d is the thickness of NM and σσσ is the Pauli matrices.
The scattering amplitude for electron-magnon processes is
captured by the kernel

σσσ · δSξ=1,2
q ∼

( − sin θ cos θ ∓ 1
cos θ ± 1 sin θ

)
, (3)

which depends on the orientation θ of the Néel vector n.
The interfacial disorder can be incorporated in the formalism
as well, which only suppresses the efficiency slightly (see
Appendix A). When θ = 0 (i.e., n ‖ ẑ), only the off-diagonal
ζ �= χ elements are nonzero in Eq. (3), indicating that magnon
scattering induces spin flips of the electrons—for instance,
absorption of a mode-1 magnon flips an electron from spin-up
to spin-down. When θ = π/2 (n ⊥ ẑ), all the matrix elements
in Eq. (3) present with the same magnitude, allowing both
spin-conserving and spin-flip processes to occur and interfere.
This interference ultimately suppresses the magnon spin cur-
rent (see SM [62] and the calculation below). For an arbitrary
θ , this interference is not balanced, leading to a vector spin
current with multidirectional flow.

We verify these expectations by modeling the magnon
injection driven by a spin accumulation �μ = δμ↑ − δμ↓
polarized along ẑ. Under electrical injection and dissipation,
the magnon density matrix ρq, in which the diagonal terms
represent magnon population and the off-diagonal terms de-
note the mode correlation [53], obeys the quantum kinetic
equation

∂tρq = ∂tρq|inj + ∂tρq|coh + ∂tρq|rex. (4)
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The dispersion Eq = diag(h̄ω1,q, h̄ω2,q, h̄ω1,−q, h̄ω2,−q) of
magnons drives the coherent dynamics of nonequilibrium
magnons according to

∂tρq|coh = (−i/h̄)(ρqσ3Eq − Eqσ3ρq), (5)

where σ3 = diag(1, 1,−1,−1) is the metric. Within the
relaxation-time approximation [69,70], the magnons relax to-
ward to their equilibrium ρ (0)

q by

∂tρq|rex = −(
ρq − ρ (0)

q

)/
τm, (6)

with a characteristic time τm assumed equal for both modes
[71]. The spin accumulation drives the electrical injection as
described by

∂tρq|inj = π

h̄

S

2N

a2

d2
J 2

∑
k

∑
ζ ,χ=↑,↓

[ fk+q,ζ (1 − fk,χ )(σ3 + ρq)

− fk,χ (1 − fk+q,ζ )ρq]Mζχ (k, k + q) + H.c., (7)

where fk,ζ = [ f 0
k − (∂ f 0

k /∂εk )δμζ ] is its nonequilibrium dis-
tribution for spin ζ (shifted from the equilibrium Fermi-Dirac
distribution f 0

k ), εk is the electron kinetic energy, and
Mζχ (k, k + q) is a 4 × 4 matrix encoding all the electron-
magnon scattering processes in Eq. (3) (see SM [62] for
details).

The injected magnons around the source located at z = 0
in the setup [Fig. 1(a)] diffuse along ẑ. Only the diagonal
components ρ11(q) and ρ22(q) of ρq carry spins, which diffuse
when away from the source according to

−v‖
η (q)

∂ρηη(z, q)

∂z
− ρηη(z, q) − ρ (0)

ηη (q)

τm
= 0, (8)

where η = {1, 2} indicate the modes. Solving Eq. (8) yields
the magnon distribution at the region z > 0: when v‖

η (q) >

0, ρηη(z, q) = ρ (0)
ηη (q) + [ρηη(q) − ρ (0)

ηη (q)]e−z/(v‖
η (q)τm ); when

v‖
η (q) < 0, ρηη(z, q) = ρ (0)

ηη (q). They contribute to the spin-
current density

Jα
i (z) = 1

S0

∑
η=1,2

∑
q

(
SSSα

η (q) ⊗ vi
η(q)ρηη(z, q)

)
, (9)

where S0 is the area of the magnet, the superscript α =
{x, z} is the spin-polarization direction, the subscript i = {‖
,⊥} represents the longitudinal/transverse flow direction, and
SSS1/2(q) = ∓ sin θ x̂ ∓ cos θ ẑ is the magnon spin.

