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inert to external stimuli. Zhang et al. show

that selectively addressing sublattices—

not present in conventional magnets—

can be achieved in antiferromagnets with

an uncharted X-type stacking, where two

sublattices form a pattern of cross-

chains. These X-type antiferromagnets

allow spin current and thus spin torques

on a single sublattice, enabling

deterministic magnetic switching. This

discovery offers avenues for novel

fundamental physics and high-

performance spintronic functionalities.
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ACCESSIBLEOVERVIEW Physical phenomena in condensedmatter typically arise from the collective effects
of all atoms in a solid, while selectively addressing a single atomic sublattice is elusive. A prime example is
antiferromagnetic materials, which consist of two or more ferromagnetically ordered sublattices that
neutralize each other, rendering the antiferromagnets inert to external stimuli. If one of these sublattices
could be selectively addressed, it would open exciting opportunities for exploring newphysics and spintronic
applications. Thiswork illustrates such a remarkable property by introducing X-type antiferromagnetic stack-
ing, an uncharted class of magnetic stacking in which twomagnetic sublattices form a pattern of intersecting
atomic chains. The associated cross-chain antiferromagnets with X-type stacking, dubbed X-type antiferro-
magnets, enable one magnetic sublattice to conduct while the other acts as an insulator, effectively
combining both properties within the same material. Consequently, passing an electric current through
X-type antiferromagnets exerts spin torque solely on a single magnetic sublattice, enabling deterministic
switching of the antiferromagnetic domains. This discovery paves the way for exploring novel fundamental
physics related to sublattice selectivity and opens an avenue for realizing advanced spintronic functionalities
with enhanced performance.
SUMMARY
Physical phenomena in condensed matter normally arise from the collective effect of all atoms, while selec-
tively addressing a lone atomic sublattice by external stimulus is elusive. The latter functionality may, how-
ever, benefit various applications, as the responses may differ when the external stimulus affects only a spe-
cific sublattice rather than the entire solid. Here, we introduce cross-chain antiferromagnets where the
stacking of two magnetic sublattices forms a pattern of intersecting atomic chains, allowing for sublattice
selectivity. We dub this antiferromagnetic (AFM) stacking X-type and demonstrate that it exhibits unique
spin-dependent transport properties not present in conventional magnets. Through high-throughput ana-
lyses and computations, we unveil three prototypes of X-type AFM stacking and identify 15 X-type AFM can-
didates. Using b-Fe2PO5 as a representative X-type antiferromagnet, we predict sublattice-selective spin-
polarized transport driven by the X-type stacking where one magnetic sublattice conducts, while the other
does not. Consequently, a spin torque can be exerted solely on a single sublattice, leading to unconventional
ultrafast dynamics of the Néel vector capable of deterministic switching of the AFM domains. Our work un-
covers a previously overlooked type of magnetic moment stacking and reveals sublattice-selective physical
properties promising for high-performance spintronic applications.
Newton 1, 100068, June 2, 2025 ª 2025 The Author(s). Published by Elsevier Inc. 1
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INTRODUCTION

The alignment of magnetic moments in magnetically ordered

materials determines their physical properties. For example, fer-

romagnets have parallel-aligned magnetic moments that pro-

duce net magnetization, which can be controlled by an applied

magnetic field and is responsible for various spin-dependent

transport properties. In contrast, antiferromagnets exhibit mag-

netic orderings where atomic moments compensate for each

other, resulting in zero net magnetization.1,2 Due to the obvious

challenges in selectively addressing a single magnetic sublattice

using conventional electric or magnetic means, antiferromag-

nets are often perceived as spin independent and less promising

for applications.3

Despite this seemingly limiting constraint, a plethora of inter-

esting and potentially useful properties of antiferromagnets have

been discovered recently. Among these are spin currents, spin

torques, and tunneling magnetoresistance effects4–18—key phe-

nomenaof spintronics. These advances havebeendrivenby sym-

metry-based analyses that have helped identify antiferromagnets

withmomentum-dependent spinpolarizations, includingspin-split

collinear antiferromagnets,19–28 dubbed altermagnets,26,27 and

some noncollinear antiferromagnets.4,7,14–16

Although these newly discovered properties render antiferro-

magnets potentially useful,29,30 much more exciting opportu-

nities for new physics and spintronic applications would emerge

if one of the magnetic sublattices in antiferromagnets could be

selectively addressed using electric means. However, this

elusive perspective cannot be derived solely from the global

symmetry of antiferromagnets, which relates their macroscopic

properties to the spin-dependent electronic structure in mo-

mentum space. Instead, it requires a real space consideration

of their magnetic sublattice stacking.

