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Abstract

Altermagnets have been recently introduced as a classification of collinear, spin com-

pensated magnetic materials that host net-zero magnetization, yet display some elec-

tronic behaviors typically associated with non-compensated magnetic materials like

ferromagnets. The emergence of such properties are a consequence of spin-split bands

that arise under specific symmetry conditions in the limit of zero spin–orbit coupling. In

this Perspective, we summarize the fundamental criteria for realizing an altermagnetic

phase and present a qualitative electronic band structure derivation and symmetry

analysis through chemical principles. We then discuss the properties that make al-

termagnets distinctive candidates for charge-to-spin conversion elements in spintronic

devices, and provide a brief review of some altermagnetic candidate materials. Fi-

nally, we discuss future directions for altermagnetism and highlight opportunities for

chemists to advance this emerging field.
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Introduction

As silicon-based semiconductor technologies approach their performance limits amidst ris-

ing demands for faster, denser, and more powerful computing, device architectures that

leverage many-body electronic and magnetic interactions have been proposed as a means

to advance beyond Moore’s Law.1 “Spintronics” is the general term for computing and/or

memory schemes that leverage the electronic spin degree of freedom to encode, store, and

manipulate information through phenomena that include long-range2 or local magnetic or-

der3 and spin-waves/magnons.4 Traditional spintronic devices are based on ferromagnets, as

magnetization serves as a straightforward means of encoding and reading out information.2

However, memory devices based on ferromagnetic materials are inherently limited since their

stray fields can lead to data instability at high storage densities as well as lower data security.

Instead, contemporary interest in spintronics has shifted to materials with compensated mag-

netic moments, like antiferromagnets.5–10 The incorporation of spin-compensated magnetic

materials into spintronic frameworks provides key advantages, including faster switching

dynamics, greater insensitivity to destabilizing fields (leading to higher integration density

and improved data security), as well as reduced power consumption and improved overall

efficiency.6 A major focus of this field is understanding and exploiting antiferromagnetic

materials that can host phenomena like giant magnetoresistance, the anomalous Hall effect,

and spin-transfer-torque, which underpin more conventional ferromagnetic spintronics.6

Recently, theoretical predictions and experimental observations have identified a subset

of spin-compensated magnetic materials that exhibit large anomalous Hall effects and spin-

split electronic band structures that are typically associated with non-compensated magnetic

materials like ferromagnets.11–15 It is worth noting that this general phenomenology had

been identified almost three decades ago by Solovyev in perovskites, and by others later,

but has received intense interest in recent years.16–19 The term “altermagnetism” has since

been coined as a classification for these materials in which alternating local coordination

environments around metals associated with opposite spin sublattices result in spin-split
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Figure 1: Three types of collinear magnetic materials that can be described by nonrelativistic
spin group conventions. P , t, and A refer to inversion, translation, and rotation symmetry
operations, respectively.

bands. It is this phenomenon that allows the electronic properties typically associated with

net spin polarization to emerge in materials with vanishingly small magnetization.13

The key structural feature of altermagnetic materials is the presence of crystallographic

rotation operations connecting opposite spin sublattices that cannot be transposed by in-

version, translation, mirror reflections, or their combinations.12,13 Theoretical treatments of

altermagnetism use a nonrelativistic spin group convention to delineate collinear magnets

into the three magnetic classes outlined in Figure 1. In this classification, transformations,

R, are described by [Ri||Rj], where [Ri| operates solely on the magnetic moment vectors in

spin space and |Rj] acts on the atoms in real space.13 This differs from the conventional

framework used to describe magnetic crystal symmetry, which involves transformations that

simultaneously act on both the atoms and magnetic moment vectors of the crystal lattice,13

leading to classification via magnetic space groups. Classifications using magnetic space
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groups, described in 1984 by Landau and Lifshitz, link magnetic properties to the symmetry

of electronic motion through an orbital-current model of magnetism.20 As a result, coupling

real and spin space symmetries via magnetic space groups is a fundamentally relativistic

exercise. Using nonrelativistic spin groups effectively decouples spin and orbital moments,

uncovering an altermagnetic parent phase with spin-split bands that are otherwise hidden

through a relativistic analysis. Altermagnetic spin splitting thus arises without spin-orbit

coupling and is instead entirely due to real and spin space symmetries, making it feasible in

materials containing light elements.

Altermagnetism is specifically characterized by the interplay of two rotations: a C 2

rotation that maps collinear spin-up and spin-down magnetic moments onto each other,

combined with any rotation operator, A, that acts only on the real space lattices associated

with each spin center. Notably, the rotation operator A can be proper or improper and

symmorphic or nonsymmorphic, often taking on the form A = [C nt].
13 Denoted together as

[C 2||A], this symmetry is distinct from other collinear magnetic classes (ferromagnetism and

“conventional” antiferromagnetism) because it connects real-space opposite spin sublattices

through rotation, rather than via space inversion or translation. To understand how rotation

symmetries give rise to altermagnetic spin-splitting, it is useful to consider a conventional

antiferromagnet, where the real-space sublattices are interconvertible by P. In an antifer-

romagnet, compensated spins combined with translation or inversion operators ([C 2||t ] and

[C 2||P ] respectively) will lead to the uniform evolution of spin-up and spin-down bands

through momentum space, which restores the macroscopic spin degeneracy in the overall

band structure. In an altermagnet, the real-space rotational symmetry connecting the sub-

lattices induces a momentum-space mismatch in the dispersion of spin-up and spin-down

bands. Spin splitting thus arises in localized regions of the electronic structure where spin

degeneracy is not restored, and the emergence of this spin splitting is closely tied to the

rotated real-space environments that preclude P. As a result, compensated spins in an alter-

magnet can give rise to phenomena associated with broken time-reversal symmetry, (T ).13
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This alternating spin polarization in both real space and in the resulting momentum-space

electronic environment is also the origin of the coined name “altermagnetism”.12

The symmetry framework described above effectively defines non-relativistic spin splitting

(NRSS) phenomena in collinear, spin-compensated materials. However, NRSS effects are

also reported in materials that lie outside the scope of altermagnetism, such as noncollinear

antiferromagnets.21 Therefore, there exists an alternative perspective to view altermagnetism

simply under the umbrella of unconventional AFMs.22 While altermagnetism is not the

only pathway to realizing NRSS phenomena in spin-compensated materials, given the broad

applicability of the classification to collinear systems, it is a useful guideline for materials

research.

Our focus in this Perspective is to first explain the emergence of non-relativistic spin

splitting in altermagnets on the basis of chemical principles and symmetry, describe some

of the most relevant electronic/spintronic properties of these materials, and then discuss

examples of candidate altermagnet materials with a synopsis of recent experimental work on

these systems. In doing so, we aim to re-frame these concepts from and for the chemist’s

point of view. While at least 50 compounds have already been predicted to be altermagnetic,

few have been experimentally confirmed. The work of solid-state and synthetic chemists in

new materials discovery coupled with experimental confirmation will expand the library of

altermagnets and unveil novel phenomena and new frontiers, such as unconventional d-wave

or higher even-parity order magnetism, unconventional topological superconductivity, dissi-

pationless Hall transport, and new ways to design ultra-efficient charge-to-spin conversion

in compact spintronic devices.12,14

The electronic band structure of altermagnets

The approach of predicting the band structures of extended solids through chemical princi-

ples, as popularized by Roald Hoffmann, underscores the connection between chemical intu-
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ition and physical properties. This perspective combines Bloch’s theorem and a molecular

orbital description of chemical bonding to enable a first order “pen and paper” determi-

nation of a crystal’s band structure.23 As chemists, this view on the tight-binding model

provides us with clear insight into the relevant molecular symmetries underlying solid-state

band theory. Accordingly, it has been successfully applied to describe a variety of emer-

gent phenomena, including the topology of square net lattices,24,25 semiconductor band gaps

of halide perovskites,26 non-trivial surface bands in topological insulators,27 and the lin-

ear dispersion of two-dimensonal (2D) Dirac semimetals.28 Here, we use this approach to

understand non-relativistic spin splitting in altermagnets.

