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The Pauli exclusion principle combined with interactions between fermions is a unifving
basic mechanism that can give rise to guantum phases with spin order in diverse physical
systems. Transition-metal ferromagnets, with isotropic ordering respecting crystallographic rotation
symmetries and with a net magnetization, are a relatively common manifestation of this mechanism,
leading to numerous practical applications, e.g., in spintronic information technologies. In contrast,
superfluid *He has been a unique and fragile manifestation, in which the spin-ordered phase is
anisotropic, breaking the real-space rotation symmetries, and has gero net magnetization. The
recently discovered altermagnets share the spin-ordered anisotropic zero-magnetization nature of
superfluid He. Yet, altermagnets appear to be even more abundant than ferromagnets, can be
robust, and are projected to offer superior scalability for spintronics compared to ferromagnets. Our
Perspective revisits the decades of research of the spin-ordered anisotropic zero-magnetization phases
including, besides superfluid *He, also theoretically conceived counterparts in nematic electronic
liquid-crvstal phases. While all sharing the same extraordinary character of symmetry breaking,
we highlight the distinctions in microscopic physics which set altermagnets apart and enable their

robust and abundant material realizations.

In his Nohel lecture!, Anthony Leggett cautioned that
"superfluid *He may well be the most practically useless
system ever discovered” | but also praised it as " probably
the most sophisticated physical system of which we can
claim a quantitative understanding”. To frame the scope
of our Perspective on altermagnets, let us begin in the
following introductory paragraphs with briefly expanding
on the first and second part of this quote.

Starting from the first part, it referred primarily to the
fragile nature of the low-temperature superfluid phases
of *He. The A-phase, which will serve as the central
reference point in our discussion of altermagnets in this
Perspective, is stabilized only within a narrow window of
low temperatures around 2 mK and of high pressures
around 30 bar. Coming to the second part of the
quote, let us recall that the strongly repulsive interaction
at short distances and attractive interaction at longer
distances hetween the neutral spin-1/2 *He atoms favor
an exotic Cooper paring with a non-zero relative angular
momentum [, Moreover, the antisymmetric p-wave
(I = 1) orbital part, together with the Paul exclusion
principle, implies a symmetric spin-triplet (S = 1) part
of the pairing function. In the A-phase of superfluid *He,
the Cooper pairs are a linear combination of (I; =1, 5; =
+1) states!. This results in a spin-ordered superfluid
condensate of the Cooper pairs which spontancously
breaks the continuous rotation symmetry of the spin
space but has a zero net magnetization. Moreover, the
phase 1s anisotropic, i.e., it also spontancously breaks the
continuous real-space rotation symmetry (Fig. 1).

Let us now compare this to ferromagnetism. In

analogy to superfluid *He, the spin-ordering in
ferromagnets arises from the interactions in the Fermi
fluid and the Pauli exclusion principle. The two again
favor a symmetric spin part of, this time, a many-body
wavefunction of charged spin-1/2 electrons, interacting
via the repulsive Coulomb potential. This ferromagnetic-
oxchange mechanism of spin ordering 1= characterized
by the broken spin-space rotation symmetry, like
in superfluid *He. However, unlike superfluid *He,
ferromagnets are 1sotropic in the sense that they preserve
the discrete point-group rotation symmetries of the
underlying crystal lattice.

We emphasize that in the above symmetry comparison
between superfluid *He and ferromagnets, and
throughout this entire Perspective, we omit the
typically weak perturbative effects of the dipolar
or relativistic spin-orbit coupling which lower the
symmetry in the coupled spin and real space already at
the level of the Hamiltonian of the system. Our focus
1= on the symmetry lowering by the ordered ground
state in the limit of zero spin-orbit coupling which
15, correspondingly, described by symmetry groups
comprising pairs of generally distinet transformations
in the spin space and in the real space. In analogy to
the basic symmetry classification of the superfluid and
superconducting phases”™®, this approach has been also
introduced in the recent classification of magnetic phases
which has led to the delineation of altermagnets!®.
{Relativistic spin-orbit coupling effects in altermagnets
are reviewed in Refs. 6 and 7.)

Coming back to the comparison between superfluid
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FIG. 1. A-phase superfluid EHE, ferromagnets and
altermagnets. Top panel: Analogous broken symmetries
and zero net magnetization of the fragile A-phase of
superfluid *He and the robust and abundant altermagnets.
Bottom left panel: Isotropic ordering in a ferromagnet with
a net magnetization (M) illustrated on a model square
lattice. Spin-polarized currents (jy);) respect the four-fold
rotation symmetry of the crystal lattice (spin-orbit coupling
is neglected). Bottom right: anisotropic ordering in an
altermagnet with no net magnetization illustrated on a model
square (Lieb) lattice. The spin arrangement on the crystal
lattice has no symmetry combining a two-fold spin-space
rotation with a real-space crystal translation or inversion.
Simultaneously, it has a symmetry combining the two-fold
spin-space rotation with a real-space crystal rotation (four-
fold in the depicted model lattice). Spin-polarized currents
break the four-fold rotation symmetry of the crystal lattice,
with the polarization of the spin current flipping sign between
the two orthogonal directions of the current flow.

