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Giant Uncompensated Magnon Spin Currents in X-Type Magnets
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Magnon spin currents in insulating magnets are useful for low-power spintronics. However, in magnets stacked

by antiferromagnetic (AFM) exchange coupling, which have recently aroused significant interest for potential ap-

plications in spintronics, Bose–Einstein distribution populates magnon states across all energies from opposite

eigenmodes, and hence the magnon spin current is largely compensated. Contrary to this common observation,

here, we show that magnets with X-type AFM stacking, where opposite magnetic sublattices form orthogonal

intersecting chains, support giant magnon spin currents with minimal compensation. Our model Hamiltonian cal-

culations predict magnetic chain locking of magnon spin currents in these X-type magnets, significantly reducing

their compensation ratio. In addition, the one-dimensional nature of the chain-like magnetic sublattices enhances

magnon spin conductivities surpassing those of two-dimensional ferromagnets and canonical altermagnets. No-

tably, uncompensated X-type magnets, such as odd-layer antiferromagnets and ferrimagnets, can exhibit magnon

spin currents polarized opposite to those expected by their net magnetization. These unprecedented properties

of X-type magnets, combined with their inherent advantages resulting from AFM coupling, offer a promising new

path for low-power high-performance spintronics.

DOI: 10.1088/0256-307X/42/11/110713 CSTR: 32039.14.0256-307X.42.11.110713

Spin currents play the key role in spintronics for in-

formation read-out and write-in. [1–8] Conventionally, spin

current generation is associated with the electric-field-

driven motion of electrons which is spin polarized by ex-

change or spin-orbit interactions. In contrast to electrons

carrying both charge and spin, magnons—quantized spin

waves, only carry spin angular momentum and thus can

form a pure spin current without an accompanying elec-

tric current. [9–14] In this regard, magnons have obvious

advantages over electrons, especially due to their possi-

ble generation in magnetic insulators which substantially

reduces energy dissipation. [10,11]

The magnon spin current can be generated by sev-

eral external stimuli, such as a temperature gradient, [15,16]

a microwave, [17] a photoexcitation, [18,19] etc. These ap-

proaches have been mostly demonstrated for ferromagnetic

(FM) or ferrimagnetic (FIM) materials due to their sponta-

neous magnetization, while the efficiency of magnon spin

current generation is yet to be improved. Recently, gi-

ant magnon spin conductivity has been reported for ul-

trathin FIM films supported by the two-dimensional (2D)

confinement. [20,21] This achievement suggests an efficient

route for high-performance magnonic applications using

2D systems such as ultrathin films and/or van der Waals

materials. The robustness of the magnetic order in the 2D

limit and interface (surface) scattering [22] are the existing
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challenges of this approach.

Recently, magnets stacked by antiferromagnetic

(AFM) exchange coupling have attracted increasing inter-

est for spintronics due to the spin dynamics being much

faster and the stray fields being much smaller than those

in FM systems. [23–27] Magnon excitations in AFM-stacked

magnets typically occur at much higher frequencies, often

in the terahertz range, compared to ferromagnets. How-

ever, due to the counteraction of the magnetic sublattices,

the magnon spin currents in AFM-stacked magnets are

expected to be strong only for ferrimagnets with large

net magnetization. For example, a spin Seebeck effect

in conventional antiferromagnets can be induced under

an applied magnetic field, which only marginally breaks

magnetic compensation. [28–32] A spin Nernst effect may

occur even when the chiral modes are degenerate. [33–36]

However, this effect primarily originates from the inter-

band contributions of certain specific states, which can-

not guarantee sizable magnon spin conductivity. Uncon-

ventional antiferromagnets, including altermagnets [37–48]

and some non-collinear antiferromagnets, [49–56] have been

proposed to host non-relativistically spin-split band struc-

tures supportive of a highly spin-polarized [49,57] or even

half-metallic [58,59] Fermi surface capable of generating a

strong spin current. However, although these materials

support spin-split magnon bands, [60–66] this property is

not sufficient for strong magnon spin currents. This is be-

cause the Bose–Einstein distribution of magnons gathers

the contribution from states across all energies of the op-

posite magnetic sublattices, and hence the magnon spin

current might still be largely compensated.

