
Catalog of C-Paired Spin-Momentum Locking in Antiferromagnetic Systems

Mengli Hu,* Xingkai Cheng , Zhenqiao Huang, and Junwei Liu †

Department of Physics, Hong Kong University of Science and Technology,
Clear Water Bay, Hong Kong, China

(Received 18 August 2024; revised 27 February 2025; accepted 7 May 2025; published 5 June 2025)

Antiferromagnetic materials (AFMs) have been gaining lots of attention due to their great potential in
spintronics devices and the recently discovered novel spin structure in the momentum space, i.e., C-paired
spin-valley or spin-momentum locking (CSML), where spins and valleys or momenta are locked to each
other due to the crystal symmetry guaranteeing zero magnetization. Here, we systematically study CSMLs
and propose a general theory and algorithm using little cogroup and coset representatives, which reveals
that 12 elementary kinds of CSMLs, determined by the geometric relation of spins and valleys and the
essential symmetry guaranteeing zero magnetization, are sufficient to fully represent all possible CSMLs.
By combining the proposed algorithm and high-throughput first-principles calculations, we predict
38 magnetic point groups and identify 142 experimentally verified AFMs that can realize CSML. Besides
predicting new materials, our theory can naturally reveal underlying mechanisms of CSMLs’ responses
to external fields. As an example, two qualitatively different types of piezomagnetism via occupation
imbalance or spin tilting are predicted in RbV2Te2O. The algorithm and conclusions can be directly
extended to the locking between valley or momentum and any other pseudovector degree of freedom,
e.g., Berry curvature, as exemplified in RbV2Te2O and the new proposed piezo-Hall effect, where a strain
can induce a nonzero anomalous Hall conductance. In addition, the proposed concept and methodology can
be straightforwardly applied to other symmetry groups, such as spin group.
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I. INTRODUCTION

To access the spin degree of freedom (d.o.f.) of an
electron, it is usually necessary to couple it with other d.o.f.
such as the local magnetic moment via Zeeman interaction
or angular momentum via spin-orbit coupling (SOC). The
former supplies fertile ground for novel properties and
applications of ferromagnetic materials (FMs). The latter
has been the driving force of many intriguing phenomena
in condensed matter physics and materials sciences in the
past few decades, e.g., spin-valley locking (SVL) in
two-dimensional materials [1], spin texture in topological
materials [2,3], Rashba effect [4], and Dresselhaus effect
[5] in semiconductors, which are also the underlying
mechanism or building blocking of many thrilling discov-
eries such as valley Hall effect [1,6], spin Hall effect

[7–10], giant spin-orbit torque [11–13], and Majorana zero
modes [14–16]. These phenomena seem to be very differ-
ent, while, besides SOC as their same origin, they do share
the other same important feature, i.e., the contrasting spin
polarization at time-reversal (T-) paired momenta due to the
Kramers’ theorem, and, hence, can be uniformly named as
T-paired spin-valley or spin-momentum locking (SML). It
also means that they will suffer from the same problems
that spin can be manipulated only by approaches affecting
the T symmetry. Consequently, materials with these proper-
ties cannot use spin d.o.f. to realize the nonvolatile
information storage by themselves, which have become
the bottlenecks hindering their practical applications. To
overcome these problems, in 2021, SVL was extended to
the antiferromagnetic systems (AFMs), where valleys or, in
general, momenta with contrasting spin splitting are paired
by a crystal (C) symmetry instead of the T symmetry,
namedC-paired SVL (CSVL) or SML (CSML) [17], which
can come from the Pomeranchuk-type Fermi-surface insta-
bilities in the spin channel [18] or generally exist in AFMs
with spin-splitting band structures [17,19,20].
In CSML materials, any approach affecting the corre-