Altermagnetism’s core features and properties emerge from the spin-splitting of electronic

energy bands in a material’s momentum-space band structure, creating a region where time-

reversal symmetry is broken. This spin-splitting is driven by the anisotropy in electronic

band dispersion of spin-up and spin-down sublattices (as defined by the associated real-

space bonding environments), which will transform under proper rotations closely tied to the

overall symmetry of the resultant spin-splitting.13,29–31 This effect, governed by the global

lattice symmetries of the material, can be well-captured by Bloch’s theorem.32 Theoretical

calculations have proposed several altermagnetic candidates, including the rutile structures

RuO2, MnO2, and MnF2.
12,15,33,34 While the magnetic ground state of RuO2 remains a sub-

ject of intense debate (as discussed in later sections), for the purpose of a toy model, the

rutile structure type serves as a useful and relatively simple starting point for us to demon-

strate the connection between local chemical structure, rotational symmetry operations, and

subsequent altermagnetic band splitting through a Hoffmann-like approach.

A portion of the rutile structure is depicted in Figure 2a. In this tetragonal structure

type, metal centers are located in distorted octahedral geometries with inequivalent axial

and equatorial bond lengths. Along the c-axis, octahedra are edge-sharing, whereas in the

ab plane, octahedra are corner-sharing across the shorter, axial bonds. The axial directions

of the octahedral environment are uniformly aligned within a layer of the ab plane and
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Figure 2: Crystallographic and magnetic representation of a simple altermagnetic rutile. a)
Lateral expansion of the simple rutile unit cell shows rotated octahedral environments for
spin-up and spin down lattices, which are represented by red and blue metal centers respec-
tively. b) Spin-space C 2 and real space C 4zt1/2 transformations link opposite spin sublattices
by rotation symmetries, leading to altermagnetism. c) Segregating spin-up and spin-down
lattices onto two offset ferromagnetic square nets will also give rise to altermagnetic band
splitting.

transform by a 90◦ rotation respective to their c-axis nearest neighbors. The local distortion

to the coordination environment in rutile structures is attributed to the packing arrangement

of atoms, and the relative degree of the distortion depends on the relative sizes of the cation

and anion as observed in TiO2, VO2, CrO2, and ZnF2.
35 Geometric distortions to the local

coordination environment can also be electronically driven by the Jahn–Teller effect.36 For an

altermagnetic rutile, the spin structure necessarily adopts a collinear, A-type compensated

spin pairing,12,29,30 which is shown in Figure 2a by the depiction of spin up (red) and spin

down (blue) polyhedra occupying alternate layers in the form of edge-sharing chains.

In rutile structures, the real-space symmetry of a distorted octahedral coordination envi-

ronment is imposed on the local electron and spin density of each metal center. The electron

density of spin up and spin down octahedral sites transform according to C 4zt1/2 symmetry

operation,12,13,29 which corresponds to a real-space C 4 rotation around the c-axis accompa-

nied by a half-magnetic unit cell translation. When a collinear, compensated spin orientation
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is considered independent of the real-space environment, the spin symmetries transform by

a C 2 rotation.

To illustrate how momentum-dependent spin splitting arises from these simple symmetry

considerations, we use a toy rutile-like model consisting of rotated octahedra within an

isolated bilayer. Spin polarization is enforced for all octahedra within each ab plane, thus,

spin up and spin down metal centers of the lattice can be segregated onto independent 2D

square lattices as depicted in Figure 2c. With this approach, we can analyze the dispersion

of each spin sublattice at different points in momentum space.

Figure 3: Crystal field splitting and Fermi-level bands of the rutile toy model. a) Distorted
octahedral environment surrounding spin-bearing metal centers, denoted as M. Axial bonds
along the z axis are shorter than the equatorial bonds along the xy plane. b) Molecular
orbital diagram highlights the highest occupied orbitals after distortion from an octahedral
crystal field environment using a d4 metal cation. c) Complex linear combination of frontier
atomic orbitals dxz and dyz. Orbital phase is denoted by θ and the resulting sign for the
real-space orbitals is determined by cos(θ).

The next consideration lies in the choice of orbitals. In the band structure of rutile MO2

(where M 2+ is a d4 metal cation), simple ligand-field theoretical calculations indicate that the

frontier d orbitals responsible for the bands that cross the Fermi-level are a linear combination

of dxz and dyz orbitals (this is also anticipated from a simple d -orbital splitting analysis of

the MO6 octahedra), as shown in Figure 3.37,38 It is important to note, however, that spin

splitting will occur for any metal d orbital aligned to the local coordination axis; the spin
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splitting in momentum space is the result of global symmetry operations and is not restricted

to specific orbitals. Thus, the “altermagnetic” splitting will arise in all d -orbital-based bands.

For simplicity, we consider a single dz2 orbital on metal centers, oriented along the local axial

direction of the spin centers. Because dz2 orbitals transform with the same symmetry as the

calculated real-space spin density of proposed altermagnetic rutiles,12,13,23,25,26 we establish a

correspondence between the spin-splitting derived in this simple model and the anticipated

spin-splitting near the Fermi level of related materials.

Figure 4: Coordinate systems for the altermagnetic (a-c) and antiferromagnetic (d-f) toy
models. a) In the altermagnetic model, the local geometry around the spin-bearing centers
dictates the orientation of d orbitals. The relative orientation remains consistent across a
given sublattice, with a rotation transformation transposing spin–up (red) and spin–down
(blue). The red and blue dashed lines represent the independent treatment of each sublattice,
as shown in b-c). b) For the spin-up sublattice, interaction energies are defined by Saxial

and Sequatorial, with stronger interactions occurring along the Saxial direction via intervening
ligands (not shown). c) In the spin-down sublattice, interaction energies switch along the
same real-space path compared to the spin-up sublattice. d) In the antiferromagnetic toy
model, interconvertible local structure geometries lead to uniform d orbital alignment. As a
result, equivalent interaction energies characterize the dispersion in e) spin–up and f) spin–
down sublattices along a given real-space path of the antiferromagnetic toy model.
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Following this reasoning, we orient dz2 orbitals along the direction established by the

local coordination geometry of each spin sublattice for an altermagnetic rutile in Figure

4a. The relative magnitude of interactions along axial and equatorial directions can be

estimated from some chemical intuition of their overlap energies. Here, S axial is attributed

to the stronger interaction energy along the axial direction of dz2 orbitals, and S equatorial

is attributed to comparatively weaker interaction along the equatorial direction. The sign

that can be attributed to this energy overlap, negative or positive, will depend on bonding

versus anti-bonding interactions respectively. For this coordinate system, the interactions

of dz2 orbitals with two neighboring metal orbitals along the axial direction, as opposed to

the two orbitals along the equatorial direction, occur in opposite real- and reciprocal-space

directions for each sublattice. Thus, due to the rotated orientation of the spin sublattices

shown in Figures 4b and 4c, the relevant net interaction integral along a specific path through

the real-space crystallographic lattice will switch for the opposite spin sublattice. In reality,

there is no meaningful direct metal–metal orbital overlap, but these interactions and the spin

sublattice-dependent band dispersions that result are instead mediated by the intervening

ligands. Nevertheless, this model where we only depict the spin-bearing d -orbitals is a

helpful start for understanding the local, orbital origins of spin splitting in altermagnets. In

contrast, as shown in Figure 4d for the antiferromagnetic case (possessing the spin space

C 2 symmetry, but lacking the orbital rotations due to real-space localized distortions), an

isotropic ligand coordination leads to the identical alignment of dz2 orbitals for both spin

sublattices. As shown in Figure 4e and 4f, the dispersion for spin up and spin down orbitals

of the antiferromagnet will therefore be equivalent along both crystallographic paths of the

square lattice.