*He and ferromagnets, another distinction is that
forromagnets are characterized by a net magnetization.
Besides the robustness and relative abundance of
forromagnets, the net magnetization underpins their
practical utility. Here spintronic devices are among the
recent highlights as they start to replace semiconductors
in the technology of embedded non-volatile memories for
advance-node processor chips®!?. Their functionality
15 based on the spin-polarization of electrical currents,
which is directly generated by the net magnetization
(Fig. 1). Simultancously, however, the net magnetization
sots physical limits on the spatial, temporal and energy
scalability of the ferromagnetic spintronic technology®.
Removing these limits was the practical incentive to
search for magnets combining the spin-polarized currents
with the absence of the net magnetization. This has
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materialized in the recent discovery of altermagnets®
(Fig. 1). Expressed in a concise way, altermagnets can
realize this extraordinary combination by featuring an
alternating-sign spin polarization at neighboring sites
with an alternating orientation of anisotropic local
crystal environment (Fig. 1). Besides the resulting zero
net magnetization, altermagnets share the exotic spin-
ordered anisotropic nature of the A-phase of superfluid
*He, and are also quantitatively understood!!.

We conclude these opening remarks by pointing out
that counterparts of the spin-ordered anisotropic A-
phase of superfluid *He have been theoretically discussed
since more than thirty years ago in spin-ordered nematic
electronic liquid-crystals!?> '8, Their realization requires
an intricate form of the interacting Fermi fluid to,
among other limitations, outweigh the common isotropic
ferromagnetic phase'®'®. This led to an expectation
of a subtle and rare nature'®!” of these spin-ordered
electronic nematics. Experimentally, they have remained
elusive,

In contrast, altermagnets are predicted to be even more
abundant than ferromagnets®®. They can range from
insulators to superconductors?®!%:19 and spectroscopic
measurements have already confirmed altermagnetism in
somiconducting and metallic candidates with magnetic
ordering above room temperature!!'%27, What sets
altermagnets apart iz that they are stabilized by an
interplay of the electronic exchange interaction and the
ionic single-particle potential of the crystallattice with
a suitable symmetry. As such, altermagnetism can
emerge in materials covering a broad range of interaction
strengths, from weakly-interacting metals to strongly-
interacting Mott insulators®®:7-2%,

In Sec. A we begin with an overview of phases
without the spin ordering in a two-parameter space
of interaction strength and conduction type, to see
where anisotropic ordered phases breaking the real-space
rotation symmetry fit in. They will serve as a background
reference for the follow-up Sec. B discussing the spin-
ordered anisotropic phases. The section starts with
highlighting the unique position of superfluid *He, and
with introducing the theoretically conceived counterpart
phases of spin-ordered nematic electronic liquid-crystals.
They will set the stage for the discussion of how
the fragility or eclusiveness of these phases has heen
sidestepped in the spin and crystalsymmetry based
method for identifying altermagnets. In Sec. C, we
comment on how this method can lead to the prediction
of other robust variants of the spin-ordered anisotropic
zero-magnetization phases beyond altermagnets. Sec. D
summarizes our Perspective.

We note that this Perspective is not intended to give an
overview of the more than four hundred studies that have
been reported over the past two years since the initial
theoretical delineation of the altermagnetic phase!. For
this we refer to recent review articles covering several of
the emerging theoretical and experimental research fronts
of altermagnetism™ %,



A. Anisotropic phases without spin ordering

Painted with a broad brush, we can make the following
(non-exhaustive) classification of phases without spin
ordering by the conduction type and interaction strength,
as shown in Fig. 2. Starting from the bottom-left of
the diagram, we have band insulators whose physics
18 described by an effoective single-particle band picture
featuring an energy gap separating completely filled
bands from empty bands. The band-insulating phases
are produced by quantum-interference effects of clectrons
in the periodic potential of the crystal lattice.

Metallic phases feature a Formi surface separating
the occupied and mn]irty clectronic states. Landau’s
Fermi liquid theory™ 2! provides an elegant explanation
why, In many metals, excited states near the Formi
surface can be represented by weakly interacting fermion
quasiparticles. This is becaunse the scattering phase-
space for the eoxcited states near the Formi surface
15 drastically limited by the Pauli exclusion principle.
The interacting and non-interacting Fermi surfaces thus
colncide, and the quasiparticles’ lifetime becomes infinite
when approaching the Fermi surface. Normal metals
falling into this weak-interaction Fermi-liquid regime are
depicted in the middle-left part of the diagram in Fig. 2.

At sufficiently low temperatures, an arbitrarily weak
attractive interaction (e.g.  mediated by phonons)
between the quasiparticles near the Formi surface leads
to the formation of Cooper pairs of opposite-spin and
opposite-momentum quasiparticles, corresponding to a
spin-singlet (5§ = 0) swave (I = 0} pairing function.
The Formi surface gives way to a fermionic excitation
gap, and the Cooper pairs condense into the conventional
BCS superconducting state™, which we correspondingly
placed in the top-left part of Fig. 2.