sponding C symmetry can manipulate spin to induce
unconventional phenomena [17,21–24]. Typically, a strain
or electric field can introduce piezomagnetism (PZM)
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[17,18] or noncollinear spin current (both spin-polarized
current and pure spin current) in collinear AFMs as
theoretically predicted [17,18,25,26] and experimentally
confirmed in MnTe [27] and RuO2 [28–30]. Besides these
novel properties, the predicted spin-splitting band struc-
tures [17,19,20] and CSML [17] have been directly
observed in angle-resolved photoemission spectroscopy
in both collinear RuO2 [31,32], MnTe [33,34] and CrSb
[35–40], Rb=K intercalated V2Te2O [41] and V2Se2O [42],
and noncollinear MnTe2 [43,44]. Moreover, the electrical
readout and deterministic 180° switching of the Néel order
has also been realized in Mi5Si3 [45] and CrSb [46] thin
films with or without assistant magnetic fields via manipu-
lating the corresponding crystal symmetry [46], which
further promotes applications of CSML AFMs in ultrafast,
high-density, and highly stable devices.
To highlight their uniqueness, collinear CSML AFMs

were named as altermagnet in 2022 [21,22], which has
dramatically promoted the related study including all the
experiments above and many other works. However, all
these interesting phenomena above require neither collinear
magnetic order nor the absence of spin-orbit coupling,
and clearly altermagnet is only a subset of CSML AFMs.
Similar terminology has been extended to the noncollinear
spins in real space [47], while a thorough CSML theory in
momentum space is still lacking and is in urgent need in
understanding unconventional properties of CSMLs and
exploring more CSML materials.
In this work, we developed a general and rigorous theory

and algorithm to determine all the locked valleys or
momenta with contrasting spin polarization, where the
point operations in a magnetic space group (MSG) deter-
mine the allowed band splitting, the little cogroup of a
momentum Ḡk constrains the spin direction, and the coset
representatives fgmg give rise to all the paired momenta
with locked spins. We found that all CSMLs can
be classified into three types—collinear, coplanar, or
spatial—according to the direction of spins associated with
the paired momenta; each type of CSML can be further
categorized into four elementary families characterized by
the symmetry guaranteeing zero magnetization in AFMs,
and these 12 elementary kinds of CSMLs can serve as the
building blocks of all CSMLs. Based on our theory and
algorithm, 38 out of 122 MPGs were predicted to host
CSML, and all possible symmetry-paired momenta and
CSMLs are systematically enumerated, which indeed can
be completely classified into the 12 elementary kinds as
suggested by qualitative analysis. By combining with high-
throughput first-principles calculations, 142 CSML mate-
rials were screened out of 1794 experimentally verified
AFMs in MAGNDATA [48]. The full list can be found in
Supplemental Material [49].
Besides cataloging all CSMLs and predicting new

CSML materials, our theory is able to reveal the funda-
mental difference between symmetries in determining

intrinsic properties of CSMLmaterials, which distinguishes
from and supplements the conventional symmetry analysis
like Neumann’s principle that treats all symmetries equally
in the same way and, hence, can lead to unexpected
conclusions. Typically, AFMs in the same MSG but with
different CSMLs will have qualitatively different properties
that are mainly determined by symmetries in little cogroup
Ḡk or the coset representatives fgmg but not other sym-
metries in MSG, which also corresponds to two qualita-
tively different underlying mechanisms, respectively. Our
theory also reveals the importance of Fermi surface, which
is critical for many phenomena but usually absent in the
conventional symmetry analysis. We take Rb intercalated
V2Te2O as a representative to show its two different types
of PZM via either occupation imbalance determined by
fgmg or spin tilting determined by Ḡk, which are not
distinguished by conventional PZM theories based on the
magnetic moments’ rotation in real space but can be
understood naturally in our new theory.
It is worth noting that the existence of valley d.o.f. is not

a requirement for any results or conclusions above but will
only add additional ingredients to the system and lead to
new phenomena like valley (Hall) current, and the spin can
be any pseudovector d.o.f. This is further exemplified
by the Berry curvature distribution of RbV2Te2O as shown
later. Based on the C-paired locking between Berry
curvature and valleys or momenta, we proposed a new
piezo-Hall effect, where a strain can break the C symmetry
ensuring the exact Berry curvature-momentum locking to
induce a nonzero net Berry curvature and, hence, a finite
anomalous Hall conductance. Without any calculations, we
can also conclude that the new proposed piezo-Hall effect
can generally exist in any CSML materials once spin-
orbital coupling or noncollinear magnetic order is consid-
ered, and this effect can also come from two kinds
of mechanisms determined by symmetries in little cogroup
Ḡk or the coset representatives fgmg, respectively, as in
piezomagnetism.