IV. ELECTRICALLY INJECTED VECTOR SPIN CURRENT

The calculation is performed using realistic material pa-
rameters: J1 = 12.25 meV, J2 = −1.91 meV, J ′

2 = 6.20 meV,
K = −0.07 meV, S = 3/2, lattice constant a = 0.412 nm,
possible for Cr2I2O [27], and NM thickness d = 3 nm
[46,57]. Similar phenomena may be expected in other can-
didates, e.g., LuFeO3 [40] and MnTe [12,72]. The other
parameters are chosen as �μ = 2 meV [64,73–75], relax-
ation time τm = 1 ns, and interfacial exchange coupling J =
50 meV [65,66,76,77].

Recall that a temperature gradient drives no magnon spin
current in AFMs without applied magnetic fields due to the

FIG. 2. Injected Bose-Einstein distribution of magnons δρq of
modes 1 and 2 under different Néel-vector directions θ = {0, π/3}.
(a) Mode 1 and (b) mode 2 for θ = 0. (c) Mode 1 and (d) mode 2 for
θ = π/3. The plotted quantity is dimensionless.

magnetization compensation [41,45,47,49]. In contrast, elec-
tric injection generates a longitudinal spin current in AFMs
(for J2 = J ′

2) when n ‖ ẑ by selectively absorbing mode-1
magnons and injecting mode-2 magnons [43,57,78]. Figures
2(a) and 2(b) illustrate the injected magnon distribution in
the Brillouin zone for ATMs, in which different group ve-
locities of the two modes further enhance the spin current.
When the Néel vector deviates from the diffusion ẑ direction,
e.g., at θ = π/3, the injected magnon distribution becomes
tilted, as shown in Figs. 2(c) and 2(d). Only injected magnons
with v‖ > 0 contribute to the spin current at z > 0. Among
these, the proportions with v⊥ > 0 and v⊥ < 0 become un-
balanced: More magnons with v⊥ > 0 are absorbed for mode
1 [Fig. 2(c)], while more with v⊥ < 0 are injected for mode
2 [Fig. 2(d)]. This imbalance produces a large transverse
magnon spin flow. When θ = π/2, Eq. (3) implies that all
electron-magnon scattering amplitudes are equal in magni-
tude, so spin-conserving and spin-flip processes occur with
equal probability and interfere, resulting in zero net magnon
injection for both modes (see SM [62]).

This dependence of electrical injection on the Néel-vector
orientation governs the magnon spin flow below the NM at
z � 0, as summarized in Figs. 3(a)–3(d). The longitudinal
components Jz

‖ and Jx
‖ exhibit twofold and fourfold symme-

tries, while the transverse components Jz
⊥ and Jx

⊥ display
double fourfold symmetries. All components vanish when
n ⊥ ẑ due to vanishing magnon injection, and the transverse
components vanish for n ‖ ẑ because transverse velocities
cancel [Figs. 2(a) and 2(b)]. Transverse components also
vanish at θ = {π/4, 3π/4, 5π/4, 7π/4}, where contributions
from the two magnon modes precisely offset each other. Cru-
cially, the AFMs exhibit similar features but with a strongly
suppressed transverse current. Therefore, clear experimental
evidence rests on the transverse-to-longitudinal ratio, which is
two orders of magnitude larger in ATMs than in AFMs. Here,
the ratio of the exchange anisotropy to the uniaxial anisotropy

043122-3



LEI, XIAO, LIN, AND YU PHYSICAL REVIEW RESEARCH 8, 043122 (2026)

FIG. 3. Dependence on the Néel-vector orientation θ at z � 0 of
the longitudinal magnon spin currents with spin polarization along ẑ
[panel (a): Jz

‖] and x̂ [panel (b): Jx
‖ ] and the transverse magnon spin

currents with spin polarization along ẑ [panel (c): Jz
⊥] and x̂ [panel

(d): Jx
⊥]. Panels (e) and (f) illustrate efficient control of these spin

currents by the applied magnetic field at θ = π/6.

|(J2 − J ′
2)/K| provides a criterion for judging the relative

magnitude of the transverse response of uniaxial ATMs and
AFMs (see Appendix B). Electrical injection exhibits sym-
metries completely distinct from longitudinal (A3 cos2 θ +
B3 sin2 θ ) and transverse (sin θ cos θ ) spin currents driven by
a temperature gradient (see Appendix C).