Here, we introduce a new type of collinear antiferromagnetic

(AFM) stacking in which two magnetic sublattices form a pattern

of intersecting atomic chains. We refer to these associated

cross-chain antiferromagnets as X-type antiferromagnets, which

exhibit unique spin-dependent transport properties not

observed in conventional magnets. Through high-throughput

analyses and computations, we unveil three prototypes of

X-type AFM stacking and identify 15 candidate materials. Using

b-Fe2PO5 as a representative example, we predict that X-type

AFM stacking supports sublattice-selective spin-dependent

transport, where one magnetic sublattice conducts while the

other does not, depending on the chosen transport direction.

This distinctive property allows for a spin torque to be exerted

solely on a single sublattice, resulting in unconventional ultrafast

dynamics of the Néel vector capable of deterministic switching

of the AFM order parameter. Our results highlight the unprece-

dented opportunities for both fundamental science and practical

applications offered by X-type AFM stacking.

RESULTS

Conventional AFM stacking
Similar to ferromagnets and antiferromagnets being distinguished

by their magnetic moment alignments, collinear antiferromagnets

on their own are distinguished by different types of AFM stacking.
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In general, an antiferromagnet is a magnetically ordered crystal

characterized by three attributes: (1) equal magnitudes of magne-

tization of magnetic sublattices, jmaj =
��mb

��, where a and b

are sublattice indices; (2) vanishing net magnetization,

Mf
P
a

ma = 0; and (3) a long-range AFM order, corresponding

to a Heisenberg model with energy H = � P
asb

Jabmamb and a

negative exchange parameter Jab < 0 between different sublatti-

ces. In collinear antiferromagnets, the two magnetic sublattices

can have different structures and stacking patterns. For example,

Figures 1A–1C illustrate typical G-, A-, and C-types of AFM stack-

ing, which have been originally proposed for simple cubic sys-

tems31 but are now widely used to characterize a broad range

of antiferromagnets. For a G-type antiferromagnet, basic ‘‘build-

ing blocks’’ are isolated magnetic moments aligned antiparallel

between all nearest neighbors (Figure 1A). In this sense, a

G-type antiferromagnet can be considered ‘‘genuine’’ due to

AFM coupling solely controlling this type of stacking, with ferro-

magnetic (FM) coupling playing a secondary role. On the contrary,

for A-type or C-type antiferromagnets, where the building blocks

are antiparallel-aligned two-dimensional (2D) FM-ordered layers

(Figure 1B) or 1D FM-ordered atomic chains (Figure 1C). Such a

classification has been used for over 70 years31 and involves other

types of conventional AFM stacking, such as D-, E-, and F-types,

which represent mixtures of parallel and orthogonal FM-aligned

chains (D and F) combined with isolated magnetic moments anti-

parallel to all their nearest neighbors (E).

The classification of AFM stacking is useful to derive sublat-

tice-dependent properties. As we discussed in our recent

paper,17 some AFM crystals exhibiting a C-type AFM stacking,

e.g., those that belong to the rutile family have small intra-sublat-

tice distances resulting in strong intra-sublattice electron

hopping between the neighboring sites. A similar property is ex-

pected for certain A-type antiferromagnets. Therefore, from the

electronic transport perspective, such A-type andC-type antifer-

romagnets qualitatively represent FM-ordered sublattices elec-

trically connected in parallel. They support staggered Néel spin

currents capable of driving spin-transfer torques and sizable

tunneling magnetoresistance (TMR) effects if used as electrodes

in AFM tunnel junctions.17,18
X-type AFM stacking
Antiferromagnets with stacking patterns other than those