In this Letter, we show that the efficient generation

of magnon spin currents is possible by using the recently

discovered antiferromagnets and ferrimagnets with X-type

AFM stacking. [67] This stacking employs one-dimensional

(1D) FM-ordered atomic chains with opposite magnetic

moment orientations (denoted as A- and B-chains) as the

fundamental building blocks. Instead of alternating chains

parallel to each other as in C-type stacking, the X-type

stacking hosts alternating layers of A- and B-chains paral-

lel to each other within the plane but crossing in the adja-

cent layers. Due to this unique cross-chain pattern of the

two magnetic sublattices, these X-type AFM-stacked mag-

nets (or X-type magnets for short) support barely com-

pensated magnon spin currents with giant magnon spin

conductivities. These results open a new route for efficient

magnon spin-current generation for low-power spintronics.

We start from considering a collinear AFM-stacked

magnet with two magnetic sublattices that is described

by the Heisenberg Hamiltonian, [68]

𝐻 = − 𝐽FA

∑︁
𝑖

𝑀A𝑖 ·𝑀A𝑖+1 − 𝐽FB

∑︁
𝑖

𝑀B𝑖 ·𝑀B𝑖+1

− 𝐽AF

∑︁
𝑖,𝑗

𝑀A𝑖 ·𝑀B𝑗 +𝐾A

∑︁
𝑖

(𝑛̂ ·𝑀A𝑖)
2

+𝐾B

∑︁
𝑖

(𝑛̂ ·𝑀B𝑖)
2, (1)

where the local moment 𝑀A (𝑀B) in sublattice A (B) is

indexed by 𝑖 or 𝑗, 𝐽FA (𝐽FB) > 0 is the nearest-neighbor

FM exchange parameter in sublattice A (B), 𝐽AF < 0 is the

nearest-neighbor inter-sublattice AFM exchange parame-

ter, 𝑛̂ is the Néel vector, and 𝐾A (𝐾B) is the magnetic

anisotropy of sublattice A (B). A temperature gradient

∇𝑚𝑇 along direction 𝑚 drives a magnon spin current

𝑗s𝑛 = 𝜎s
𝑛𝑚∇𝑚𝑇. (2)

In AFM-stacked collinear magnets, there are two eigen-

modes of magnons with opposite chiralities, [68] conven-

tionally referred to as the 𝛼 and 𝛽 modes. Due to their

opposite chiralities, these two modes carry different spins

during propagation. Therefore, the thermal magnon spin

conductivity 𝜎s
𝑛𝑚 can be decomposed into two eigenmodes,

𝛼 and 𝛽, so that

𝜎s
𝑛𝑚 = 𝜎𝛼

𝑛𝑚 + 𝜎𝛽
𝑛𝑚. (3)

For the longitudinal (𝑛 = 𝑚) magnon spin conductivity

generated by the spin Seebeck effect, we have [60]

𝜎𝑖
𝑛𝑛 =

∫︁
d2𝑘

(2𝜋)2
𝜎𝑖
𝑛𝑛(𝑘)

=
𝛾𝑖
0𝜏0~
𝑘B𝑇 2

∫︁
d2𝑘

(2𝜋)2
[𝑣𝑖𝑛(𝑘)]

2𝐸𝑖(𝑘)𝑓 [𝐸𝑖(𝑘)], (4)

where 𝑖 ∈ {𝛼, 𝛽}, 𝛾𝛼
0 = 1, 𝛾𝛽

0 = −1, 𝜏0 is the relaxation

time of magnon, 𝐸𝛼 (𝛽)(𝑘) is the magnon band energy at

wave vector 𝑘 contributed by eigenmode 𝛼 (𝛽), 𝑣
𝛼 (𝛽)
𝑛 is

the group velocity along direction 𝑛, 𝑇 is temperature,

and 𝑓(𝐸) = e𝐸/𝑘B𝑇

(e𝐸/𝑘B𝑇−1)2
.