V. SYMMETRY ANALYSIS

This clear dependence on the Néel-vector orientation of
the vector magnon spin flow suggests that its generation and
transport under electrical injection beneath the heavy metal
is governed by symmetry and dynamical constraints. The
magnon spin flow Jα

i near the heavy metal is related to the
spin-accumulation gradient δμ

β
j of electrons with gradient

j direction and spin-polarization β direction via the fourth-
order tensor �

αβ
i j according to

Jα
i = �

αβ
i j δμ

β
j . (10)

In Jα
i and �

αβ
i j , the subscripts {i, j} ∈ {x, z} denote flow

directions, while the superscripts {α, β} ∈ {x, z} specify

TABLE I. Transformation of response tensor �
αβ

i j and Néel vec-
tor under mirror operations {Mx,Mz}.

Elements Mx Mz

�zz
zz �zz

zz �zz
zz

�xz
zz −�xz

zz −�xz
zz

�zz
xz −�zz

xz −�zz
xz

�xz
xz �xz

xz �xz
xz

nx −nx nx

nz nz −nz

spin-polarization orientations. In the geometry [Fig. 1(a)],
β = z is the spin-polarization direction, while j = z is the
spin-accumulation gradient direction. Our microscopic calcu-
lation reveals that all components of �

αβ
i j are allowed in ATMs

and AFMs, implying that a transverse magnon spin current
flowing along x can emerge in either system.

As the Néel vector n rotates in the film xz plane, the
magnon spin current evolves accordingly. Consequently, the
response tensor �

αβ
i j is assumed to be expanded as a series

in the components of n = (nx, 0, nz ) [79,80]. Because Jα
i is

invariant under the Néel-vector reversal (n → −n), only even-
order terms appear in the expansion. A further dynamical
constraint requires the magnon spin current to vanish when
n is perpendicular to the spin-accumulation polarization. For
interpreting, we consider two mirror operations Mx and Mz

with respect to the x-y and y-z planes. The transformation
of the response tensor and the Néel vector is summarized
in Table I (see SM [62] for details). Subsequent symmetry
operations determine the explicit dependence of the tensor
components on n, as summarized in Table II (see SM [62] for
details). Microscopic model calculations yield the expansion
coefficients: While the longitudinal coefficients are nearly
identical between ATMs and AFMs (A1 ≈ A2, B1 ≈ B2), the
transverse coefficients in ATMs are strongly enhanced, ex-
ceeding those in AFMs by almost two orders of magnitude
(C1 ≈ 60C2, D1 ≈ 60D2, and E1 ≈ 60E2).

VI. TUNABILITY OF VECTOR SPIN CURRENT

The magnetic field along the Néel vector efficiently con-
trols spin currents [Fig. 3(e)]. The longitudinal components
Jz,x
‖ (H0) ≈ Jz,x

‖ (−H0) are nearly symmetric about H0 = 0,
while the transverse components are asymmetric. This asym-
metry arises from opposite frequency shifts of two magnon

TABLE II. Dependence of response tensor �
αβ

i j on the
Néel vector (nx, 0, nz ) = (sin θ, 0, cos θ ) in ATMs and AFMs.
{A1,2, B1,2,C1,2, D1,2, E1,2} are the expansion coefficients.

ATMs AFMs

�zz
zz A1 cos2 θ A2 cos2 θ

�xz
zz B1 sin θ cos θ B2 sin θ cos θ

�zz
xz C1 sin 2θ + D1 sin 4θ C2 sin 2θ + D2 sin 4θ

�xz
xz E1 (cos 2θ − cos 6θ ) E2 (cos 2θ − cos 6θ )
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FIG. 4. (a) Transverse spin current Jz
⊥ as a function of the prop-

agation distance z for different orientations θ of the Néel vector.
(b) Spatial profiles of the mode-resolved contributions Jz

⊥(v⊥
1 ) and

Jz
⊥(v⊥

1 ) at θ = π/6.

modes: increasing H0 up-shifts mode-1 frequency, reducing
magnon absorption, while down-shifting mode-2 frequency
enhances magnon generation, and vice versa. Therefore, the
magnon current carried by the two modes, J⊥(v⊥

1 ) and J⊥(v⊥
2 ),

depends oppositely on the magnetic field [Fig. 3(f)], thus
explaining the H0 dependence of net transverse current J⊥ =
J⊥(v⊥

1 ) − J⊥(v⊥
2 ).