mentioned above may exhibit even more exciting spin-depen-

dent transport phenomena. As an example, let us consider 1D

FM-ordered chains of atoms with opposite magnetic moment

orientations (denoted as FMA and FMB) as the basic building

blocks of a new type of AFM stacking. Instead of alternating

FMA and FMB chains parallel to each other as in the C-type

stacking, the new stacking order hosts alternating layers of

FMA and FMB chains parallel to each other within the plane but

crossing in the adjacent layers (Figure 1D). Unlike the A-type

AFM stacking with a similar FM ordering within the alternating

planes, the new stacking has a sizable separation between the

chains, making them rather isolated in each plane. This does

not violate the three above-mentioned attributes of the AFM or-

der and thus should exist in nature. Due to FMA and FMB chain
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Figure 1. Building blocks for antiferromag-

nets

(A) A G-type AFM stacking with the isolated mag-

netic moments aligned antiparallel between all

nearest neighbors.

(B) An A-type AFM stacking with the antiparallel-

aligned FM layers.

(C) A C-type AFM stacking with the antiparallel-

aligned FM chains.

(D) An X-type AFM stacking with the alternating

layers of FM chains parallel to each other within the

plane but crossing in the adjacent layers.

(E) The sublattice-selective spin transport allowed

by X-type AFM stacking. The red and blue cubes

represent the opposite magnetic sublattices. The

yellow arrow represents an electric field parallel to

the FM chains colored with red, and the blue balls

and curved arrows represent the electric-field-

driven electron hopping along the chains.
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crossings in the antiferromagnets with such stacking, we dub

them as cross-chain antiferromagnets, or X-type antiferromag-

nets for short.

The proposed X-type AFM stacking is expected to reveal un-

conventional transport properties never discovered before. Due

to the pronounced anisotropy associated with the two cross-

chain sublattices, X-type AFM metals are anticipated to exhibit

strong anisotropy in their transport properties. For example,

when applying an electric field along the FMA direction, the

FMA chains are to bemuchmore conductive for charge transport

than the FMB chains due to the strong intra-chain andweak inter-

chain couplings (Figure 1E). In addition, due to the chains being

FM ordered, the current flowing along the FMA chain must be

spin polarized. Therefore, unlike the A-type and C-type AFM

stackings supporting staggered Néel spin currents on both sub-

lattices, X-type AFM stacking is expected to support isolated

Néel spin currents selectively flowing along a single sublattice,

provided that the two chains are orthogonal. Similarly, when

applying an electric field along the FMB direction, oppositely

spin-polarized Néel spin currents appear in the FMB chains,

while the FMA chains become non-conducting.
Prototypes of X-type AFM stacking
Based on a high-throughput search within the dataset of the Ma-

terials Project,32 we have identified more than 600 crystals

composed of alternating layers of chains parallel to each other

within the plane but crossing in the adjacent layers. Assuming

that the adjacent layers of chains are AFM coupled in these

cross-chain crystals, we identify three prototypes of the X-type

AFM stacking order (Figure 2). The first two prototypes, indicated

as class I and class II, host the same magnetic unit cell as the

crystal unit cell. They can be described by aminimum tight-bind-

ing toy model (Figures 2A and 2C) as follows:

H = HAA +HBB +HAB; (Equation 1)
where HAAðHBBÞ is the Hamiltonian of an isolated FM chain A(B)

and HAB is the coupling between FM chains A and B:

HAA = tAA
X

a;b;Ci;jD

�
cy
a;icb;j + h:c:

�
� J

X
a;i
cy
a;is $maca;i

+ ε0

X
a;i
cy
a;ica;i;

HBB = tBB
X

g;d;Ci;jD

�
cy
g;icd;j + h:c:

�
� J

X
g;i
cy
g;is $mgcg;i

+ ε0

X
g;i
cy
g;icg;i; and

HAB = tAB
X

a;g;Ci;jD

�
cy
a;icg;j + h:c:

�
: (Equation 2)