Since 𝜎𝛼
𝑛𝑛 and 𝜎𝛽

𝑛𝑛 have opposite signs, a ratio defined

by 𝜉 =
min{|𝜎𝛼

𝑛𝑛|,|𝜎𝛽
𝑛𝑛|}

max{|𝜎𝛼
𝑛𝑛|,|𝜎𝛽

𝑛𝑛|}
can be regarded as a measure of

the magnon spin current compensation by the opposite

magnetic sublattices, where 𝜉 = 0 implies no compensa-

tion, while 𝜉 = 100% implies full compensation so that

𝜎s
𝑛𝑛 = 0. For example, conventional collinear antiferro-

magnets with 𝑀A = −𝑀B and degenerate magnon bands

exhibit perfect compensation (𝜉 = 100%) and thus van-

ishing 𝜎s
𝑛𝑛. In unconventional collinear antiferromagnets,

including altermagnets [37–47] and other non-relativistically

spin-split antiferromagnets, [59] magnon bands are non-

degenerate, allowing for 𝜉 < 100%, and thus for a finite

𝜎s
𝑛𝑛.

[60–62] However, due to the Bose–Einstein distribu-

tion of magnons collecting contributions from all energies

[Eq. (4)] including those with zero spin splitting, the result-

ing 𝜉 may still be close to 100%, thus hindering a sizable

𝜎s
𝑛𝑛. This is also the case for the uncompensated AFM-

stacked magnets with 𝑀A ̸= −𝑀B; i.e., ferrimagnets.

Now, we predict that the X-type AFM stacking can

effectively suppress 𝜉, making the thermal magnon spin

current barely compensated. The X-type AFM stacking is

an extension of the A-, C-, G-, and other types of AFM

stacking known for about 70 years. [69] It represents alter-

nating layers of FM-ordered chains parallel to each other

within the plane but crossing and AFM-coupled in adja-

cent layers. Figure 1 illustrates the characteristic X-type

AFM stacking with orthogonal A- and B-chains. Sys-

tems exhibiting symmetry between A- and B-chains un-

der the condition 𝑀A = −𝑀B are classified as class-I

X-type AFM stacking. This category corresponds to d-

wave altermagnetism. Conversely, class-II X-type stacking
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Fig. 1. Schematic of a crystal with X-type AFM stacking.

(a) A primitive unit cell of the crystal. (b) Side view of the

crystal, where the dashed box denotes the conventional unit

cell and the solid box denotes the primitive unit cell. (c) Top

view of two adjacent layers of the crystal.

arises from structural inequivalence between chains, man-

ifested through distinct intrachain/interchain distances,

or relative rotations/distortions of structural motifs.

This category supports spin-splitting at the 𝛤 point

in compensated magnets. [58,59,67] Note that there are

also spin-degenerate antiferromagnets with class-III X-

type AFM stacking where a magnetic unit cell doubles

the crystal unit cell, [67] which are not discussed in this

work.

Figure 1(c) reveals a typical feature of the X-type AFM

stacking, namely that the parallel FM chains are well iso-

lated. As a result, the intralayer FM exchange coupling

is dominated by the intrachain exchanges 𝐽FA and 𝐽FB ,

and the coupling between the parallel chains is negligible.

The interlayer AFM exchange coupling 𝐽AF connects the

adjacent crossing chains and is usually weaker than 𝐽FA

and 𝐽FB due to the interchain nearest-neighbor distance

being larger than the intrachain distance.