All the effectively weakly-interacting phases mentioned
so far have no spin order and are isotropic. Their
momentum-dependent  electronie  structure, ie., the
valence-band energy iso-surfaces in the band-insulators,
the Fermi surface in the normal metals, or the pairing
(gap) function in the s-wave superconductors preserve the
spin-space rotation symmetry and the real-space point-
group symmetries of the underlying erystal lattice.

We  now move to the  unconventional
superconductivity®? in the strongly-interacting part of
the diagram in Fig. 2. Because of strong short-range
repulsive interactions, electrons in the Cooper pairs
favor anisotropic pairing with [ > 0, similar to the case
of *He. This breaks (some) rotation symmetries of the
crystallographic point group of the underlying lattice.
Unconventional d-wave (I = 2) cuprate superconductors
belong to this class. The symmetric orbital part of
the pairing function dictates, by the Pauli exclusion
principle, an antisymmetric spin-singlet (5 = 0) part of
the pairing function. This implies that the phase is not
spin-ordered, preserving the rotation symmetry of the
spin-space.

The remaining forms of ordering highlighted in Fig. 2
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FIG. 2. Phases without spin ordering. [lustrative

phases without spin ordering depicted in a conduction-type
vs. interaction-strength diagram. Band insulators and metals
(metallic Fermi liquids) are normal phases while the rest
are ordered phases. Inset shows model Fermi surfaces of
I =1 (p-wave) and [ = 2 (d-wawve) nematic electronic liquid-
crystal phases (solid lines), corresponding to shifted and
anisotropically-distorted, resp., normal-phase Fermi surfaces
(dashed lines). As explained in the main text, we use the term
nematics in the generalized sense including all [ > 0 even and
odd-parity phases,

are non-superconducting. When the interaction energy
dominates the kinetic energy at sufficiently low electronic
densities, the electrons localize in a Wigner crystal.
Apart from becoming insulating, the ordered phase is
characterized by a non-uniformity, 1.e., by a spontancous
breaking of the translation symmetry of the normal
phase. Charge-density waves, stripe states or electronic
smectic liguid crystals are other examples of correlated
non-uniform ordered phases'®. They can be insulating or
metallic.

Finally, we arrive at the central part of the
diagram in Fig. 2 corresponding to an intricate
metallic intermediate-interaction regime of nematic
clectronic liquid crystals. Coming from the right,
they can be viewed as melted smectic electronic liquid
crystals'®** 3¢ recovering the translation symmetry
of the Formi liquid, while retaining an anisotropic
character!'®. Coming from the left, they can be described
as Pomeranchuk Fermi-liquid instabilities in the I > 0
charge channel, characterized by anisotropic distortions
of the Fermi surface (Fig. 2)'%37%*,  Simultaneously,
the electronic nematics in Fig. 2 preserve the uniformity
(translation symmetry) of the Fermi liquid, as well as the
spin-space rotation symmetry. Note that in this article
we use the term nematic electronic iquid-crystal phases
in a generalized sense to underline the spontancous
breaking of the real-space rotation symmetry not only
in the even-parity | = 2 case, which has been studied
recently in various quantum materials, but in all even
and odd-parity [ > 0 phases'®17.



We will elaborate on  the framework of the
Pomeranchuk Fermi-liquid instabilities in more depth in
the next section where we move to the discussion of the
spin-ordered anisotropic phases!214:16:17.39-42  Here we
conclude the overview of the anisotropic phases without
spin ordering by pointing out that thel = 1 Pomeranchuk
instability has been a matter of an on-going discussion
throughout the past hundred years. In Fig. 2, the
instability is depicted as a Fermi-surface distortion in
the form of a parity-breaking shift. From 192(Fs till
1940°s, considered among others by Bloch, Landaun or
Born?** | such a Fermi-surface distortion, giving rise to
a spontancous equilibrium current, recurrently appeared
as an attempt to explain conventional superconductivity.
The theory failed as it violated the first theorem on
superconductivity, formulated in the meantime by Bloch
himself, showing that the minimum energy state bears
no current®®. With the other unsuccessful theories at the
time, it led Bloch to his "second theorem™ stating that
every theory of superconductivity could be dispraved?®.
While the conventional superconductivity was eventually
explained by the Cooper-pairing mechanism®?, whether
or not the | = 1 Pomeranchuk instability 1= physically
possible has remained a matter of theoretical research
till today'™ 2. Experimentally, it has remained elusive.

The [ = 2 Pomeranchuk instability has a form of an
even-parity amisotropic Fermi-surface distortion!s3738
(Fig. 2). No principle constraint has been identified
for this Pomeranchuk instability (or other I = 2
instabilities)!!. The studied physical realizations include
semiconducting 2D electron systems at high magnetic
fields in the vicinity of correlated fractional quantum-
Hall states, correlated ruthenates at high magnetic ficlds
in the vicinity of a metamagnetic transition, as well as
unconventional superconductors such as cuprates and