Here, a;b (g;d) denote atomic sites within a unit cell of the FMA

(FMB) chain, i (j) are cell indices, tAA (tBB) is the intra-chain hop-

ping parameter within the FMA (FMB) chain, tAB is the hopping

parameter between the FMA and FMB chains, J is the exchange

parameter, ε0 is the on-site energy, s is the Pauli matrix vector,

and maðmgÞ is the magnetic moment on the sites aðgÞ.
Within the X-type AFM stacking order of class I, FMA and FMB

are connected by a symmetry operation bO or bT bO, where bO is a

crystal symmetry such as a mirror/glide plane bMk perpendicular
to the x-y plane, a 2-fold rotation/screw axis bC2k parallel to the

x-y plane, or a 4-fold screw axis bC4z around the z direction,

and bT is time reversal (Figure 2A). These symmetries require

tAA = tBB. This prototype of the X-type AFM stacking hosts alter-

magnetic spin splitting (Figure 2B). Note that the stacking is not

only defined by symmetry but involves the strength of interac-

tions between the atomic planes and/or chains forming the

structure; thus, it is evident that the symmetry group does not

exclusively determine the stacking (see Figures S1 and S2 and

Note S1).

The X-type AFM stacking order of class II, on the other hand,

does not have a symmetry connection between FMA and FMB
Newton 1, 100068, June 2, 2025 3
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Figure 2. Prototypes of X-type AFM stacking

(A) The side view (left) and the top view (right) of the X-type AFM stacking of class I, where themagnetic unit cell is the same as the crystal unit cell and the FMA and

FMB chains are connected by crystal symmetry, leading to equal intra-chain hopping.

(B) The band structure with an altermagnetic spin splitting (left) and the associated Fermi surface (right) supported by the class I X-type AFM stacking with

tAA = tBB.

(C) The top view of the X-type AFM stacking of class II, where the magnetic unit cell is the same as the crystal unit cell but the FMA and FMB chains are not

connected by symmetry, leading to different intra-chain hopping.

(D) The band structure with a non-altermagnetic spin splitting (left) and the associated Fermi surface (right) supported by the class II X-type AFM stacking with

tBB = 1:05 tAA.

(E) The side view (left) and the top view (right) of the X-type AFM stacking of class III, where the magnetic unit cell doubles the crystal unit cell, resulting in the bUbt
symmetry combining spin rotation bU and half-unit-cell translation bt.
(F) The spin degenerate band structure (left) and the Fermi surface (right) supported by class III X-type AFM stacking.

In the calculations (B, D, and F), we set tAA = 1 eV, tAB = 0.3 eV, J = 3 eV, and ε0 = 2:5 eV. tAA = tBB is assumed in (F). The red and blue atomic chains in (A),

(C), and (E) represent the opposite magnetic sublattices.
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due to different intra-chain/inter-chain distances or relative ro-

tations/distortions of the structural motifs of the chains (Figure

2C). This leads to a slightly different tAA and tBB. In this case,

the spin degeneracy at the G point is removed (Figure 2D), indi-

cating non-altermagnetic spin splitting, as was discussed

recently.33

We note that the momentum-dependent spin splitting can be

understood based on X-type AFM stacking in real space. For

example, for X-type antiferromagnets with orthogonal cross-

chains (Figures 2A and 2C) where the inter-chain hopping tAB
is not strong, in-plane electron hopping is confined within the

chain. Therefore, the two spin-polarized bands contributed by

FMA (FMB) are highly dispersive with a crossing in the G-X (G-

Y) direction, but weakly dispersive with a large gap in the G-Y

(G-X) direction (Figures 2B and 2D). This band structure indicates

that it can be qualitatively considered as the superposition of the

electronic structures of the isolated FMA (FMB) chains (see also

Figures S3 and S4).

In addition, there is an X-type AFM stacking order of class III

where the magnetic unit cell doubles the crystal unit cell, leading

to the bUbt symmetry combining spin rotation bU and half-unit-cell

translation bt and compensating the magnetization (Figure 2E).

This prototype is spin degenerate in the nonrelativistic limit, as

shown in our model Hamiltonian calculation by introducing addi-

tional terms in Equation 1 coming from the isolated chains and

their coupling (Figure 2F). The crystal structures supporting the
4 Newton 1, 100068, June 2, 2025
class III stacking can be found in trigonal and hexagonal systems

where the adjacent cross-chains are connected by symmetrybT bC3z combining bT and 3-fold screw axis bC3z (Figure 2E). Similar

to class I and class II stackings, their band structures feature flat

bands and band crossings (Figure 2F). The class III stacking also

exhibits sublattice/chain selectivity: by applying an electric field

perpendicular to two antiparallel chains in the cell, the staggered

Néel spin currents can be selectively generated in the chains ob-

lique to the electric field.