We first discuss X-type antiferromagnets in the 2D

limit with only two atomic layers exhibiting class-I X-type

AFM stacking. Such a bilayer crystal represents an alter-

magnet with two FM-ordered chains of opposite magnetic

sublattices connected by crystal symmetry. Using Hamil-

tonian (1), we calculate the magnon spectra as described

in Supplementary Materials (SM). For class-I X-type AFM

stacking, we consider the parameters 𝐽FA = 𝐽FB , 𝐽FB =

𝐽F, 𝐽AF = −𝜆𝐽F, 𝐾A = 𝜇𝐾B, and 𝐾B = 0.01𝐽F. In or-

der to describe the slight inequivalence between chains for

class-II X-type AFM stacking, we consider 𝐽FA = 𝜇𝐽FB

with 𝜇 = 1.05 as a representative. Figure 2(a) shows the

results in the absence of the AFM coupling between the

cross-chains (𝜆 = 0). In this case, we find that the spin-

split magnon band structure is similar to the electronic

band structure. [67] Specifically, the bands corresponding

to the 𝛼-mode (𝛽-mode) are strongly dispersive along the

𝛤–𝑋 (𝛤–𝑌 ) direction but dispersionless along the 𝛤–𝑌

(𝛤–𝑋) direction. This behavior reflects the fact that the

𝛼-mode (𝛽-mode) is associated with the A-chain (B-chain)

excitations and indicates that the magnon band structure

is a superposition of the bands from the isolated A- and

B-chains. As a result, the magnon density of states (DOS)

shown in Fig. 2(d) (top panel) reveals van Hove singulari-

ties at band edges, revealing the 1D nature of the magnon

bands.
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Fig. 2. The sublattice-resolved magnon band structure and

DOS of an X-type AFM bilayer, for magnetic parameters

𝐽FB
= 𝐽F, 𝐽FA

= 𝜇𝐽FB
, 𝐽AF = −𝜆𝐽F, 𝐾A = 𝜇𝐾B, and

𝐾B = 0.01𝐽F. The magnon band structure of the AFM bi-

layer with class-I X-type stacking for (a) 𝜆 = 0, 𝜇 = 1 and (b)

𝜆 = 0.5, 𝜇 = 1. (c) The magnon band structure of the AFM

bilayer with class-II X-type stacking for 𝜆 = 0.5, 𝜇 = 1.05.

(d) The DOS corresponding to the magnon band structure

shown in (a)–(c).

As seen from Fig. 2(b), including an AFM interlayer

exchange coupling in the calculation, 𝐽AF = −0.5𝐽F (𝜆 =

0.5), opens a band gap in the magnon spectra. This is ac-

companied by the bands becoming more (less) dispersive

at low (high) energy. At the same time, we observe the

increasing low-energy bandwidth due to a finite exchange

field applied on both magnetic sublattices [Fig. 2(d), mid-

dle panel]. Nevertheless, the presence of the low-energy

DOS peak even at sizable 𝐽AF implies that the 1D nature

of the magnon bands is still sustained.

For class-II X-type antiferromagnets (e.g., 𝐽FA = 𝜇𝐽FB

with 𝜇 = 1.05), we find a similar band structure [Fig. 2(c)],

except that the degeneracy is removed at the 𝛤 point,∗

which is a typical feature of a non-altermagnetic spin

splitting. [59] This leads to a non-degenerate sublattice-

resolved magnon DOS with the peaks at the band edges

remaining intact [Figs. 2(c) and 2(d)].

Such a strong chain-induced band anisotropy can pro-

duce a sizable thermal magnon spin current with a minimal

𝜉, provided that the temperature gradient is applied along

one of the chain directions. To demonstrate this, we cal-

culate thermal magnon spin conductivities 𝜎s
𝑛𝑛 driven by

the temperature gradient ∇𝑛𝑇 along the A- (𝑛 = 𝑥) or B-

(𝑛 = 𝑦) chain. Figure 3(a) shows the calculated 𝜎s
𝑥𝑥(𝑘)

projected onto the respective magnon band structures for

𝜆 = 0.5. Here we fix a constant 𝜏0 = 10ps widely used in

literature [60,70,71] for qualitative comparison across differ-

ent magnetic systems. We note that the relaxation time

of magnons 𝜏0 varies with momentum and temperature in

real magnets. This should be carefully addressed in quan-

titative modeling of real materials.