iron pnictides!®*#4752,

B. Spin-ordered anisotropic phases and
altermagnets

We now move to the discussion of spin-ordered
anisotropic phases, 1.e., phases that spontancously break
the spin-space rotation symmetry%*3. Starting from
the top of the diagram in Fig. 3, the well-established
representative is superfluid *He. Already since late
1950°s, more than a decade before the experimental
discovery, theorists were considering extensions of the
BCS theory to the case of charge-neutral spin-1/2
*He atoms, whose longer-range attractive interaction is
complemented by a strong short-range repulsion'. While
this led to the prediction of Cooper pairing with non-
zero angular momentum, the expectation was that *He
would remain isotropic even in the superfluid phase.
Specifically, for the spin-triplet p-wave pairing (5§ =
I = 1), which was later confirmed experimentally, the
lowest energy superfluid state originally predicted by
the microscopic theory was formed by a condensation

of Cooper pairs given by a linear combination containing
all three [; values, (I; = -1.5: = 1)+l = 1,5; =
—1)+(I; =0, S; = 0). While this state breaks rotational
symmetry individually in the spin space and the orbital
space, the total angular momentum 1+ 8 = 0 renders
this socalled B-phase of superfluid *He essentially
isotropic!. Consistent with this theoretical expectation,
the experimental phase diagram of superfluid *He is
indeed dominated by the isotropic B-phase.

A major surprise thus was the observation of
the anisotropic, so-called A-phase of superfluid *He,
occurring within the narrow window of low temperatures
and high pressures!. Its spin-ordered anisotropic nature
arises from the spin-triplet p-wave Cooper pairing of the
form (I; = 1,5; = £1), containing only one of the three
[; values. In addition, the combination of the 5; = +1
states (and the charge neutrality of *He) implies no net
magnetization of the A-phase. The surprising and limited
occurrence of the anisotropic A-phase of superfluid *He
underhined its exotic nature.

Altermagnets represent the next physical realization
of spin-ordered anisotropic zero-magnetization phases
analogous to the A-phase of superfluid *He. In
contrast to *He, however, the altermagnetic ordering
was theoretically anticipated prior to the experimental
discovery®. Moreover, the expectation was based not
only on a microscopic theory applied to a specific physical
system, but primarily on a general symmetry-based
classification of crystal and spin structures!. As a
result, hundreds of altermagnetic candidates have been
identified, many of which order at ambient conditions,
and not only in 3D inorganic materials®®!%1%  hut
also in 2D**8! and organic crystals®%52, The
initial experimental demonstrations by momentum-space
spectroscopic measurements have been performed in
rmm—tem[;erature altermagnetic materials MnTe and
CrSh!'*27  representing simple binary compounds
readily available in stable high-quality bulk or thin-
film forms. The spectroscopy has been complemented
in MnTe by direct-space vector-imaging and control
of the altermagnetic ordering from micron-scale single-
domain states to nano-scale domain walls and topological
vortices®!.

Coming back to the anisotropic A-phase of *He,
the intriguing question of its stability in the narrow
region of temperatures and pressures was resolved by
accounting for the additional complementary tendency
of the *He fluid towards ferromagnetism. Under the
right external conditions, this results in a spin-dependent
effective interaction between the *He atoms, mediated by
ferromagnetic fluctuations, which complements the long-
range attractive van der Waals interaction and the short-
range repulsion in the pairing mechanism®®.

The effective interactions and, in general, the vicinity
of other (Huctuating) phases of the interacting Fermi
fluid®, has been a common theme considered across
the field of the anisotropic phases, including the
unconventional superconductors and nematic electronic
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FIG. 3. Spin-ordered phases. Illustrative spin-ordered
phases depicted in a conduction-type vs. interaction-strength
diagram. Insets from left: Larger and smaller Fermi
surfaces with opposite spin polarization of a model isotropic
ferromagnet. Larger and smaller Fermi surfaces with opposite
helicity of a model spin-ordered | = 1 (p-wave) nematic
electronic liquid crystal in the B-phase, which is essentially
isotropic.  Corresponding spin-ordered | = 2 (d-wawve)
electronic nematic in the B-phase. Oppositely shifted spin-
up and spin-down Fermi surfaces of a model spin-ordered
I =1 (p-wave) nematic in the A-phase, which is anisotropic.
Corresponding spin-ordered [ = 2 (d-wawve) electronic nematic
in the A-phase. (Recall that we use the term nematics in
the peneralized sense including all [ > 0 even and odd-parity
phases.)

liqgmd ecrystals without spin ordering, discussed in the
previous section.  Altermagnets stand apart also in
this respect. Although intriguing physics may arise
from an interplay of the altermagnetic phase with other
order parameters of the interacting electrons™", its
stabilization relies, besides the exchange interaction,
primarily on the external static single-particle potential
of the underlying crystal lattice?®™ 2%, The crystal
potentials tend to be strong which adds to the robustness
of altermagnets in conductive and insulating materials
over a broad range of electron-electron interaction
strengths.

This brings us to the last reference class of
phases discussed in this Perspective. It 1= placed
in the part of the diagram i Fig. 3 corresponding
to metallic conduction and intermediate interaction
strengths. The phases include conventional transition-
metal ferromagnets and the theoretically considered
spin-ordered electronic nematics. Together with the
electronic nematics without spin ordering, mentioned in
the previous section, their phenomenological deseription
can be put under the common umbrella of Pomeranchuk
Formi liquid instabilities. We will now focus on the
features of this theory that showed the direct link to
the superfluid phases of *He, particularly to the A-phase,

and that allow us to explicitly demonstrate the analogous
nature of ordering in altermagnets, as well as to further
highlight what sets altermagnets apart.