By calculating the exchange parameters of cross-chain mate-

rials based on 3d transition metals, we identify 15 X-type AFM

candidates; among them, 13 belong to class I and 2 belong to

class II, with 6 being experimentally available,34–40 as listed in

Table 1 together with their spin space group41–43 (see also

Figures S12–S27). We point out that more X-type antiferromag-

nets can be further designed, including those that belong to

class III, by suitable element doping/substitution of cross-chain

crystals in a material dataset. Below, we consider the class I

X-type AFM candidate b-Fe2PO5
39,40 as a representative

example to demonstrate the sublattice-selective spin transport.

X-type AFM candidate b-Fe2PO5

Collinear antiferromagnet Fe2PO5 was discovered more than 30

years ago39,40,44 but remains not widely known. It has two poly-

morphs: the a phase, which has an orthogonal unit cell and a

C-type AFM stacking below 250 K,44 and the b phase, which



Table 1. Material candidates with X-type AFM stacking:

Chemical formula, spin space group, Materials Project ID, and

prototype class

Chemical

formula Spin space group MP-ID Prototype

Fe2PO5
34 C�12/�1cNm1 mp-553913 class I

Co2PO5 C�12/�1cNm1 mp-1272384 class I

KVAsO5
35 P1n�1a-121

Nm1 mp-1202651 class I

KVPO5
36 P1n�1a-121

Nm1 mp-19517 class I

SrV2(PO5)2
37 F�1d1d-12Nm1 mp-559580 class I

CaNi2(PO5)2 F�1d�1d1dNm1 mp-1378551 class I

Al(FeO2)2 I�141/
1aNm1 mp-1248448 class I

VPbO2 I�141/
1aNm1 mp-1208173 class I

Y(FeO2)2 I�141/
1aNm1 mp-1405822 class I

Ca(CoO2)2 I�141/
1a1m�1dNm1 mp-1406903 class I

Co2PO5
38 I�141/

1a1m�1dNm1 mp-1105140 class I

Fe2PO5
39,40 I�141/

1a1m�1dNm1 mp-18830 class I

VBiO2 I�141/
1a1m�1dNm1 mp-1207870 class I

SrV2(PO5)2 P11Nm1 mp-723593 class II

Co2PO5 I1m1m1dNm1 mp-1276873 class II

MP-ID, Materials Project ID.32
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representsanX-typeAFMstacking.39,40Figure2Ashows thecrys-

tal andmagnetic structures of b-Fe2PO5, where the Fe atomswith

upward and downward magnetic moments represent two mag-

netic sublatticesdenoted asFeA andFeB, respectively. The atomic

structure of b-Fe2PO5 contains in-plane chains of face-sharing

FeO6 octahedra along the [100] and [010] directions of the tetrag-

onal cell, which can be transformed to each other by the bT bC4z

symmetry transformation, indicating class I X-type AFM stacking.

ThePatomsare located between these chains. The Fe ions havea

mixed2+/3+valenceandasmall Fe-Fe intra-chaindistance, favor-

ing an intra-chain FM coupling via the double-exchange interac-

tion.45 These intersecting chains share common corners of the

FeO6octahedra.The resultingFe–O–Febondangle is�125�, lead-
ing toasuper-exchange interaction that favors the inter-chainAFM

coupling.46With a [001] directional Néel vector, b-Fe2PO5 belongs

to the magnetic space group I41
0/am0d. A monoclinic distortion of

b-Fe2PO5 reported at low temperatures34 does not influence

X-type AFM stacking. The uniqueness of X-type AFM stacking,

metallic ground state, and Néel temperature TN = 408 K,39,40 well

above room temperature, make b-Fe2PO5 interesting for both

fundamental studies and practical applications.

We perform first-principles density functional theory (DFT)

calculations (see Figures S5–S7 and Tables S1 and S2) to

explore the electronic and transport properties of b-Fe2PO5.