It is seen that the thermal magnon spin conductiv-

ity is dominated by the bands originating from the chains

∗The energy gap for the two bottom bands is small but non-vanishing, and is determined by the magnetocrystalline anisotropy

difference between A- and B-chains, as shown in the SM.
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Fig. 3. (a) 𝜎s
𝑥𝑥 projected magnon bands for an X-type

AFM bilayer with 𝜆 = 0.5, 𝜇 = 1, 𝑘B𝑇 = 0.8𝐽F, and

𝜏0 = 10ps. (b) The energy distributions of the eigenmode-

resolved magnon spin conductivity 𝜎𝑖
𝑥𝑥 (left), sublattices-

resolved magnon spin conductivity 𝜎𝛼
𝑥𝑥 (middle), and the

total spin conductivity 𝜎s
𝑥𝑥 (right). The apricot and blue

colors denote the energy windows with |𝜎B
𝑥𝑥/𝜎

A
𝑥𝑥| below and

above 0.2, respectively. The 𝑘-dependent (c) 𝜎𝛼
𝑥𝑥(𝑘) and

(d) 𝜎𝛽
𝑥𝑥(𝑘) in the 2D Brillouin zone. (e) 𝜎s

𝑥𝑥 as a function

of temperature for the X-type AFM bulk and bilayer with

𝜆 = 0.5 and 𝜇 = 1. The 𝜎s
𝑥𝑥 for a 1D FM chain and a 2D

FM square lattice are also included for comparison, where

the nearest-neighbor FM exchange parameter is 𝐽F. We also

plot 𝜎𝛼
𝑥𝑥 of the X-type AFM bilayer as dashed lines for com-

parison. (f) A phase diagram of 𝜎s
𝑥𝑥 with respect to 𝐽AF

and 𝑘B𝑇 .

parallel to the temperature gradient. Specifically, as indi-

cated by the large group velocity of 𝛼-mode along the 𝛤–

𝑋 direction across the entire bandwidth, for ∇𝑛𝑇 along

the 𝑥-direction, the 𝛼-mode controls 𝜎s
𝑥𝑥(𝑘), making it

largely positive [red color in Fig. 3(a)]. While there is a

nonvanishing contribution to 𝜎s
𝑥𝑥(𝑘) from 𝛽-mode in the

less dispersive bottom band with finite group velocity in

a narrow energy window at low energies [blue color in

Fig. 3(a)], this contribution is small. This is confirmed by

calculating the energy-resolved magnon spin conductivity

𝜎𝑖
𝑥𝑥(𝐸) =

∫︀
d2𝑘
(2𝜋)2

𝜎𝑖
𝑥𝑥(𝑘)𝛿[𝐸 − 𝐸(𝑘)] where 𝛿[𝐸 − 𝐸(𝑘)] is

a Dirac delta function. As shown in Fig. 3(b), 𝜎𝛽
𝑥𝑥(𝐸) is

finite only for the low energy, and 𝜎𝛼
𝑥𝑥(𝐸) is always dom-

inant. These features are also seen from the distributions

of 𝜎𝛼
𝑥𝑥(𝑘) and 𝜎𝛽

𝑥𝑥(𝑘) in the 2D Brillouin zone [Figs. 3(c)

and 3(d)], indicating that 𝜎𝛽
𝑥𝑥(𝑘) is negligible compared

to 𝜎𝛼
𝑥𝑥(𝑘). Notably, 𝜎𝛽

𝑥𝑥(𝑘) vanishes along the 𝛤–𝑌 and

𝛤–𝑀 directions despite the dispersive 𝛽-mode band along

these directions [Figs. 2(b) and 3(a)–3(d)], clearly reflect-

ing the unidirectional confinement induced by the 1D na-

ture of X-type stacking. As a result, the compensation

of the thermal magnon spin current is largely suppressed

by the X-type AFM stacking. This fact is also evident

from Fig. 3(e), revealing a very small difference between

𝜎s
𝑥𝑥 and 𝜎𝛼

𝑥𝑥 as a function of temperature [violet and ma-

genta dashed and solid lines in Fig. 3(e)]. For example, at

relatively high temperature 𝑘B𝑇 = 0.8𝐽F, we obtain the

magnon spin current compensation ratio of only 𝜉 = 8%.