The spatial evolution of the transverse spin current Jz
⊥

exhibits a nontrivial sign reversal at a finite distance, as shown
in Fig. 4(a), indicating a reorientation of the vector current.
This behavior originates from the unequal decay rates of the
two magnon modes. For example, at θ = π/6 [Fig. 4(b)], the
contribution of mode-1 Jz

⊥(v⊥
1 ) is smaller at z = 0 but decays

slowly, while Jz
⊥(v⊥

2 ) is larger initially but decays rapidly.
Consequently, the net transverse current reverses at a finite
propagation distance.

VII. SUMMARY

In summary, we introduce the concept of “vector magnon-
ics” by showing that electrical spin injection drives a vector
magnon spin current—with both longitudinal and trans-
verse components—in ATMs and AFMs, which can laterally
connect different spintronic units on a chip. This current
is electrically controllable via the Néel vector or spin-
accumulation orientation. A key quantum signature is the
spatial reversal of the transverse flow direction, arising from
interference and unequal decay between two chirally split
magnon modes. Crucially, our combined microscopic and
symmetry analysis reveals that the transverse-to-longitudinal
spin-current ratio is enhanced by two orders of magnitude
in ATMs compared with AFMs when the PT τ symmetry
is strongly broken with the ratio |(J2 − J ′

2)/K| ∼ 100. This
giant ratio provides an experimental fingerprint to distinguish
nonrelativistic spin splitting from relativistic anisotropy ef-
fects and offers a much-needed transport probe for insulating
ATMs, complementing the spectroscopic probe of magnon
spin splitting [10,24,30].
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APPENDIX A: ROLE OF INTERFACIAL DISORDER
IN THE SPIN INJECTION

We extend our theory beyond the ideal lattice-matched
limit to realistic interfaces by introducing interfacial disorder
in our formalism following Ref. [81]. Here, interface dis-
order renders the momentum not strictly conserved in the
electric spin injection process, so we replace the momentum-
conservation δk+q,k′ with an interface-disorder form factor

Fk,k′,q = 1

2πσ 2
exp

[
− (k′ − k − q)2

2σ 2

]
, (A1)

in which the parameter σ represents the strength of the disor-
der. Here, σ can be characterized from the energy broadening
δE induced by the interfacial disorder. Using δE = h̄vF σ and
the group velocity vF = h̄kF /me of free electrons, with kF be-
ing the Fermi wave vector of the metal, we obtain the relation
σ/kF = δE/(2EF ). We adopt the parameter range 0.01kF <

σ < 0.1kF in our calculations. Using Wk,k′,q = 〈|Fk,k′,q|2〉 to
characterize the strength of interface-induced momentum re-
laxation, the electrical-injection term reads

∂tρq|inj = π

h̄

S

2N

a2

d2
J 2

∑
k,k′

∑
ζ ,χ=↑,↓

Wk,k′,q[ fk′,ζ (1 − fk,χ )

× (σ3 + ρq)− fk,χ (1− fk′,ζ )ρq]Mζχ (k, k′) + H.c.,

(A2)

where the additional summation over k′ explicitly accounts
for the momentum-relaxing scattering channels introduced by
interface disorder.

Based on the quantum kinetic equation, we find that the
interfacial disorder reduces the spin-current magnitude by
∼20% when σ = 0.4/a, with a = 0.412 nm as the lattice
constant for Cr2I2O. As shown in Fig. 5, stronger disorder
leads to a slight reduction of the injected magnon spin cur-
rent, as the relaxation of momentum conservation redistributes
electron-magnon scattering across broader momentum chan-
nels and suppresses the injection efficiency into propagating
modes.

APPENDIX B: COMPARISON WITH THE THERMALLY
DRIVEN TRANSPORT

We compare the distinct properties of magnon spin trans-
port when driven by spin-accumulation and temperature
gradients. Thermally driven transport probes only the ther-
mal response, while electrical spin injection directly couples
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FIG. 5. Ratio of the disorder-affected magnon spin current Jdiso

to Jclean in the clean limit (σ → 0). a is the lattice constant.

the momentum-dependent magnon spin polarization to the
electron spin accumulation. Consequently, the spin response
may exhibit a completely different dependence on the relative
direction between the Néel vector and the transport direction.
To demonstrate this distinction, we calculate the conductivity

by the Kubo formula:

σ (1)
mn (θ ) = τ0

AkBT 2

∑
k

vm
1,k(θ )vn

1,k(θ )ω1,k(θ )

× eh̄ω1,k (θ )/(kBT )