Figures 3B and 3C show the calculated nonrelativistic band

structure and Fermi surface of b-Fe2PO5 that reveal giant alter-

magnetic spin splitting47 similar to that derived from our toy

model (Figure 2B). To elucidate the spin-dependent transport

properties, we calculate the bond transmission Tij = T[
ij + TY

ij

and bond spin transmission Ts
ij = T[

ij � TY
ij for transport along

the [010] direction, where [ and Y denote the two spin channels

and i and j are the atomic indices.48 As is evident from

Figures 3D and 3E, these quantities reflect the anticipated
chain-selective transport: both Tij and Ts
ij are dominated by

the FeA-FeA intra-chain bonds. It is notable that Ts
ij are negative,

i.e., the spin current flows in the opposite direction to the charge

current. This is due to the double-exchange interaction between

FeA
2+ and FeA

3+ ions, which is mostly mediated by the hopping

of electrons with the spins opposite to the FeA moments. As a

result, the down-spin bands along the G-Y direction are highly

dispersive (Figure 3B), leading to down-spin Fermi sheets repre-

sentative of 1D transmission along the [010] direction (Fig-

ure 3B). On the other hand, although there are mobile up-spin

electrons on the FeB chains to mediate the intra-chain double-

exchange interaction, the weak inter-chain coupling due to the

large FeA-FeB and FeB-FeB inter-chain distances leads to negli-

gible Tij and Ts
ij associated with FeB. Therefore, the dispersions

of the up-spin bands are weak and have a large energy gap in

the G-Y direction (Figure 3B). The transport spin polarization in

this case is estimated to be as high as � 68% in the ballistic

regime, which is further enhanced to � 94% in the diffusive

regime, due to a small T
ðsÞ
ij associated with FeB being scattered

out (see Figures S8–S10). Similarly, for transport along the [100]

direction, the total transmission is majorly contributed by the

hopping of up-spin electrons between intra-chain FeB atoms,

corresponding to the band structure along the G-X direction

and leading the up-spin Fermi surface sheets (Figures 3B and

3C). Therefore, the spin-split electronic structure of b-Fe2PO5

can be qualitatively considered as the superposition of the elec-

tronic structures of the isolated FeA and FeB chains, as ex-

pected based on our toy model.

The strong intra-chain spin transmission supports highly spin-

polarized Néel spin currents along the chains in b-Fe2PO5. These

Néel spin currents are highly anisotropic due to the X-type AFM

stacking. For example, an electric field along the [110] direction

produces crossing Néel spin currents with opposite spin polari-

zations along the FeA and FeB chains. These currents can be

decomposed into a transverse global spin current and the stag-

gered longitudinal Néel spin current hidden in a globally spin-

neutral current. On the other hand, when the electric field is along

one of the chain directions ([100] or [010]), only the longitudinal

chains are conductive, producing an isolated Néel spin current,

while the transverse chains are almost insulating.
Spin torques on a single sublattice
The robust sublattice-selective spin-dependent transport prop-

erty is very interesting, as it opens a possibility to realize sublat-

tice-resolved spintronic phenomena. As an example, we show

that X-type antiferromagnets, such as b-Fe2PO5, allow exerting

a spin torque on a single magnetic sublattice. This can be

achieved by passing an external spin current along one of the

FM-chain directions or using an isolated Néel spin current on

one type of FM chains in the presence of asymmetric boundary

conditions to generate self-torque. Assuming that the current is

flowing along the FMA sublattice with magnetic moments mA

pointing in the + z direction, the associated magnetic dynamics

of an X-type antiferromagnet can be described by the Landau-

Lifshitz-Gilbert-Slonczewski equations49,50:

_mA = tFA + tD
A + tFL

A + tDLA and
Newton 1, 100068, June 2, 2025 5
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Figure 3. X-type antiferromagnet b-Fe2PO5

(A) Left: crystal and magnetic structures of b-Fe2PO5. Arrows denote the magnetic moments of Fe atoms. Right: top view of two bottom layers in the unit cell

shown on the left. P atoms are ignored.

(B) Band structure of b-Fe2PO5.

(C) The up-spin (top) and down-spin (bottom) Fermi surfaces of b-Fe2PO5.