In Figure 5a, we establish a basis (outlined by a dashed grey line) for our isolated bilayer,

which also corresponds to the basis of a generalized rutile unit cell. The first 2D Brillouin zone

(BZ) of the toy model is shown in the lower right of Figure 5a, describing the high-symmetry

points of the square lattice in momentum space, which we shall use in the treatment of the two
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Figure 5: Description of the orbital phases at different high symmetry points in the Brillouin
zone for our rutile toy model. a) Shows the spin–up and spin–down sublattices, colored as
red and blue respectively, with metal centers decorated by dz2 orbitals. The xy coordinates of
the basis, highlighted in a grey dotted box, and high symmetry points of a square sublattice
BZ for each independent square sublattice are also shown. b-f) Metal–metal interactions,
based on dz2 orbitals, are distinguished by axial- or equatorial-type interactions. Equivalent
or inequivalent interactions between the spin–up (red) and spin–down (blue) layers are quali-
tatiely evaluated for Γ (0, 0), M (π

a
, π

a
), M̄ ( π

2a
, π
2a

), M’ (−π
a

, π
a
), and M̄’ (−π

2a
, π
2a

), respectively.
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independent square sublattices of antiparallel spins. The high-symmetry coordinates (kx, ky)

of our BZ in reciprocal space are thus Γ (0, 0), M̄ ( π
2a

, π
2a

), M (π
a
, π

a
); at these high symmetry

points we will apply phase factors determined by eikr, according to Bloch’s theorem. At Γ

(Figure 5b), the phase factor is determined by the reciprocal space coordinates (0,0), and

orbitals propagate in the x and y direction without phase inversion. Accordingly, at Γ in-

phase (“bonding”) interactions populate the nearest-neighbor axial and equatorial directions

of the d z2 orbitals for both spin-up and spin-down sublattices, resulting in spin degeneracy.

At M, the phase factor is determined by (π
a
,π
a
). In this case, the phase inversion introduces

out-of-phase (“antibonding”) interactions uniformly along all four diagonal directions. In-

phase interactions are preserved for both axial and equatorial directions in the spin-up and

spin-down lattices, which once again leads to spin degeneracy. At the intermediate point M̄,

the phase factor is determined by ( π
2a

, π
2a

), introducing nodes into the treatment of the wave

function before applying phase inversion. For the spin-up sublattice, the orbitals display out-

of-phase interactions along the axial direction and in-phase interactions along the equatorial

direction. The converse is true for the spin-down sublattice. This discrepancy, introduced

by in-phase and out-of-phase interactions disparately affecting orbitals on each sublattice,

creates a break in band degeneracy at M̄, leading to a local region of spin-split bands.

The bands splitting along Γ-M represent only half of the fourfold bands derived from

a two-orbital basis. Unlike other momentum-split band phenomena, a unique aspect of

spin-split bands in altermagnets (that have apparent momentum-space dependence yet are

not formally momentum-split) is that this splitting is not due to second-order perturbative

effects, such as the SOC-induced Rashba-Dresselhaus splitting.39–43 In an analogous deriva-

tion of momentum splitting due to the Rashba-Dresselhaus effects, SOC is introduced after

determining the bands’ dispersion and position from the noncentrosymmetric crystal lattice.

That is, SOC is “turned on” to observe momentum splitting.39,40 In altermagnets, however,

momentum splitting arises directly from global lattice symmetries, therefore, the path along

Γ-M only accounts for half of the bands, and the fourfold degeneracy is recovered across the
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Figure 6: Electronic band dispersion of an altermagnet and conventional antiferromagnet.
a) Depiction of an altermagnetic unit cell decorated with dz2 orbitals, along with its quali-
tative electronic band dispersion, where the Fermi level (EF) is indicated. b) Conventional
antiferromagnet unit cell decorated with dz2 orbitals and its corresponding electronic band
dispersion that shows both the spin–up and spin–down bands as degenerate. c) Quali-
tative two-dimensional Fermi surface of a) that depicts a d -wave symmetry at (EF). d)
Left:Quadratic, d-wave band dispersion around Γ, shown in the green dashed box in a), em-
phasizes the symmetry of the nodal planes. Right: Avoided crossings, which in the presence
of SOC would lead to Berry curvature (B) hotspots, are marked by green dashed circles
along the Γ-X and Γ-Y directions.
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full first Brillouin zone.

To recover a fourfold degeneracy of bands from a basis of two d z2 orbitals, we analyze

the dispersion along Γ-M’ in Figures 5e and 5f. A similar treatment to that described above

for Γ-M is applied here, but the orbital phases are shifted along the x direction to reflect

the negative component of the phase factor introduced by M’ = (-π
a
, π

a
) and M̄’ = (- π

2a
, π

2a
).

The resulting energy difference from broken band degeneracy at M̄’ is equivalent to that of

M̄, but the sign for the respective energy of the spin-up and spin-down bands switches due

to the inversion of bonding and antibonding interactions.

Finally, we present the resulting simplified electronic band diagram derived from the

altermagnetic toy model in Figure 6a. High symmetry points of the Brillouin zone at Γ and M

are spin band degenerate, and the intermediate points along Γ-M and Γ-M’ reveal momentum

split bands. In an analogous antiferromagnetic toy model (Figure 6b), the compensated spins

would retain degeneracy because of real-space sublattices that transform by translation. By

taking an arbitrary cut to represent the Fermi level in the band diagram of Figure 6a, we

observe the d-wave magnetic symmetry of the Fermi surface predicted for altermagnetic

rutiles in Figure 6c. Additionally, the symmetry imposed by altermagnetic band splitting

generates nodally degenerate planes, which, in the case of the toy model, occur along Γ-X

and Γ-Y in the nonrelativistic band structure. Quadratic, d -wave band dispersion around the

gamma point, marked by the green dashed box in Figure 6a and depicted as 3-dimensional

band valleys in Figure 6d, highlight the symmetry of these nodal planes. In real material

systems with SOC, the nodal planes along kx and k y become regions of avoided crossings

for spin-up and spin-down bands, thus giving rise to symmetry-defined Berry curvature (B)

hotspots, as we discuss below.12

The toy model used to derive altermagnetic spin-splitting is predicated on the ideal sce-

nario where SOC is omitted. As we have already alluded to, SOC is not negligible in real

material systems. Thus, altermagnetism is reasonably expected to be more complicated

than this simple, nonrelativistic picture. In one view, the nonrelativistic limit used to de-
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rive the altermagnetic band structure generates a parent phase from which the features of

altermagnetism may emerge. In instances where the spin-orbit interaction induces canting,

the altermagnetic parent phase is not necessarily extinguished despite its coexistence with a

weak ferromagnetic component. Ultimately, if the canting retains the same mapping of spin

symmetries localized in rotated environments, similar spin splitting is expected to occur.44–46

The Anomalous Hall Effect

One measurable probe of broken time-reversal symmetry is the observation of an anomalous

Hall effect (AHE). This phenomenon serves as a connection between electronic transport

and intrinsic electronic band structure properties such as NRSS and topology. The AHE

can, therefore, provide a powerful way to identify NRSS in materials, including altermag-

nets. We now discuss the origin of this effect in terms of the real space spin-structure of a

magnetic material. In the next section, we discuss its microscopic origin in the electronic

band structure and a property known as the Berry phase.

When an electric current flows through a conductor in the presence of a perpendicular

magnetic field, the longitudinal current is deflected by the magnetic field, resulting in a trans-

verse resistivity that depends on the charge carrier density of the conductor and the magnetic

field strength. This is the Hall effect (or “ordinary” Hall effect). Ferromagnets display an

additional, larger effect that appears proportional to the magnetization and therefore may

arise in the absence of an external magnetic field in the presence of nonzero magnetization.

This “anomalous” Hall effect was thus originally thought to be an exclusive hallmark of

ferromagnets/ferrimagnets arising from uncompensated spins.47 More recently, it has been

shown that the AHE can be present in materials with no internal magnetization, including

altermagnets, as long as specific symmetries are broken.12,13,30,48

Just as symmetries define an altermagnet (as explained previously), symmetries of the

magnetic structure also determine whether or not there is an AHE. This makes the AHE

one way to experimentally measure the presence, and consequences, of altermagnetic sym-
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Figure 7: a) Summary of how the Néel vector changes orientation depending on the symmetry
operation, in this case, time-reversal, translation, and inversion, on a 1D antiferromagnetic
chain. b-e) Summary of the different spin orientations and their magnetization density that
break or preserve t1/2T and PT .

metry. To understand the symmetries that allow an AHE, we note that irrespective of

origin, we can describe the AHE by an order parameter termed the Hall vector, h, such that

jHall = h× E, where jHall and E are the Hall current and the electric field, respectively.20,30

Importantly, h breaks time reversal symmetry (h is T -odd), and so for any material to

display a non-zero h, that material must also break T symmetry.30,49 As we show below,

although spin compensated materials break T microscopically/locally, we need to consider

translation and inversion symmetry in conjunction with T to understand whether such a sys-

tem would exclude h and accordingly, the AHE. To start, we note that the order parameter

that characterizes collinear antiferromagnets and altermagnets is the Néel vector, L:30

L =
∑
i

mi −
∑
j

mj

where mi and mj are spins from different magnetic sublattices in the magnetic unit cell.30,50

We now consider a simple 1D antiferromagnetic chain (Figure 7a). The T operation flips

the sign of L since mi,j is a T -odd vector. However, the lattice transposing t1/2 operation
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(where t1/2 is a half-unit cell translation of the antiferromagnetic structure when considering a

two-sublattice collinear antiferromagnet—the magnetic unit cell is double the unit cell of the

crystal lattice) then flips the signs of mi,j (and thus the sign of L) back, as shown in Figure 7a.