(eh̄ω1,k (θ )/(kBT ) − 1)2
,

σ (2)
mn (θ ) = τ0

AkBT 2

∑
k

vm
2,k(θ )vn

2,k(θ )ω2,k(θ )

× eh̄ω2,k (θ )/(kBT )

(eh̄ω2,k (θ )/(kBT ) − 1)2
, (B1)

where {1, 2} labels the two magnon modes, n = z denotes
the direction of the temperature gradient, which forms an
angle θ with the Néel vector n, and m = {x, z} denotes the
flow direction. Here, A is the sample area, τ0 is magnon
lifetime, and vm

1/2,k(θ ) is the group velocity of modes 1 and 2.
The longitudinal and transverse spin conductivity tensors read
σ z

‖ = h̄(σ (2)
zz − σ (1)

zz ) cos θ , σ x
‖ = h̄(σ (2)

zz − σ (1)
zz ) sin θ , σ z

⊥ =
h̄(σ (1)

xz + σ (2)
xz ) cos θ , and σ x

⊥ = h̄(σ (1)
xz + σ (2)

xz ) sin θ , in which
the superscript indicates the spin-polarization direction.

As shown in Fig. 6, the dependence of the spin con-
ductivity/current on the Néel-vector direction is completely

FIG. 6. Néel-vector direction dependence of the spin conductivity/current in the thermal transport [(a1)–(d1), left panel] and electric spin
injection [(a2)–(d2), right panel]. In the calculation of the thermal transport, we choose the magnon lifetime τ0 = 1 ns and the temperature
T = 100 K. The parameters are chosen from Cr2I2O.
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different in the thermal transport and electrical spin injec-
tion since the thermal gradients probe thermally populated
magnon modes, whereas electrical spin injection couples di-
rectly to the momentum-dependent magnon spin polarization.

APPENDIX C: CRITERION OF ENHANCEMENT
OF TRANSVERSE SPIN CURRENT IN ATMs

The enhancement of transverse spin current in ATMs in
comparison to AFMs may depend on material parameters, so
a criterion is essential. In uniaxial AFMs, the transverse spin
current is generated exclusively by the uniaxial anisotropy
K . In ATMs, however, the exchange anisotropy J2 �= J ′

2 in-
duces the band spin splitting, which provides an independent
channel for the transverse spin current. Here, the ratio of the
exchange anisotropy to the uniaxial anisotropy |(J2 − J ′

2)/K|
provides a criterion for judging the relative magnitude of
the transverse response of uniaxial ATMs and AFMs. As
shown in Fig. 7, we compare the longitudinal (JATM

‖ /JAFM
‖ )

and transverse (JATM
⊥ /JAFM

⊥ ) spin currents in AFMs and ATMs
by continuous variation of J ′

2 in ATMs with the same ma-
terial parameters. |(J2 − J ′

2)/K| = 0 simply corresponds to
the uniaxial AFMs. In real materials, it is natural that |(J2 −
J ′

2)/K| ∼ 100 since the anisotropy from atomic spin-orbit
coupling is usually much weaker than the Coulomb exchange

0 20 40 60 80 100 1200
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2

3
 Cr2I2O
 Cr2Se2O

(a) (b)
0 10 20 30 40 50 60

AFM

0 20 40 60 80 100 120
0

100
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300

400
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 Cr2Se2O

AFM
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FIG. 7. Ratio of the longitudinal JATM
‖ /JAFM

‖ [panel (a)] and
transverse JATM

⊥ /JAFM
⊥ [panel (b)] spin currents in ATMs and AFMs

as a function of |(J2 − J ′
2)/K| for Cr2I2O and Cr2Se2O. In the cal-

culations, J ′
2 is continuously changed without changing the other

material parameters in ATMs. We take θ = π/12 for proper com-
parison. The blue and red triangles on the curves indicate the real
parameters of Cr2I2O and Cr2Se2O, respectively.

interaction, referring to the ratios for Cr2I2O and Cr2Se2O that
are labeled by blue and red triangles on the curves in Fig. 7.
When |(J2 − J ′

2)/K| increases from 0 to ∼100, the longitudi-
nal spin current JATM

‖ /JAFM
‖ is enhanced slightly [Fig. 7(a)],

but transverse spin current JATM
⊥ /JAFM

⊥ is enhanced by two
orders of magnitude [Fig. 7(b)] for both Cr2I2O and Cr2Se2O.
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