(D and E) Visualization of the calculated bond transmissions Tij (D) and bond spin transmissions Ts
ij (E) of b-Fe2PO5. The directions of arrows indicate the sign of

T
ðsÞ
ij between atoms i and j, i.e., a rightward (leftward) arrow implies that T

ðsÞ
ij is positive (negative). The width of the arrows is proportional to

ffiffiffiffiffiffiffiffiffiffiffi���T ðsÞ
ij

���r
. The spin-up

(spin-down) magnetic moments, bands, and Fermi surfaces are colored with red (blue).
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_mB = tF
B + tDB: (Equation 3)

Here, tFaf � ma3Heff ;a and tDafma3 _ma = � ma3ðma 3

Heff;aÞ are the precession and damping torques on sublattice a

induced by the intrinsic effective field Heff;a, respectively, and

tFLA f � mA3Hst and tDLA f � mA3ðmA3HstÞ are the field-like

and damping-like torques driven by a spin-torque effective field

Hst oriented toward the � z direction. Since Heff;a includes the

anisotropy field HK;a and the exchange field HE;a, the tFa and tDa
can be further decomposed as tFa = tFK;a + tFE;a and tDa = tDK;a +

tDE;a, where the subscriptsK andE denote the associated torques

driven by HK;a and HE;a, respectively. Due to HE;a being much

larger than HK;a, t
F
aztFE;a and tDaztDE;a when mA and mB are

not perfectly antiparallel. Figures 4A and 4B schematically show

how these torques affect the dynamics of mA and mB: When

the isolated spin-torque-carrying effective field Hst is applied

solely to mA, the associated damping-like torque tDLA pulls mA

away from the easy axis toward the � z direction. This creates

canting between mA and mB, and hence, HE;a exerts non-zero

torques tFa and tDa on both moments mA and mB. The torque tFa
generates oscillations of theNéel vector, while the torque tDB pulls
6 Newton 1, 100068, June 2, 2025
mB toward the + z direction even without the assistance of an

external spin torque (see Note S9). Using realistic parameters��HK;a

�� = 2T,
��HE;a

�� = 100T, andadamping factor of 0.01 (for sim-

ulations with different parameters, see Figure S11), we find that

Hst much smaller thanHK;a (0:17
��HK;a

��< jHstj< 0:24
��HK;a

��) is suf-
ficient to switch the Néel vector (Figure 4C). The switching trajec-

tory is similar to that for the spin-transfer torque in ferromag-

nets,49,50 indicating the decisive role of the damping-like torque

tDLA . Since this Hst can be driven by an external spin current, the

AFM domains can be aligned according to the spin polarization

of the external spin source. This solves the challenging problem

of AFM spintronics where measurable time-reversal-odd proper-

ties (e.g., TMR inAFM tunnel junctions) are strongly diminishedby

misaligned domains.

Interestingly, we find that a larger Hst (jHstj> 0:24
��HK;a

��) can
drive ultrafast oscillations of the Néel vector (Figure 4D). This is

because of the much stronger canting of mA and mB that pro-

duces a large out-of-plane component of tFA competing

with tDLA . This property distinguishes the dynamics of X-type an-

tiferromagnets from other antiferromagnets, where full switching

and ultrafast oscillations cannot be generated using the same

type of spin torques.9,10,51
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Figure 4. Sublattice-selective spin torques and their implications for spintronics

(A) Vectors of magnetic moments and spin torques in the initial process of spin dynamics.

(B) Vectors ofmagneticmoments and spin torques in the process ofNéel vector oscillationsdrivenby the single-sublattice spin torque: front (left) and top (right) views.

(C and D) Simulated dynamics of the x, y, and z components of the normalized Néel vector n under the current-induced spin-torque effective fieldHst = � 0:2 HK

(C) and Hst = � 0:5 HK (D).

(E) Schematic of an X-type racetrack memory. Here, the colored bars denote FMA and FMB chains of an X-type antiferromagnet, where the upward (downward)

magnetic moments are denoted by red (blue). In this schematic, we assume with a slight exaggeration that the electrodes contact three chains.

(F) Schematic of X-type AFM stacking with crossing atomic chains forming an intrinsic crossbar array. Each bar is composed of a bunch of parallel chains, and the

red and blue colors denote upward and downwardmoment orientations in these chains, respectively. The gaps between these bars are the chains not connected

to the electrodes. The AFM domains at the intersections of these bars represent 0 and 1 bits.
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DISCUSSION

Among the 15 antiferromagnets with X-type AFM stacking that

we identified, 11 are metallic and, hence, expected to exhibit

the properties discussed in this work. For the remaining 4 insu-

lating X-type antiferromagnets, sublattice-selective transport

properties associated with magnon excitations are possible,52

offering promising opportunities for spintronics with low-energy

dissipation and long coherence lengths.