Thus, L remains invariant under t1/2T . Since h changes sign due to t1/2T —h is invariant

under t1/2 operations since translation does not change momentum space features30,48—a

t1/2T -symmetric antiferromagnetic material will exclude h and display no AHE. Likewise,

we can consider the effect of the inversion operation (P), in combination with time reversal,

(i.e. PT ). We note that as a rank-2 tensor, the Hall conductivity tensor is centrosymmetric

even if the material is non-centrosymmetric (as in the case of V1/3NbS2).
51,52 Applying the

inversion operator on an individual spin changes its coordinates but not the direction of the

spin: ψ(x, y, z, ↑) → ψ(−x,−y,−z, ↑), resulting in a change in sign of L as shown in Figure

7a. This simple analysis in 1D shows that for a spin compensated material, if the Néel vector

is t1/2T - or PT -invariant, the AHE cannot be observed.30

In two dimensions (Figure 7b-e) we can also show that conventional collinear antiferro-

magnets (Figure 7b,c) might preserve either t1/2T or PT and therefore should not host the

AHE. However, when the symmetry of the crystal is such that the electron density of spin

up and spin down sites are related by rotation (Figure 7e), both t1/2T and PT are broken.

It is this feature of altermagnets that can give rise to a non-zero h. An analogous symmetry

analysis shows how the AHE can also be observed in ferromagnets (Figure 7d). It can also be

shown that the AHE may likewise be observed in some non-collinear antiferromagnets,30,47,48

but that lies out of the scope of this Perspective. While altermagnets have the potential to

manifest an AHE based on these symmetry considerations, it is important to note that the

observation of the AHE in altermagnets also depends on the direction of Néel vector with

respect to the symmetry of the crystal structure.53,54
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The AHE and geometric Berry phase

At a microscopic level, the presence of an AHE can be related to the concept of the geometric

Berry phase55,56—a concept that is manifest even in classical mechanics as the change in

a pendulum’s plane of motion due to the earth’s rotation (i.e., the Hannay angle in the

Foucault pendulum)57,58 and is relevant to many other quantum mechanical systems.59–62 In

the context of electronic transport in crystals, as an electron in the bands of a material moves

through a closed loop of momentum space (due to the application of an external magnetic

or external electric field), the electron will pick up a Berry phase that is defined by the band

structure. Specifically, the property of the electronic band structure that governs the Berry

phase is called the Berry curvature, which depends on the symmetry and topology of the

electronic band structure. This Berry curvature is proportional to the intrinsic AHE, thus

establishing a direct connection between variables that are measurable in electrical transport

and the spin-split band structure of altermagnets.

Mathematically, the association of the Berry phase with the microscopic origin of the

AHE can be understood by recognizing that the antisymmetric Hall conductivity, σa
xy, has

an intrinsic origin:

σa
xy = − e2

h̄
Σn

∫
BZ

d3k
(2π)3

f [εn(k)] Bz
n(k)

Here f [εn(k)] is the Fermi–Dirac distribution function, εn(k) is the energy of the Bloch state

in band n with crystal momentum k, and Bz
n(k) is the aforementioned Berry curvature. The

Berry curvature is related to the Berry phase by the Berry connection (or Berry potential),

An(k) as

Bz
n(k) = ∇k×An(k)

where the integral of the Berry connection through a closed loop is the Berry phase, γ:

γ =
∮
An(k) dk
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In materials that break time-reversal symmetry, the AHE is allowed by symmetry, and

a finite Hall conductivity may be explained by a finite integral of the Berry curvature. In

materials that do not break time reversal symmetry, Bn(k) = −Bn(−k) and so the integral

of Bn(k) over the BZ leads to a vanishing σa
xy. In some band structures, the presence of SOC

can lead to Berry curvature hotspots around avoided crossings (where spin-up and spin-down

bands intersect) that can lead to a robust Hall conductivity. Indeed, even in the absence

of ferromagnetic order, avoided crossings such as those found at Weyl nodes will produce a

Hall conductivity.47,63–65

In the case of conventional antiferromagnetism, as explained above, although time-

reversal symmetry is broken microscopically, the underlying symmetries (such as translation

and inversion symmetry) that relate the spin sublattices exclude the AHE.48 In contrast,

since these symmetries remain broken in altermagnets, a finite Hall conductivity can be

preserved by a non-zero integral of the Berry curvature, though this will also depend on

the orientation of the Néel vector itself.12,30,31,44,66 In addition, the symmetry-imposed al-

ternation in spin polarization produces avoided crossings at certain high symmetry points

of the BZ (Γ, M , and M ′ in the case of the toy model shown in Figure 6b) and at nodal

planes (Figure 6d) that due to spin–orbit coupling lead to local exacerbation in the Berry

curvature.12,30 Altermagnets are therefore a platform for realizing and exploring Berry phase

phenomena, including quantum Hall behavior and resultant nondissipative transport, at high

temperatures.30

Altermagnets for spintronics

The electrical manipulation of ferromagnetic order is the basis for commercialized magnetic

random access memory (MRAM).67–70 Early MRAM schemes used Oersted fields generated

in current carrying lines to flip the magnetic moments of a soft ferromagnetic layer in crossbar

arrays of magnetic bits comprised of magnetic tunnel junctions (MTJs).71 Limitations on
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bit density (due to incidental switching of closely spaced MTJs by the Oersted fields in the

bit lines) and energy efficiency were overcome by the development of MRAM devices that

use the spin transfer torque (STT) mechanism (STT-MRAM).72–75

Figure 8: a) Spin transfer torque device geometry where a hard ferromagnetic layer (the
pinned layer) is layered on another “free” ferromagnet with a spacer layer in-between.
The polarization of the free layer is manipulated by the direction of spin-polarized cur-
rent from/through the pinned layer. b) Spin-orbit torque device geometry where current
flow through a heavy non-magnetic metal, such as Ta, is used to switch the polarization of
an adjacent free ferromagnetic layer. c) Spin splitter torque device geometry where the spin
polarization generated from current flow through an altermagnet is used to flip the direc-
tion of the adjacent free ferromagnetic layer. d) A typical density of states diagram for a
ferromagnetic tunnel junction (FM-TJ), depicting the difference in tunneling magnetoresis-
tance for two schemes where the spins of the ferromagnets are parallel (left; low resistance)
or anti–parallel (right; high resistance). e) AFM/ALM-TJ device geometries showing the
momentum-space alignment of spin-split bands in a non-collinear AFM or ALM. When the
Néel vectors of the magnetic layers are parallel (left) the phases of the Fermi surfaces from
the altermagnets match, leading to a low resistance state. When the Néel vectors are anti–
parallel (right) the phases of the Fermi surfaces do not match, leading to a high-resistance
state.