Landau’s theory of Fermi liquids considers two-body
interactions between the quasiparticles. In a free space
and for quasiparticles near the Formi surface, the two-
body interaction depends only on the angle 8 betwnen the
linear momenta of the quasiparticles. Accordingly, it can
be expanded in series of cosl# for 2D Fermi liquids, and
of the I-th Legendre polynomials, Fi{cos#), for 3D Fermi
liquids®"*'. Because of the correspondence to the orbital
angular momentum wavefunctions, the index 1 is referred
to as the I-th angular-momentum channel. In analogy to
angular momentum, the | = 0 component corresponds
to an isotropic interaction while the | > 0 components
describe odd and even-parity anisotropic interaction.
The prefactors of the expansion are the phenomenological
Landan parameters, Ff[ﬂ. Here the superscript cfs)
labels the charge(spin) channel interaction given by the
sum/(difference) of interactions of the samespin and
opposite-spin quasiparticles.

Pomeranchuk derived a general form of the static
susceptibility in  each charge, spin and angular-
momentum channel, finding it to be proportional to
1/(1+F7®). (Here Ff™ are conveniently normalized®!.)
The susceptibility diverges at F;® = —1, signalling the
Pomeranchuk instability of the Fermi Liquid®™. The spin-
channel | = 0 instability corresponds to a conventional
isotropic (s-wave) ferromagnetic phase®®”. The spin-
degenerate Formi surface of the normal state i1z split
into larger and smaller Fermi surfaces, one corresponding
to spin-up electrons and the other one to spin down
electrons (Fig. 3). This breaks the rotation symmetry
of the spin space. For the Fermi liquid in a free
space, the split Formi surfaces have an undistorted
shape, respecting the continuous rotation symmetry of
the free space. On a lattice, the forromagnetic ground
state preserves the discrete crystallographic point-group
symmetries. (Recall that we are omitting the symmetry-
breaking relativistic spin-orbit coupling terms present
already in the Hamiltonian )

The p-wave and d-wave nematic electromic liquid
crystals without spin ordering, mentioned in the previous
soction and illustrated by the anisotropically distorted
spin-degenerate Fermi surfaces in Fig. 2, correspond
to the charge-channel Pomeranchuk instabilities in the
I = 1 angular-momentum channel® 434587 and | — 2
channel™®*7-#*  respectively.

The spin-channel counterparts are illustrated in Fig. 3.
Starting from the | = 1 (p-wave) channel, there are
two types labeled as spin—nrdcred B-phase and A-phase
electronic nematics'”. In the former case, the Fermi
surface spin-splits mtD la.rger and smaller surfa.ms where
the shape of each surface is otherwise undistorted 131468
This is reminiscent of the [ = 0 (s-wawve) ferlumagn{:tm
phase, but there iz a key difference. The spin-ordered
B-phase electronic nematic has a momentum dependent



spin texture, where the direction of spin 8 depends on the
direction of momentum k such that the spin winds once
along the Fermi surface. As a result, the phase breaks,
individually, both the spin-space and real-space rotation
symmetries, while forromagnets only break the spin-
space symmetry. Nevertheless, the spin-ordered B-phase
electronic nematic still remains essentially sotropic. This
can be illustrated by defining a combined spin and real
space helicity'®®®, s . k, which is constant and has
opposite sign on the two spin-split Fermi surfaces in
the model of the spin-ordered ! = 1 electronic nematic
in the B-phase in Fig. 3. This is again reminiscent of
the constant and opposite sign spin polarizations on the
1sotropic spin-split Fermi surfaces of the ferromagnet.
However, while in the ferromagnet the opposite spin
polarizations of the larger and smaller Fermi surface lead
to a net magnetization, the helicity is an illustration of
the zero net magnetization in the p-wave phase. Instead
of the swave ferromagnet, the essentially isotropic spin-
ordered electronic nematic in the B-phase 1= thus a direct
counterpart of the superfluid *He in the B-phase!.

In contrast, the spin-channel I = 1 (p-wave)
Pomeranchuk instability leading to the spin-ordered A-
phase electronic nematic is an anisotropic phase!2-14,
In Fig. 3, it is illustrated on spin-split Fermi surfaces
shifted along one direction for one spin and the opposite
direction for the opposite spin. Its spin-ordered
anisotrople zero-magnetization nature makes it a direct
counterpart of the superfluid *He in the A-phase!?. The
same corr ence between the A and B-phases of
superfluid *He, on one hand, and the A and B-phases
of spin-ordered electronic nematics, on the other hand,
applies to the | = 2 (d-wave) channel'” (Fig. 3).