In addition to the existing X-type antiferromagnets, X-type AFM

stackingmay alsooccur inmagnets that are not naturally AFM.For

example, one can design X-type ferrimagnets with AFM stacking

of cross-chains composed of different magnetic elements.

Furthermore, synthetic X-type antiferromagnets can be engi-

neered to possess the same advantages as their natural

counterparts.

From a technological perspective, X-type AFM stacking pre-

sents an unprecedented approach for non-volatile memories. In

an X-type antiferromagnet, it is possible to selectively nucleate

and move domains via spin torques by passing an isolated Néel

spin current or an external spin current along a designated FMA

or FMB chain (Figure 4E). This capability promises the develop-

ment of ultrafast X-type racetrack memory, where oppositely

magnetized AFM domains can serve as ‘‘0’’ and ‘‘1’’ bits of infor-

mation (Figure 4E).Moreover, X-typeAFMstacking, characterized
by crossing chains of magnetic atoms, forms an intrinsic crossbar

array that is widely utilized in magnetic random-access memories

(MRAMs) (Figure 4F). Assuming a bilayer array of b-Fe2PO5 with

one bit area containing a domain of 50350 intersecting chains,

the associated storage density is �15 Tb/in2, which is promising

for future big data applications.

Overall, X-type AFM stacking signifies an exciting area of

research for fundamental science and offers an attractive new

paradigm for AFM spintronics. The predicted sublattice-selec-

tive electronic transport carrying isolated Néel spin currents

has multiple important implications, including spin torques ex-

erted on a single magnetic sublattice, unconventional ultrafast

spin dynamics, and deterministic switching of AFM domains.

These unprecedented functionalities promise new AFM spin-

tronic devices that can be employed in non-volatile memories

with ultra-high density and ultrafast switching speeds. We

hope that our theoretical results will inspire experimentalists in

this field to explore the properties of X-type AFM stacking rele-

vant to spintronics and beyond.
METHODS

Details regarding the methods can be found in the supplemental

information.
Newton 1, 100068, June 2, 2025 7



Article
ll

OPEN ACCESS
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be

directed to and will be fulfilled by the lead contact, Ding-Fu Shao (dfshao@

issp.ac.cn).

Materials availability

This study did not generate new unique materials.

Data and code availability

All data needed to evaluate the conclusions in the paper are present in the pa-

per and/or the supplemental information. Additional data related to this paper

are available from the authors upon reasonable request.

ACKNOWLEDGMENTS

This work was supported by the National Key R&D Program of China (grant no.

2021YFA1600200), the National Natural Science Funds for Distinguished

Young Scholars (grant no. 52325105), the National Natural Science Founda-

tion of China (grant nos. 12274411, 12241405, and 52250418), the Basic

Research Program of the Chinese Academy of Sciences (CAS) Based onMajor

Scientific Infrastructures (grant no. JZHKYPT-2021-08), and the CAS Project

for Young Scientists in Basic Research (grant no. YSBR-084). E.Y.T. acknowl-

edges support from the Division of Materials Research of the National Science

Foundation (NSF grant no. DMR-2316665). Computations were performed at

the Hefei Advanced Computing Center.

AUTHOR CONTRIBUTIONS

D.-F.S. conceived and supervised this project. S.-S.Z. performed the primary

calculations and simulations. S.-S.Z., Z.-A.W., and B.L. performed analytical

analysis of spin-torque dynamics. S.-S.Z., Z.-A.W., B.L., Y.-Y.J., S.-H.Z.,

R.-C.X., L.-X.L., X.L., W.-J.L., M.T., Y.-P.S., E.Y.T., H.D., and D.-F.S. analyzed

the results. S.-S.Z., E.Y.T., H.D., and D.-F.S. wrote the manuscript. All authors

contributed to the final version of the manuscript.

DECLARATION OF INTERESTS

The authors declare that they have no competing interests.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.

newton.2025.100068.

Received: November 27, 2024

Revised: February 4, 2025

Accepted: March 18, 2025

Published: April 11, 2025

REFERENCES
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