In STT-MRAM, switching of the soft ferromagnetic layer (the “free” layer) of the MTJ

is accomplished by a spin-polarized current that is generated as charge flows through a hard

ferromagnetic metal, called the pinned/fixed layer.72,73 Beginning in an antiparallel alignment
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of moments in pinned and free layers, after tunneling across the insulating spacer, the spin-

polarized current transfers spin angular momentum to the free layer, exerting a torque on

the moments in the free layer that results in an reversal of the magnetic moments in this free

layer to bring them into alignment with those of the fixed layer (Figure 8a). This produces

a low resistance state of the MTJ. To flip magnetization of the free layer, a current flows in

the opposite direction. Now, the fixed layer serves to preferentially filter through electrons

bearing spins aligned parallel to its own polarization. This process leads to an accumulation

of the opposite spin angular momentum in the free layer, which eventually flips the moments

back so that the free and fixed layers are returned to an anti-parallel configuration and

enables a high resistance state. Although the STT approach is more energy-efficient and

faster than the Oersted field mechanism, STT uses the same current path for both reading

and writing (with current flowing perpendicular to the layer interfaces). This can cause

incidental switching during readout and therefore compromises information stability.75

An alternative scheme is based on the spin–orbit torque (SOT) switching mechanism.76–79

Here, current flow occurs through a nonmagnetic heavy metal (e.g. Pt, Ta) layer parallel

to the free layer. The spin Hall effect80 in the nonmagnetic layer produces a spin current

such that the spin current, the electric field that produces the charge current, and the spin

direction are mutually orthogonal. The spin Hall effect thus serves to inject spins upwards

into the free layer as charge current flows longitudinally through a nonmagnetic line below.

Combined with the Rashba-Edelstein effect81,82 at the interface, current flow through this

nonmagnetic layer exerts a torque on the moments in the free layer that allows the moments in

the MTJ to be manipulated into parallel or antiparallel orientations (Figure 8b). One benefit

of SOT as the switching mechanism is the decoupling of write-in and read-out current paths.

However short spin diffusion lengths, limited charge-to-spin conversion efficiencies, and high

resistivities of the spin source materials present challenges to device performance.75,83

Altermagnets now provide a new mechanism for the generation of spin currents that

do not rely on spin-orbit coupling, and may overcome some of these limitations of SOT.
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In altermagnets, current flow perpendicular to the Néel vector is proposed to generate a

strong spin current along the Néel vector direction, a mechanism termed spin splitter torque

(SST)12,83,84 as depicted in Figure 8c. This SST process combines some of the advantages

of STT and SOT (namely, being non-relativistic in origin and allowing a decoupling of read

and write paths) and may allow ALMs to serve as highly efficient spin source materials for

all-electrical MRAM technologies. However, generation of the spin current in the desired

direction requires specific alignment of the crystal axes of the altermagnet with the MTJ

interfaces.

Among the magnetic memory elements discussed so far, only those based on ferromagnetic

MTJs have been commercially implemented to date. In FM-MTJs, parallel and antiparallel

alignments of fixed and free FM layers lead to respective low- and high-resistance states for

electron tunneling between the FMs. This can be understood simply as a result of changing

the spin-dependent density of electronic states, DOS (Figure 8d). The intrinsic limits on

magnetization dynamics in ferromagnets (and therefore limits on switching speeds) have led

to intense contemporary interest in antiferromagnetic spintronics, which in principle, could

display much faster switching dynamics.85,86 To understand how magnetically compensated

systems such as non-collinear AFMs or ALMs can be used in MTJs despite spin-degenerate

DOS, it is helpful to view electron tunneling across an MTJ in momentum space. As we

have already discussed, NRSS in ALMs leads to anisotropic Fermi surfaces. Using a d -wave

altermagnet as an example in Figure 8e, alignment of the spin sub-bands in momentum

space across the MTJ leads to a low resistance state. However, when the Néel vector of

one altermagnetic layer is rotated 180◦ the spin sub-bands are misaligned in momentum

space, leading to a high resistance state.85 Specific mechanisms for switching the altermagnet

Néel vector may depend on the crystal structure, magnetocrystalline anisotropy, and other

electronic properties of the material, but precedent exists for electrical manipulation of Néel

vectors and other order parameters in antiferromagnets; examples include CuMnAs, Mn2Au,

and Fe1/3±δNbS2.
8,87,88

22

https://doi.org/10.26434/chemrxiv-2024-bst3p-v2 ORCID: https://orcid.org/0000-0002-9895-5539 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-bst3p-v2
https://orcid.org/0000-0002-9895-5539
https://creativecommons.org/licenses/by-nc-nd/4.0/


In addition to MTJ-based memories, there are proposals to combine altermagnets with

superconductors as a new memory platform.89 In the proposed architecture, an altermagnet is

adjacent to a superconductor, or a superconductor is sandwiched between two altermagnets,

where the phases of the altermagnet Fermi surface modulates the critical temperature, T c,

of the superconductor. The proximity of these systems is allowed due to the absence of stray

fields in altermagents.

Together with non-collinear AFMs, NRSS in altermagnets offers distinctive possibilities

for novel spintronic device schemes that could lead to fast switching memories and ultralow

power micro-electronic systems. However, further work is still required to more deeply un-

derstand the electronic properties of altermagnets and the exciting possibilities for magnetic

devices. Expanding the library of ALMs will be a key step forward. Next, we provide a

short survey of some proposed ALMs across a few materials classes with disparate struc-

tures/symmetries, and highlight some key experimental studies on these systems so far.

Synopsis of candidate altermagnetic materials

Altermagnetism has been proposed in a variety of structural hosts, including both two-

dimensional (2D) and three-dimensional (3D) systems, in noncentrosymmetric and cen-

trosymmetric crystal lattices, and across various Bravais lattice types. The concept also

extends to electronic insulators, semiconductors, metals, and superconductors.12 Here, we

describe the symmetries of several candidate altermagnets and summarize key experimental

findings that provide evidence for or against their altermagnetic ground state.

Rutile RuO2

Ruthenium dioxide (RuO2) crystallizes in a tetragonal unit cell with space group P42/mnm,

shown in Figure 9a. Highlighted in Figure 9b, the distorted RuO6 octahedra surrounding

RuA and RuB centers transform by a C 4zt real-space rotation. This operation corresponds to
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a C 4 rotation around the crystallographic c-axis followed by a half-unit cell translation along

the [111] direction. The spin configuration, also depicted in Figure 9b, assumes a simple A-

type pairing where opposite magnetic moment vectors are related by a C 2 rotation. Under

this formalism, the combined [C 2||C 4zt] non-relativistic space group results in purported

d-wave altermagnetic symmetry in RuO2.

Figure 9: a) The crystal structure of RuO2 with the P42/mnm space group and the spins
at each Ru site. b) Depicts the [C 2||C 4zt] symmetry of the opposite spin sublattices (RuA

and RuB).

Several works have used RuO2 to illustrate the fundamental symmetries that result in

altermagnetism,12,13 which relies on the validity of the spin and crystal configurations de-

scribed above. However, the magnetic ground state of RuO2 remains a topic of significant

debate. Intuitively, the 4d4 electron configuration of Ru4+ results in a fully paired spin

configuration, which implies a diamagnetic ground state under the reduced symmetry of

a distorted octahedral environment.38 An antiferromagnetic ground state was initially pro-

posed through DFT + U calculations and supported by magnetic susceptibility and neutron

scattering measurements.90 Following the adoption of RuO2 as the “prototypical altermag-

net”, the observation of an anomalous Hall effect catapulted RuO2 into the central limelight

of this field.91 Ongoing efforts aim to resolve the question of the magnetic ground state in

RuO2. So far, muon spin rotation experiments indicate that the reported altermagnetic

order is unlikely to exist in the bulk crystal,92 and other experimental reports including neu-
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tron diffraction93 and spin-angle resolved photoemission spectroscopy94 also challenge the

proposed altermagnetic order.

Hexagonal semiconductor MnTe

Manganese telluride (α-MnTe) crystallizes in the hexagonal NiAs structure type (space group

P63/mmc). It is a magnetic semiconductor with a moderate indirect band gap of 1.27 to

1.46 eV.95 Comprehensive analyses, including neutron diffraction, magnetometry, magneto-

transport, and DFT+U calculations, reveal that MnTe exhibits an A-type magnetic ground

state below a Néel temperature (TN) of 310 K.96–99 Below this critical temperature, spins

align ferromagnetically along the [11̄10] direction and antiferromagnetically between adja-

cent c-axis layers. The structural and magnetic unit cell of α-MnTe is shown below in Figure

10a. Due to inequivalent stacking of octahedral environments, the opposite spin sublattices

at MnA and MnB (Figure 10b) are related by a sixfold rotation or mirror operation. This

corresponds to the nonrelativistic space group operation [C 2||C 6zt], describing the twofold

rotation of A-type spins and a sixfold rotation of the real-space environment followed by

translation along the crystallographic c axis. These symmetries result in antisymmetric spin

bands and a g-wave altermagnetic phase.