Fig. 4a shows a cartoon representation of spin-
split Fermi surfaces of an altermagnet. The spin-
ordered anisotropic zero-magnetization nature of the
altermagnetic ordering is again a direct counterpart of
the A-phase of superfluid *He. From the symmetry
perspective of the distorted Fermi-surfaces, metallic
altermagnets can be regarded as a realization of
the spin-ordered electronic nematic in the A-phase.
However, the physical mechanism that stabilizes the
altermagnetic order in a broad range of materials,
including also insulators, i= principally distinet from
the Pomeranchuk-instability mechanism stabilizing the
nematic electronic liquid-crystal phases. In the latter
case, the interactions have to be strong enough for the
corresponding Landau parameter F{¥ to reach the critical
value of the Pomeranchuk instability in the given I-
channel while, simultaneously, the interactions have to be
fine-tuned to avoid the instability in another l-channel.
In particular, eliminating a pre-emptive/co-existing [ =0
forromagnetic instability was recognized as one of the
key challenges for realizing the spin-ordered I = 0
electronic nematics!21%16:17 Apart from the isotropic
forromagnetic ordering, a spin-density-wave phase can
compete with the spin-ordered electronic nematic phase
from the non-uniform side!? of the diagram in Fig. 3. To

date, the spin-ordering nematic Fermi-liquid instabilities
{without an interplay of strong spin-orbit coupling) have
remained only as theoretical concepts.

In contrast, the altermagnetic ordering 1= stabilized
in numerous materials by a combination of many-body
electron-electron interactions and of comparably strong
or even stronger effects of the single-particle potential of
the ionic crystal lattice with a suitable symmetry-7-2%,
The electron-electron interactions lead to a collinear
antiparallel ordering of spins and, upon an interplay
with the crystal potential, the altermagnetic ordering
acquires a characteristic symmetry [Ca||A], where Cs
1= a two-fold spin-space rotation and A 1= any real
space crystallographic rotation (proper or improper,
symmorphic or non-symmorphic), and is not a real-space
translation or inversion!. This symmetry protects zero
net magnetization, i.e., excludes an s-wave ferromagnetic
component. Simultancously, it generates a characteristic
[ = 0 pattern of an alternating-sign spin density in the
direct crystal space, and the corresponding [ = () pattern
of an alternating-sign spin-polarized electronic structure
in the reciprocal momentum space”, as illustrated on the
model d-wave altermagnet in Fig. 4a.

For comparison, in theories of the Pomeranchuk Fermi
liquid instabilities, the crystal-lattice potential tends to
enter only via a modification of the one-body momentum-
dependent energy dispersion of the quasiparticle states.
For example, Formi-surface nesting effects in suitable
lattice models were considered as a possible mechanism
for favoring the anisotropic [ = 1 spin-channel instability
against the | = 0 ferromagnetic instahbility!?. Effects
beyond quadratic dispersion of the quasiparticles were
also shown to determine whether, for a critical value
of a given Landau parameter F{;, the corresponding
ordering will tend to be of the A-phase or the B-phase!”.

The possibility of the formation of both the A-phase
and the B-phase of the spin-ordered electronic nematics
at the critical value of Ff; is another feature of these
electronie liquid-crystal phases where altermagnets show
a distinct phenomenclogy. The collinearity of the spin
arrangement in altermagnets in both the direct crystal
space and the reciprocal momentum space excludes the
spin-textured type of ordering”. Altermagnets are thus
counterparts of the A-phase of *He. (We again recall the
omission of the symmetry-breaking spin-orbit coupling in
the Hamiltonian. )

The collinearity also implies that the electronic
structure has oven parity, regardless of whether the
magnetic crystal structure is centrosymmetric or non-
centrosymmetric!. All 3D altermagnets can be classified?
by a systematic approach based on the spin-symmetry
groups®-1%8T into d-wave (I = 2), g-wave ([ = 4), or
i-wave (I = 6) phases. The corresponding electronic
structures are spin-degenerate at 2, 4, or 6 nodal
surfaces in the Brillouin zone, respectively, and have
alternating sign of the spin polarization outside these
nodal surfaces?. The energy iso-surface of a given spin
1z distorted, breaking half of the crystallographic point-
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FIG. 4. Altermagnets and parity-breaking magnets.
a, The correspondence between the altermagnetic ordering
in the direct-space crystal structure and momentum-space
electronic structure, cccurring in materials over a broad range
of interaction strengths and of different conduction types.
The d-wave character of the direct-space spin density is
highlighted around the central non-magnetic atom in the
depicted model of a 2D altermagnet. The unpolarized
nodes are highlighted by black lines. Corresponding d-wave
electronic structure with equal-size split spin-up and spin-
down energy iso-surfaces (Fermi surfaces), each breaking
the four-fold rotation symmetry of the crystal lattice. The
spin-degenerate nodes in the 2D Brillouin zone are again
highlighted by black lines. b, The correspondence between
the parity-breaking magnetic ordering in the direct-space
crvstal structure and momentum-space electronic structure.
The collinear spin polarization of the split spin-up and spin-
down energy iso-surfaces (Fermi surfaces) of the depicted
model p-wave magnet are orthogonal to the plane of the non-
collinear spins in the direct space.

group symmetries. The iso-surfaces corresponding to
opposite spins are then mutually related by the second
half of the crystallographic point-group symmetries.