Considering the 1D nature of the magnon bands sustained

with a sizable 𝐽AF, one can conclude that the thermal

magnon spin current is virtually controlled by a single

magnetic sublattice, similar to that for a purely FM sys-

tem.

To further verify the sublattice-dominant nature of

magnon transport, we calculate the sublattice-resolved

thermal spin conductivity 𝜎A
𝑛𝑚 and 𝜎B

𝑛𝑚, which satisfy

𝜎s
𝑛𝑚 = 𝜎𝛼

𝑛𝑚 + 𝜎𝛽
𝑛𝑚 = 𝜎A

𝑛𝑚 + 𝜎B
𝑛𝑚 (see the SM for details),

as demonstrated in Fig. 3(b). We find that although 𝜎B
𝑥𝑥

is non-negligible in the energy window corresponding to

the less dispersive bottom bands along the 𝛤–𝑋 direction,

it vanishes at higher energies. Consequently, 𝜎A
𝑥𝑥 ≈ 𝜎𝛼

𝑥𝑥

at these energies. This is highly nontrivial because, in an

AFM-coupled system, spin wave modes on different sub-

lattices are not eigenstates of the entire system; hence, 𝜎𝑖
𝑛𝑛

typically differs from 𝜎𝛼
𝑛𝑛. Defining sublattice dominance

as |𝜎B
𝑥𝑥/𝜎

A
𝑥𝑥| < 0.2 and integrating 𝜎s

𝑥𝑥(𝐸) in the associ-

ated energy window [represented by the apricot area in the

right panel of Fig. 3(b)], we observe that nearly 80% of the

total 𝜎s
𝑥𝑥 originates dominantly from the A-chain contri-

bution. This result clearly demonstrates that the strong

suppression of magnon spin current compensation is as-

sociated with the 1D nature of the chain-like sublattices

inherent to the X-type stacking.

In addition, this sustained 1D nature further supports

the enhanced magnon spin current due to its unidirectional

confinement. We demonstrate this by comparing the cal-

culated 𝜎s
𝑥𝑥 to the magnon spin conductivities of a 1D

FM chain and a 2D FM square lattice, where the nearest-

neighbor FM exchange parameters are set to 𝐽F. Here,

in order to perform such comparisons of systems with dif-

ferent dimensionalities, we normalize the units of magnon

spin conductivities presented in this work to those of a 2D

system. Specifically, when calculating the conductivity of

a 1D FM chain, we consider a 2D unit cell with the unit lat-

tice constant identical to that of an X-type AFM bilayer,

and the interchain exchange coupling is set to zero. For

the bulk 3D X-type antiferromagnets, we multiply the cal-

culated magnon spin conductivities by the interlayer dis-

tance. We find that although 𝜎s
𝑥𝑥 of the X-type AFM

bilayer is smaller than that of the 1D FM chain, it is much

larger than that of the 2D FM square lattice [Fig. 3(e)].

This result clearly indicates that the 1D nature of X-type

magnets supports giant magnon spin conductivity. More-

over, 𝜎s
𝑥𝑥 remains notable even for a much larger 𝐽AF, as

reflected in the diagram of 𝜎s
𝑥𝑥 with respect to 𝐽AF and

temperature [Fig. 3(f)]. This is also true for ∇𝑦𝑇 along

the B-chain, where 𝜎s
𝑦𝑦 = −𝜎s

𝑥𝑥 (see the SM).

Going from a bilayer to a bulk X-type antiferromag-

net with class-I AFM stacking, we find that 𝜎s
𝑥𝑥 is some-

what reduced [Fig. 3(e) and the SM]. This is because each

FM-ordered layer in the bulk has two adjacent layers (top

and bottom) AFM-coupled to the former, while only one
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is present in the bilayer. As a result, the effective AFM

exchange field on each magnetic sublattice in the bulk is

twice that in the bilayer. This enhances the contribution

to 𝜎s
𝑥𝑥 from the chains perpendicular to the temperature

gradient. Nevertheless, we still observe weak compensa-

tion (e.g., 𝜉 = 20% at 𝑘B𝑇 = 0.8𝐽F) and sizable 𝜎s
𝑥𝑥,

which is larger than that of the 2D FM square lattice at

not too low temperatures [Fig. 3(c)].