MnTe is a key material in the experimental investigation of altermagnetism using spin

angle-resolved photoemission spectroscopy (SARPES), which provides direct evidence of

spin-split spin bands. The method relies on angle-resolved photoemission spectroscopy

(ARPES) to reconstruct a material’s electronic structure using the kinetic energies and col-

lection positions of photo-emitted electrons, which correspond to binding energies at specific

momentum values in reciprocal space. This technique enables selective mapping of a kx-ky

surface at a fixed kz in the Brillouin zone (BZ).100 In complementary SARPES, a polarized

detector can differentiate spin-up from spin-down bands.34,101 Direct, experimental evidence

of spin-split bands through spectroscopic imaging is in some ways more definitive evidence

of altermagnetism than the indirect evidence from the observation of an anomalous Hall
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Figure 10: a) The crystal structure of MnTe with the P63/mmc space group and the spins
at each Mn site. b) Depicts the [C 2||C 6zt] symmetry of the opposite spin sublattices (MnA

and MnB)

current. However, experimental verification via SARPES is challenging due to the rarity of

materials with significant spin splitting and the potential for multiple magnetic domains to

nullify a measurable spin polarization.102

Several properties make α-MnTe suitable for observing altermagnetism through ARPES

and SARPES. For one, the calculated valence band spin splitting of 1.1 eV is among the

largest in known altermagnetic materials.12 A large spin splitting implies that MnTe’s spin

bands can be distinguished with ARPES alone, even without spin resolution.13 Additionally,

MnTe is a candidate for single-domain altermagnetism, which is supported by predictions

of domain wall formation perpendicular to the ab plane102 and the demonstrated ability

to reorient domains by cooling under an applied field.103,104 However, detecting a spin-split

signal requires instruments with spot sizes smaller than the average domain size (∼30 nm

in thin film MnTe and ∼10 µm in bulk MnTe) or the fortunate occurrence of a dominant

easy-axis Néel vector in a multi-domain probe.44 Furthermore, ARPES measurements are

surface-sensitive, and a (0001) terminated MnTe surface shows local ferromagnetism, adding

further complexity to data analysis and interpretation.34

In MnTe, the spin-split bands reside outside the spin-degenerate nodal planes in the non-
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relativistic limit (without SOC), corresponding to a cut parallel to the Γ-M direction.44,105

Measured soft X-ray ARPES data outside of MnTe’s nodal planes has shown a strong signa-

ture of altermagnetic splitting below the magnetic ordering temperature, reaching the half-

eV scale in thin-film MnTe. The signal disappears along the nodal spin-degenerate planes.44

The confirmation of this signature in bulk samples, using UV-SARPES, has revealed that

the opposite spin polarizations have asymmetric momentum dependence. These measure-

ments are among the first instances of direct experimental evidence for strong, nonrelativistic

altermagnetic lifting of Kramer’s spin degeneracy.44

Measurements of the electronic band structure within the nodal plane, both along kx

(Γ-K) and ky path (Γ-M), revealed quadratic band dispersion and a weakly lifted Kramer’s

degeneracy around the Γ point. This spin-splitting is small at Γ and sees a nonlinear rise

towards K and M points. Confirmed in both experiment and theory, it has been suggested

that this weak, relativistic lifted Kramers spin degeneracy (LKSD) arises due to a SOC-

induced net magnetization in MnTe, thus enabling a canting of the sublattice moments

towards the c-axis. In this case, the interplay between altermagnetism and SOC generates a

spin polarization of bands orthogonal to the direction of the magnetic-order vector, and as a

result, spin-splitting can be observed along regions that are predicted to be spin-degenerate

through nonrelativistic symmetry analysis. These weakly spin-split bands lack constant

and linear terms commonly used to describe spin-splitting in conventional ferromagnets,

or in systems with broken inversion symmetry, thus highlighting the key distinction of an

altermagnetic mechanism of LKSD.44,106

The manifestation of both strong (without SOC) and weak (with SOC) altermagnetic

LKSD may offer distinct applications. Strong altermagnetic LKSD is proposed to be valu-

able for quantum devices in novel architectures. Weak altermagnetic LKSD, as observed in

thin-film MnTe, supports dissipationless Anomalous Hall transport, driven by Berry-phase

physics.107–109
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Intercalated Transition Metal Dichalcogenides (TMDs): V1/3NbS2

and Fe1/4NbS2

Magnetic intercalated TMDs encompass materials of the form TxMCh2 (T = intercalant M

= transition metal Ch = chalcogenide, where spin bearing ions, T, occupy the octahedral

sites of a parent TMD compound, such as NbS2, and thus introduce magnetic order. Crys-

tallographic superlattices form at intercalant stoichiometries of x = 1/4 and 1/3, resulting

in 2a × 2a and
√

3a ×
√

3a superlattices respectively, where a is the lattice constant of the

parent TMD.51 Here, we highlight two altermagnetic candidates that emerge from this class

of materials.

Figure 11: a) The crystal structure of V1/3NbS2 with the P6322 space group and the spins
at each V site. b) Depicts the [C 2||C 6zt] symmetry of the opposite spin sublattices (VA and
VB)

V1/3NbS2 forms a
√

3a×
√

3a superlattice, characterized by a hexagonal unit cell and a

noncentrosymmetric space group of P6322, illustrated in Figure 11. The octahedral ligand

coordination surrounding VA and VB spin centers, depicted in Figure 11b, are related by a

C 6zt operation, which corresponds to a C6 rotation combined with a translation parallel to

the [111] direction. Although experimental confirmation of the magnetic unit cell remains

inconclusive,110,111 the quenched orbital angular momentum of V3+ ions suggests that the
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material should adopt an A-type collinear spin pairing with spin symmetry C 2 (Figure 11b).

In this case, the presumed [C2||C6zt] nonrelativistic spin group symmetry leads to g-wave

spin splitting in the electronic band structure.12

Figure 12: a) The crystal structure of Fe1/4NbS2 with the P63/mmc space group and spins
located at each Fe site. b) Depicts the [C 2||C 6zt] symmetry of the opposite spin sublattices
(FeA and FeB).

Fe1/4NbS2 forms a 2a × 2a superlattice where the hexagonal space group of the parent

TMD, P63/mmc, is retained (Figure 12).112 The material also retains centrosymmetry. FeA

and FeB spin centers, depicted in Figure 12b, share the [C2||C6zt] nonrelativistic spin group

symmetry of the
√

3a×
√

3a superlattice.

The broader class of intercalated TMDs includes several MCh2 compounds of the 2H

polytype where the spin-bearing atoms occupy octahedral sites, including first-row transition

metals V, Cr, Mn, Fe, Co, and Ni. As demonstrated above, the 2a × 2a and
√

3a ×
√

3a

superlattices of intercalated TMDs support the symmetry considerations for altermagnetism.

In the event of A-type AFM interactions, which meets the C 2 rotation criteria in spin space,

these materials are candidates for altermagnetism. Recent experiments do show evidence for

altermagnetism in the Co-intercalated compounds.54,113
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Insulating Perovskite LaMnO3

Ruddlesden-Popper phases and their perovskite end members are often suitable candidates

for hosting altermagnetism.11,114 Many candidates have thus far been identified through

first-principles and symmetry-group analyses. Here, we will examine and contextualize these

relevant symmetries in LaMnO3.

Figure 13: a) The crystal structure of LaMnO3 with the Pbnm space group and the spins at
each Mn site. b) To illustrate the [C2||C2yt] symmetry the layers are segregated and further
highlight the opposite spin sublattices (MnA and MnB) while c) shows the C 2t symmetry
followed by a C2 spin-space rotational symmetry between the opposite spin sublattices.

The pronounced distortion observed in LaMnO3 (space group Pbnm) stems from the

deformation of an ideal cubic perovskite due to the interplay of three primary factors. First,

the pure shear distortion of the MnO6 octahedra is attributed to the cooperative Jahn-Teller

(JT) effect. This effect results in a coordinated shortening and elongation of the in-plane

lattice vectors by ā = a0(x−y) and b̄ = b0(x+y), where terms a0 = b0 represent an ideal cubic

perovskite’s lattice parameters.19 As a result, the O-Mn-O distances along an arbitrary bond

direction will alternate (longer/shorter) for neighboring octahedra.19 Second, GdFeO3-type

rotations (tilting) of the oxygen octahedra lead to a doubling of the unit cell along the c-axis.