We note that while theoretical realizations of nematic
electronic lhiquid-crystal phases generated by the | =
4 and 6 spin-channel Pomeranchuk instabilities have
not been considered in literature, numerous material
candidates of not only d-wave, but also g-wawve and i-
wave altermagnets have been identified using the spin-
group classification, supported by density-functional-
theory calculations?® 1819 The initial experimental
spectroscopic confirmations were reported in g-wave
altermagnets MnTe and CrSh!1-20-27,

Finally, we point out that a systematic theoretical
exploration of the spin-ordered electronic nematics was
largely motivated by spintronics'?, a pattern that was
repeated fifteen years later in altermagnets™52%. Also

T

here, however, there is a significant difference. A detailed
exploration of the spin-ordered | = 1 electronic nematic
in the B-phase followed shortly after the theoretical
predictions of the spin-Hall charge-to-spin conversion
phenomenon in non-magnetic systems, generated by the
relativistic spin-orbit coupling™®. The time-reversal
invariant spin texture in the spin-ordered | = 1 electronic
nematic in the B-phase was called a dynamically
generated spin-orbit coupling because of the resemblance
to the relativistic spin texture'!. It was emphasized
that compared to the perturbatively weak relativistic
spin-orbit coupling, proportional to 1/e® where ¢ is
the speed of light, the dynamically generated spin-orbit
coupling could lead to significantly larger charge-to-
spin conversion efficiency. However, an experimental
realization of the spin-ordered B-phase (or A-phase)
electronic nematics driven by the Pomeranchuk [ = 1
spin-channel instability has remained elusive.

The search for the even-parity-wave altermagnets was
motivated by a different spintronics incentive. It followed
after several years of intense research of spintronics
based on collinear antiferromagnets with spin-degenerate
band structures®!. The driving idea was to leverage
the superior spatial, temporal and energy scalability
demonstrated in antiferromagnetic spintronic devices,
stemming from the compensated zero-magnetization
ordering, while enabling strong spin-transport effects
that underpin the technologically successful spintronics
based on ferromagnets®®2®,  As illustrated in Fig. 1,
and reviewed in Refs. 5 and 6, the spin-polarized
time-reversal symmetry breaking electronic structures
generated by the compensated altermagnetic ordering
enable this combination of merits, that were traditionally
considered as mutually exclusive. Besides spintronics,
the extraordinary nature of altermagnets 1= projected to
be favorable in a range of research fields"".

In summary, altermangets share the spin-ordered
anisotropic zero-magnetization nature with the A-phase
of superfluid *He praised for its sophistication hy
Anthony Leggett in the Nobel lecture quote we used to
open this article. In the case of altermagnets, however,
the order is robust in many systems at room temperature
and may end up being practically useful.

C. Beyond altermagnets towards parity-breaking p
and f-wave magnets

In the previous section, we have left aside an
apparent conflict between the theoretically considered
nematic electronic liquid-crystal phases generated by
the [ = 1 Pomeranchuk instahilities, and the theorem
by Bloch mentioned in Sec A, which states that
the minimum energy state bears no current. The
diverging susceptibilities at critical values of the Landan
Fermi-liquid parameters, Pfts:' = —1, were identified
by Pomeranchuk in all angular-momentum channels
including [ = 1. This seems to violate the above theorem.



When locking beyond the even-parity-wave altermagnets
towards possible real physical realizations of the odd-
parity p-wave magnetic phases, it is desirable to first
revisit this apparent conflict. We will briefly do so
before introducing the recently predicted abundance and
robustness of the p-wave (as well as fwave) magnetic
ordering in real material candidates®.

The divergences of the charge and spin-channel
susceptibilities for | = 1 order parameters were analyzed
i Refz. 40-42. The studies started from the exact
expression for the static susceptibility for a generic
order parameter. It goes beyond the Pomeranchuk ~
1/(1+ me} form by including quasiparticle states away
from the Fermi surface®™. For [ = 1 order parameters
corresponding to the current of conserved charge or spin,
the divergencies in the generalized susceptibilities indeed
disappear, regardless of the quasipartele dispersion, i.e.,
both for the free-space Fermi liquid and in the presence
of a crystal lattice®®4!. This is consistent with the above
theorem by Bloch.

However, two possibilities were identified that could
enable the phase transition from a Fermi liquid into a
I = 1 electronic nematic liquid-crystal phase without
or with spin ordering. One iz a generic form of the
order parameter which does not correspond to the charge
or spin current!!. The other one follows from the
observation that even in the cases where the static
susceptibility is non-diverging for the charge or spin-
current order parameter, the instability of the Fermi-
liqumid ground state can still be signalled by the dynamic
susceptibility??. The conclusion thus is that even
within the framework of the Fermi-liquid instahilities, the
parity-breaking p-wave magnetic phases are not formally
cxcluded. Real physical realizations of such phases have,
however, remained elusive.