Similar magnon properties occur in class-II X-type an-

tiferromagnets where A- and B-chains are asymmetric. In

this case, 𝜎s
𝑥𝑥 and 𝜎s

𝑦𝑦 are slightly different, which remain

sizable and uncompensated, as shown in Fig. S2 of the SM.

We further confirm the advantage of the X-type AFM

stacking for magnon spin current generation by consid-

ering two uncompensated magnets with sizable net mag-

netizations. The first one is a class-I X-type AFM tri-

layer [Fig. 4(a)]. The second one is a bilayer ferrimagnet

where the orthogonal A- and B-chains host non-equivalent

moments 𝑀A = −2𝑀B = 2𝑀0, representing a class-II

X-type AFM stacking [Fig. 4(b)]. Such systems can be

prepared by layer-by-layer deposition using modern film-

growth techniques. [72,73] In both cases, the effective ex-

change fields on the sublattices are different from those

in X-type antiferromagnets discussed above, which signifi-

cantly influence the band structure (Fig. S4 of the SM).

Despite the difference, the basic feature of the X-type

AFM stacking is sustained, i.e., the bands dominated by

A-chain (B-chain) excitations are strongly dispersive along

the 𝛤–𝑋 (𝛤–𝑌 ) direction but weakly dispersive along the

𝛤–𝑌 (𝛤–𝑋) direction (Fig. S4 of the SM). As a result, 𝜎s
𝑥𝑥

(𝜎s
𝑦𝑦) is majorly contributed by the A-chains (B-chains).†

As seen from Fig. 4, 𝜎s
𝑥𝑥 is positive and much larger in these

systems compared to the X-type AFM bilayer [Fig. 3(c)],

due to the net magnetic moments on sublattice A being

much larger than that on sublattice B. Notably, we find a

negative 𝜎s
𝑦𝑦 for both systems, indicating that a magnon

spin current is polarized opposite to that expected by the

net magnetic moment 𝑀0. This is in contrast to common

expectation and serves as further evidence of the uncom-

pensated magnon spin current nearly locked to the selected

directions by the X-type AFM stacking.
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Fig. 4. (a) 𝜎s
𝑥𝑥 and 𝜎s

𝑦𝑦 as functions of temperature for an

X-type AFM trilayer with 𝜆 = 0.5, 𝜇 = 1. (b) 𝜎s
𝑥𝑥 and 𝜎s

𝑦𝑦

as functions of temperature for an X-type FIM bilayer with

𝜆 = 0.5, 𝜇 = 1, and 𝑀A = −2𝑀B.

When the temperature gradient ∇𝑚𝑇 is along direction

𝑚, making an angle 𝜃 relative to the 𝑥-axis, a trans-

verse magnon spin current in X-type magnets appears

along the direction 𝑛⊥𝑚 with conductivity 𝜎s
𝑛𝑚 = (𝜎s

𝑥𝑥−
𝜎s
𝑦𝑦) sin 𝜃 cos 𝜃, representing a spin Nernst effect. The max-

imum |𝜎s
𝑛𝑚| = |(𝜎s

𝑥𝑥 − 𝜎s
𝑦𝑦)/2| occurs for 𝑚 along the di-

agonal directions (Fig. S5 of the SM). Since 𝜎s
𝑥𝑥 and 𝜎s

𝑦𝑦

have opposite signs and are both large, we expect that the

transverse magnon spin current driven by the X-type AFM

stacking will be much stronger than that originating from

the Berry curvature.