Finally, strain-induced displacements of La cations contribute to the overall orthorhombic
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crystal classification.19 Hund’s rule and orbital ordering due to the cooperative Jahn-Teller

effect induce local S = 2 spins on Mn3+ cations, which are ferromagnetically coupled in

the ab plane and antiferromagnetically coupled along c, thus adopting the A-type magnetic

ground state observed in experimental studies.11,19,115,116 Spin splitting band diagrams for

other isostructural perovskites, bearing A-type, C-type, and G-type magnetic grounds states,

have also been calculated.11,19

The distorted LaMnO3 crystal structure and its experimentally determined A-type mag-

netic ground state, depicted together in Figure 13a, begin to show familiar signatures of a

suitable altermagnetic host. However, additional complexity distinguishes the coordination

environment of this material from both the toy model and other altermagnetic candidates

discussed in this review. In this case, each spin sublattice is comprised of four Mn octahedra

in the ab plane of the unit cell, necessitating the transformation of all four Mn octahedra

onto a layer with the opposite spin polarization. To visualize these symmetries, layers are

segregated in Figure 13b. Seen in Figure 13c, the MnA sublattice transforms onto the MnB

sublattice after a C2 rotation around the crystallographic b-axis followed by a translation

parallel to the [111] direction. The spin sublattice transforms, once again, by C 2. Taken

together, the [C2||C2yt] nonrelativistic space group results in d-wave altermagnetic symme-

try.19

LaMnO3 is an insulator, and its proposed altermagnetic ground state cannot easily be

demonstrated through the anomalous Hall effect (AHE) or by spectroscopic means, including

the magneto-optical Kerr effect (MOKE), which shares the same symmetry requirements as

the AHE.102 This method requires magnetic field control of the spin structure.

Outlook

The publication of over three hundred papers on altermagnetism within the past two years

is a reflection of the intense contemporary interest in this field.117 So far, work on alter-
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magnets has focused primarily on relatively simple crystalline materials that fit within the

operational understanding of solid-state spintronic frameworks. Since the design principles

or “ingredients” for altermagnetism are fairly straightforward: (1) a C 2 rotation that maps

collinear spin-up and spin-down magnetic moments onto each other (therefore A- or G-type

antiferromagnetic coupling) and (2) a rotation operator that acts only on the real space

lattices associated with each spin center, there is tremendous opportunity for materials de-

sign/discovery of new altermagnets by chemists. Figure 14 highlights a selection of these

research opportunities, which are discussed in greater detail below.

For relatively simple binary or ternary inorganic solids, the synthesis of crystalline phases

under compression118 could lead to the discovery of new altermagnetic materials in the

composition–pressure–temperature phase space. Studies of cation-ordered perovskites119

may now target specific tilting schemes that would have the requisite symmetry operations

for altermagnetism. In intercalation compounds of transition metal dichalcogenides,51,54,113

while stoichiometric considerations predominantly determine superlattice structure, a deeper

understanding is needed for how intercalant and host choices dictate the nature of magnetic

exchange (FM vs AFM) as well as the impact of synthetic conditions on disorder120,121 and

its ramifications on altermagnetic behavior.

As has proven to be the case for other magnetic materials, there are bound to be

distinctive opportunities for organic or hybrid organic–inorganic compositions (including

metal–organic frameworks) to produce altermagnetism and break current limits on the chem-

ical programmability, tunability, and processability of altermagnetic materials.122–124 The

field of metal–organic magnets has made significant progress in developing magnetic plat-

forms that incorporate molecular ligands, consist of abundant elements, exhibit ordering tem-

peratures well above room temperature, and possess tunable coercivities.123 A recent theoret-

ical study has suggested that M (pyz)2 where M = Ca or Sr, pyz = pyrazine, should possess

an altermagnetic ground state.125 Work on the compound κ–(BEDT TTF)2Cu[N(CN)2]X

where X = Cl or Br (often abbreviated as κ–Cl or κ–Br, respectively),12,126–128 highlights
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that even molecular crystals and organic charge transfer salts can display altermagnetism.

Still, the number of discovered/proposed organic or hybrid altermagnets remain limited. The

use of ligand symmetry to dictate the rotational symmetry needed for altermagnetism could

be fruitful. The design of porous frameworks in which rotational symmetry is induced by the

adsorption of a molecule could enable the AHE to serve as a sensing readout in a conductive

MOF.

Figure 14: Opportunities for exploring and applying altermagnetism.

Since the isolation of graphene in 2004, 2D materials have garnered intense attention due

to their wide range of physical properties, including long-range magnetic order.129–132 Ad-

vances in probing and modulating the properties of 2D materials position dimensionality as

another tool to investigate altermagnetism.46,133–139 One interesting route is the synthesis of

“artificial” altermagnets by assembly of 2D heterostructures in such a way that leads to the
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emergence of spin–split bands. To realize non-relativistic spin-splitting in 2D crystals with

interlayer AFM coupling (i.e., altermagnetism) requires that the two spin sublattices can-

not be transposed by inversion, translation, planar mirror reflections, or their combinations.

These individual symmetries and their combinations are, however, naturally broken by the

introduction of an interlayer twist between the layers133,134 This makes moiré engineering a

route towards artificial altermagnets that are built from twisting conventional AFM crystals

(provided the individual moments are aligned out of plane), and the magnitude of spin split-

ting would be twist tunable. Recent theoretical studies suggest that antiferromagnets, such

as MnPSe3 and FeTe, can host altermagnetism in twisted bilayer architectures, giving rise

to spin–split bands despite the fact that the constituent monolayers are PT –invariant.133,134

It may also be worth investigating how moiré engineering can further augment the spin-

splitting in 2D materials that are already proposed to be altermagnetic, such as RuF4,,
46,137

and exploring electronic effects that arise due to the band folding and interlayer hybridiza-

tion140,141 of natively spin–split bands. Moiré engineering also enables the combination of

altermagnetism and valleytronics (which involves exploiting the valley degree of freedom of

a charge carrier)142 as another conduit for realizing electrical manipulation of spins. The

spin-polarized bands of ALMs are ordinarily valley degenerate. If artificial moiré ALMs are

realized, it might be possible to use an out-of-plane electric field or uniaxial strain to gen-

erate a layer-dependent electrostatic potential that breaks valley degeneracy, enabling new

opportunities for encoding and processing information in both the spin and valley degrees

of freedom as long as equivalent valleys are near the Fermi level.138,143

The possible coexistence of altermagnetic and superconducting phases, along with novel

properties that may arise when altermagnetic materials are placed in proximity to a super-

conductor, present intriguing avenues for exploration. While not experimentally verified,

these are proposed routes to unconventional superconductivity.12,144–147 In these cases, the

spin fluctuations driven by altermagnetic order would be crucial for understanding possible

Cooper pairing in altermagnets, by analogy to spin–triplet Cooper pairing induced by ferro-
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magnetic order.12,146–148 As in cuprates and other unconventional superconductors, the use

of external stimuli, such as gating/doping and pressure, could provide control over super-

conductivity and magnetic order.149,150 The connection in superconductivity between even-

and odd-parity symmetry in momentum space may be approachable using altermagnets as

it is proposed that s−, p−, and d−wave superconductivity can be achieved in altermag-

nets.144,146,148,151 An interesting approach to interrogating the momentum–space features of

altermagnets considers measuring the proximity effects between a superconductor and an

altermagnet, where the orientation of momentum–split bands in the altermagnet can be ma-

nipulated by switching the direction of the Néel vector.53,54,152 This strategy would provide

an “on/off” switch where in the “on” state, the bands of the altermagnet are aligned with

the superconductor, enabling Andreev reflection behavior.89,153–159 Recent studies have also

suggested that it might be possible to generate Majorana quasiparticles at the interface of a

superconductor and altermagnet.89,155,160,161 It is evident therefore that the potential coexis-

tence of superconductivity and altermagnetism and related interfacial phenomena will likely

provide a rich playground for the exploration of exotic physics.