This brings us to the very recent prediction of tens
of material candidates of spin-ordered p-wave and £
wave zero-magnetization phases®?. The prediction is
based on an analogous classification of symmetries
of spin arrangements on crystal lattices, supported
by microscopic density-functional theory, that led
to the identification of altermagnets. Since the
spin-group symmetry analysis showed that odd-parity
electronic structures were excluded for all collinear
spin arrangements on crystals!, the search for the p-
wave magnets, and odd-parity-wave magnets in general,
turned to non-collinear spin arrangements. The identified
favorable class has a non-collinear coplanar arrangement
of spins in the direct crystal space, a symmetry
[C5][t] combining a two-fold spin-space rotation along
the common axis orthogonal to the spins and a
real-space translation, and broken inversion symmetry.
The [Cs||t] symmetry protects zero net magnetization.
Combined with the coplanarity, it also protects the single
momentum-independent  spin-polarization axis in the
electronic structure which is orthogonal to the coplanar
spins in the direct crystal space. Finally, the broken
imversion symmetry allows for the splitting of the spin-up

and spin-down Fermi surfaces (or energy iso-surfaces in
general).

A model example of the p-wave magnet satisfying
the above symmetry conditions is shown in Fig. 4b.
It represents yot another class of materials, besides
altermagntes, which host the spin-ordered anisotropic
zero-magnetization phase analogous to the A-phase of
superfluid *He. The oppositely shifted distorted spin-
up and spin-down Fermi surfaces in Fig. 4b can be
viewed as a realization of the long-sought but elusive
spin-ordered | = 1 eclectronic nematic in the A-
phase!2 1417402 However, unlike the mechanism
of Fermi-liquid instabilities, and like the mechanism
stabilizing the altermagnetic ordering, the key feature of
the identified candidate materials of the p-wave (as well
as f-wave) magnetic ordering is the interplay in the direct
space of clectron-electron interactions and the single-
particle potential of the crystal lattice with the suitable
symmetries™.

We point out that space-groups of the identified p-
wave and f-wave magnetic erystals break time-reversal
symmetry but contain a symmetry combining time-
roversal with translation. As a result, the point-groups
of these parity-breaking magnets and, correspondingly,
the energy spectra in the momentum space have time-
reversal symmetry®. This contrasts with the even-
parity-wave ordering in altermagnets which breaks time-
reversal symmetry also in the point-group?!. Finally,
we note that the classification of symmetries of spin
arrangements on crystal lattices, supported by density-
functional theory calculations, has also led to the
identification of material candidates with non-collinear
magnetic structures whose electronic structure in the
momentum space features a non-collinear spin-texture
and can be regarded as a realization of the spin-ordered
electronic nematics in the B-phase™.

D. Summary

In thizs Perspective we have highlighted that the
recently  discovered  altermagnets represent the nest
physical realization of the exotic type of ordering
that was previously only observed in superfluid *He
and theoretically envisaged in nematic electronic liquid
crystals. The extraordinary nature of these phases is
that they are spin-ordered and anisotropic, which is
manifested in the spontancous breaking of the spin-space
and the real-space rotation symmetries and of the time-
reversal symmetry, while having zero net magnetization.
By going beyond these common basic signatures, we
have reflected in more depth on microscopic physics of
superfluid *He and the electronic liquid-crystal phases to
shed light on what sets altermagnets apart. This can be
summarized in the following points:

(i) The A-phase of superfluid *He was an experimental
surprise. Prior microscopic calculations predicted the
B-phase to be generally more stable. In contrast



altermagnets were predicted by the systematic spin-
symmetry group classification in a large family of
materials which, together with microscopic density-
functional-theory  caleulations, guided the initial
experimental verifications.

(ii) The stahility of the A-phase of superfluid *He
in the narrow range of low temperatures and high
pressures was ascribed to the interplay of internal
interactions in the *He Fermi fluid, namely the short-
range repulsion, the long-range attractive van der
Waals interaction, and the effective interaction due to
forromagnetic fluctuations. Altermagnets are distinet in
that the ordering is stabilized by the internal electron-
electron (exchange) interaction, together with the robust
external single-particle potential of the static crystal-
lattice. In altermagnets the erystal structure is such that
the antiparallel arrangement of spins necessarily implies
anisotropy of spin-dependent properties.

(111) The theories of nematic electronic liquid crystals
focus on ordering in the momentum space, as arising from
instabilities of the Fermi hiquid. In contrast, altermagnets
have the characteristic correspondence between the spin
symmetries of the magnetic erystal-structure in the direct
coordinate space, and of the spin-polarized electronic-
structure in the reciprocal momentum space.

(iv) The formation of the spin-ordered electronic
nematic phases was predicted to require a delicate
balance of the interaction strength, exceeding the
critical value for the | > 0 Fermiliquid instability,
while avoiding the conventional | = 0 ferromagnetic
instability. In altermagnets, net magnetization is
cxcluded (when omitting the spin-orbit coupling) by

the symmetry combining the spin-rotation and crystal-
rotation transformations.

(v) The crystal potential, if considered, enters the
theories of the spin-ordered electronic nematics indirectly
via a modified one-body quasiparticle dispersion. In
altermagnets, the external potential of the crystal lattice
plays a direct central role. It is the glue which,
together with the electron-electron interactions, holds the
altermagnetic phase together.

As a result of these distinetive features, altermagnets
are abundant and robust which, in combination with
the extraordinary characteristics of the spin-ordered
anisotropic zero-magnetization phases, suggests that
they can open fruitful research directions in both science
and technology.
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