The giant uncompensated magnon spin currents in

X-type magnets are robust even when spin–orbit cou-

pling (SOC) is included. This is demonstrated by the

slight variation of the magnon spin conductivity calculated

with consideration of the exaggerated Dzyaloshinskii–

Moriya interaction (DMI) parameters and different mag-

netic anisotropies, as shown in Fig. S7 of the SM.

We emphasize that the key property of the X-type

AFM stacking resulting in the predicted giant uncompen-

sated magnon spin current is the strong intra-sublattice

FM exchange coupling in one direction and negligible cou-

pling in the perpendicular direction. This property is a

direct consequence of the chain-like sublattice structure

of the X-type AFM stacking producing strong anisotropy

between the two magnetic sublattices. The sublattice

anisotropy has implications for understanding the ther-

mal magnon spin current generation in AFM-stacked mag-

nets. For example, rutile altermagnets do not exhibit suf-

ficiently strong in-plane structural anisotropy within their

magnetic sublattice, resulting in the strong compensation

of the magnon spin current (e.g., 𝜉 = 87% for RuO2 at

300K, see the SM). [61,62] In other altermagnetic candi-

dates, such as 𝑀2𝑋2O (𝑀 =V, Cr; 𝑋 =Se, Te), [43,60] the

intra-sublattice nearest neighbors are connected by 𝑀 -𝑋-

𝑀 bonds in one direction and 𝑀 -O-𝑀 bonds in perpen-

dicular directions. This sublattice anisotropy makes the

FM exchange constants along these directions very dif-

ferent, supporting a not-too-large 𝜉 and thus a sizable

magnon spin current (see the SM). [60] The X-type magnets

can be regarded as an extreme case of the AFM-stacked

magnets with the strongest structural anisotropy of mag-

netic sublattices. For example, in the case of the typi-

cal X-type antiferromagnet 𝛽-Fe2PO5,
[67,74,75] which is de-

scribed by the magnetic parameters 𝐽FA = 𝐽FB = 32meV,

𝐽AF = −9.2meV, and 𝐾A = 𝐾B = −0.44meV, we calcu-

late tiny 𝜉 = 6% and giant 𝜎s
𝑥𝑥 = −𝜎s

𝑦𝑦 = 30.8meV/K

at 300K (details in the SM). This implies an outstand-

ing efficiency of the magnon spin current generation of

this X-type antiferromagnet compared to the known AFM-

stacked magnets.

Overall, X-type magnets provide conditions for the ef-

ficient magnon spin current generation, which is usually

difficult in antiferromagnets and ferrimagnets. Due to the

unique orthogonal cross-chain structure, the counteraction

of the two magnetic sublattices in these magnets is effec-

tively suppressed, supporting magnon spin currents with

†In a trilayer X-type antiferromagnet, there are six moments in a unit cell with four in the A-chain and two in the B-chain. In

this case, four magnon eigenmodes are excited mainly by the A-chain, and two magnon eigenmodes are excited mainly by the

B-chain. We independently calculate the contribution of each eigenmode to thermal spin transport and sum up these contributions

to obtain the magnon spin conductivities.
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minimal compensation. The 1D nature of the isolated FM

chains significantly enhances the magnon spin conductivity

and, in combination with the minimal sublattice compen-

sation, makes it giant. These unprecedented properties

of X-type magnets are promising for applications in low-

power high-performance spintronics.
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[1] Tsymbal E Y and Žutić I 2019 Spintronics Handbook: Spin

Transport and Magnetism 2nd edn. (Boca Raton: CRC

Press)

[2] Julliere M 1975 Phys. Rev. A 54 225

[3] Moodera J S, Kinder L R, Wong T M, and Meservey R

1995 Phys. Lett. 74 3273

[4] Slonczewski J C 1996 J. Magn. Magn. Mater. 159 L1

[5] Tsymbal E Y, Mryasov O N, and LeClair P R 2003 J.

Phys.:Condens. Matter 15 R109

[6] Ralph D C and Stiles M D 2008 J. Magn. Magn. Mater.

320 1190

[7] Brataas A, Kent A D, and Ohno H 2012 Nat. Mater. 11

372
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