Finally, a note on taxonomy: A notable limitation of the symmetry formalism dis-

cussed in recent works,12,13 and within this perspective, is the exclusion of noncollinear

spin-compensated structures and other AFM configurations that are known to exhibit NRSS

phenomena.21,162 Additionally, the contention that altermagnetism constitutes a “third mag-

netic phase” alongside ferromagnetism and antiferromagnetism (see Figure 1), remains an

open question in the community. Some researchers question whether altermagnetism truly

diverges from Louis Néel’s definition of antiferromagnetism as an “antiparallel arrangement

of atomic moments”– a definition that was later generalized to encompass both collinear and

noncollinear magnetic order where the “sub-lattices exactly compensate”.163,164 Within this

view, antiferromagnets and altermagnets in fact share a common foundational definition and

altermagnetism would simply be a subset of antiferromagnetism. An alternative symmetry

perspective offers a formalism that uses local spin-structure motifs, examining the local co-
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ordination of magnetic moments to determine whether the geometries surrounding different

spin alignments are interconvertible.163 This formalism could help bridge the divide between

collinear altermagnetism and related noncollinear AFMs exhibiting NRSS phenomena.

These considerations notwithstanding, the altermagnet concept offers well-defined prin-

ciples that enable chemists and physicists to understand (and harness) NRSS phenomena

in real material systems. In this Perspective, generalized for collinear spin configurations,

we have sought to emphasize the key bonding symmetries, electronic phenomenology, and

the practical potential of altermagnetic materials, while also illustrating their relationship

to ferromagnets and “conventional” antiferromagnets.
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(53) Smolyanyuk, A.; Šmejkal, L.; Mazin, I. I. A tool to check whether a symmetry-

compensated collinear magnetic material is antiferro- or altermagnetic. SciPost

Physics Codebases 2024, 30.

(54) Regmi, R. B. et al. Altermagnetism in the layered intercalated transition metal

dichalcogenide CoNb4Se8. 2024-08-16. arXiv (Condensed Matter, Strongly Correlated

Electrons) arXiv:2408.08835, (accessed 2024-11-20).

(55) Berry, V., Michael Quantal phase factors accompanying adiabatic changes. Proceedings

of the Royal Society of London. A. Mathematical and Physical Sciences 1984, 392,

45–57.

(56) Pancharatnam, S. Generalized theory of interference, and its applications: Part I.

Coherent pencils. Proceedings of the Indian Academy of Sciences - Section A 1956,

44, 247–262.

(57) Oprea, J. Geometry and the Foucault Pendulum. The American Mathematical Monthly

1995, 102, 515–522.

42

https://doi.org/10.26434/chemrxiv-2024-bst3p-v2 ORCID: https://orcid.org/0000-0002-9895-5539 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-bst3p-v2
https://orcid.org/0000-0002-9895-5539
https://creativecommons.org/licenses/by-nc-nd/4.0/


(58) Golin, S.; Knauf, A.; Marmi, S. The Hannay angles: Geometry, adiabaticity, and an

example. Communications In Mathematical Physics 1989, 123, 95–122.

(59) Aharonov, Y.; Bohm, D. Significance of Electromagnetic Potentials in the Quantum

Theory. Physical Review 1959, 115, 485–491.

(60) Longuet-Higgins, C., Hugh; Opik, U.; Pryce, M.; Sack, A., R. Studies of the Jahn-

Teller effect .II. The dynamical problem. Proceedings of the Royal Society of London.

Series A. Mathematical and Physical Sciences 1958, 244, 1–16.

(61) Herzberg, G.; Longuet-Higgins, H. C. Intersection of potential energy surfaces in poly-

atomic molecules. Discussions of the Faraday Society 1963, 35, 77.

(62) Thouless, D.; Ao, P.; Niu, Q. Vortex dynamics in superfluids and the Berry phase.

Physica A: Statistical Mechanics and its Applications 1993, 200, 42–49.

(63) Xiao, D.; Chang, M.-C.; Niu, Q. Berry phase effects on electronic properties. Reviews

of Modern Physics 2010, 82, 1959–2007.

(64) Bruno, P. Berry phase effects in magnetism. 2005-06-13. arXiv (Condensed Matter,

Mesoscale and Nanoscale Physics) arXiv:cond–mat/0506270, (accessed 2024-11-20).

(65) Yan, B.; Felser, C. Topological Materials: Weyl Semimetals. Annual Review of Con-

densed Matter Physics 2017, 8, 337–354.

(66) Sato, T.; Haddad, S.; Fulga, I. C.; Assaad, F. F.; Van Den Brink, J. Altermagnetic

Anomalous Hall Effect Emerging from Electronic Correlations. Physical Review Letters

2024, 133, 086503.

(67) Bhatti, S.; Sbiaa, R.; Hirohata, A.; Ohno, H.; Fukami, S.; Piramanayagam, S. Spin-

tronics based random access memory: a review. Materials Today 2017, 20, 530–548.

43

https://doi.org/10.26434/chemrxiv-2024-bst3p-v2 ORCID: https://orcid.org/0000-0002-9895-5539 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-bst3p-v2
https://orcid.org/0000-0002-9895-5539
https://creativecommons.org/licenses/by-nc-nd/4.0/


(68) Heindl, R.; Rippard, W. H.; Russek, S. E.; Pufall, M. R. Time-domain analysis of spin-

torque induced switching paths in nanoscale CoFeB/MgO/CoFeB magnetic tunnel

junction devices. Journal of Applied Physics 2014, 116, 243902.

(69) Evarts, E. R.; Heindl, R.; Rippard, W. H.; Pufall, M. R. Correlation of anomalous write

error rates and ferromagnetic resonance spectrum in spin-transfer-torque-magnetic-

random-access-memory devices containing in-plane free layers. Applied Physics Letters

2014, 104, 212402.

(70) Engel, B.; Akerman, J.; Butcher, B.; Dave, R.; DeHerrera, M.; Durlam, M.;

Grynkewich, G.; Janesky, J.; Pietambaram, S.; Rizzo, N.; Slaughter, J.; Smith, K.;

Sun, J.; Tehrani, S. A 4-Mb toggle MRAM based on a novel bit and switching method.

IEEE Transactions on Magnetics 2005, 41, 132–136.

(71) Chappert, C.; Fert, A.; Van Dau, F. N. The emergence of spin electronics in data

storage. Nature Materials 2007, 6, 813–823.

(72) Slonczewski, J. Current-driven excitation of magnetic multilayers. Journal of Mag-

netism and Magnetic Materials 1996, 159, L1–L7.

(73) Berger, L. Emission of spin waves by a magnetic multilayer traversed by a current.

Physical Review B 1996, 54, 9353–9358.

(74) Albert, F. J.; Katine, J. A.; Buhrman, R. A.; Ralph, D. C. Spin-polarized current

switching of a Co thin film nanomagnet. Applied Physics Letters 2000, 77, 3809–

3811.

(75) Kim, K.-W.; Park, B.-G.; Lee, K.-J. Spin current and spin-orbit torque induced by

ferromagnets. npj Spintronics 2024, 2, 8.

(76) Mihai Miron, I.; Gaudin, G.; Auffret, S.; Rodmacq, B.; Schuhl, A.; Pizzini, S.; Vo-

44

https://doi.org/10.26434/chemrxiv-2024-bst3p-v2 ORCID: https://orcid.org/0000-0002-9895-5539 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-bst3p-v2
https://orcid.org/0000-0002-9895-5539
https://creativecommons.org/licenses/by-nc-nd/4.0/


gel, J.; Gambardella, P. Current-driven spin torque induced by the Rashba effect in a

ferromagnetic metal layer. Nature Materials 2010, 9, 230–234.

(77) Liu, L.; Pai, C.-F.; Li, Y.; Tseng, H. W.; Ralph, D. C.; Buhrman, R. A. Spin-Torque

Switching with the Giant Spin Hall Effect of Tantalum. Science 2012, 336, 555–558.

(78) Manchon, A.; Železný, J.; Miron, I.; Jungwirth, T.; Sinova, J.; Thiaville, A.;

Garello, K.; Gambardella, P. Current-induced spin-orbit torques in ferromagnetic and

antiferromagnetic systems. Reviews of Modern Physics 2019, 91, 035004.

(79) Ryu, J.; Lee, S.; Lee, K.; Park, B. Current-Induced Spin–Orbit Torques for Spintronic

Applications. Advanced Materials 2020, 32, 1907148.
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