II. GENERAL THEORY OF CSML

We first introduce the intuitive classification and criteria
for CSMLs. Following the definition, SML can be intui-
tively classified into three different types—collinear,
coplanar, and spatial (noncollinear and noncoplanar)—
according to the relation of spin orientations of equivalent
valleys as shown in Fig. 1, which can also be precisely
obtained and identified by our SML algorithm as illus-
trated later.
Besides the apparent geometric meaning, the classifica-

tion of three different types has clear physical implications
and can directly reveal the qualitative responses of CSML
AFMs to external fields. Taking spin current generation
[17] as an example, the spin polarization of spin currents
due to the collinear CSML [Fig. 1(a)] will be mainly along
the z direction, while the spin polarization of spin currents
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due to the coplanar CSML [Fig. 1(b)] will be in the x–y
plane. Straightforwardly, different types of CSMLs should
be able to realized in the same AFMs depending on the
positions of valleys, and the transition between different
types of CSMLs can occur as the Fermi level Ef changes.
For example, CSML will evolve from a collinear type into
a spatial type or further into a coplanar type as depicted
by the white and blue balls in Figs. 1(a) and 1(b), and,
consequently, the spin polarization of generated spin
current will change the direction from the z direction to
the x–y plane. It is interesting that a direct transition
between a collinear and a coplanar CSML cannot happen
but have to go through a spatial CSML.
To rigorously investigate SML and its unconventional

properties in AFMs without any prior approximation, one
usually needs to consider MSG, since it takes into account
all possible symmetry constrains and interactions including
SOC and effect of noncollinear magnetic orders. However,
only point operations (rotation, reflection, and inversion) of
space group symmetries, together with the time-reversal
operation, can pair momenta and constrain the associated
spin orientation (detailed derivation in Supplemental
Material, Sec. I A [49]). Hence, the simpler MPG instead
of more complicated MSG would be enough or even better
for studying SML and its corresponding properties.
Similarly, if without SOC, the main properties associated
with SML will be determined mainly by the spin point
group instead of spin space group [50–54]. Noted that some
MSGs with the same MPGs may have different results,
since the little cogroup of the same momentum might be
different for different MSGs even though the MPG is the
same, while this will not introduce any new type of
CSMLs; i.e., all the possible CSMLs for different MSGs
with the same MPG are the same. More details can be
found in Supplemental Material, Sec. II C [49].

The primary criterion for a material to exhibit CSML is
the existence of spin-splitting band structures, which can
naturally occur in magnetic materials due to exchange
interactions between electrons and localized magnetic
moments once parity (inversion) times time-reversal (PT)
symmetry is broken [19,55,56]. Second, we focus on
CSML and, hence, exclude MPGs that are compatible
with TSML, since the main properties will be determined
by TSML instead of CSML once it exists. TSML magnetic
materials will be very similar to nonmagnetic (NM)
materials in many aspects, because there is an effective
time-reversal symmetry T̃2 ¼ −1; even the pure real time-
reversal symmetry is broken due to the magnetic structure.
For example, in AFMs with checkerboard and Néel order,
T times fractional translation τ symmetry T̃ ¼ Tτ can
be preserved. The final criterion is that at least one
symmetry except PT symmetry must exist to ensure valleys
and spins strictly locked to each other, which is shown later,
is actually the symmetry that guarantees the exactly zero
net magnetization in AFMs and, hence, can be naturally
realized in AFMs.
Based on these three criteria above, all the MPGs can be

classified into five classes depending on the existence of
spin-splitting band structures and different types of SML as
shown in Fig. 2(a). The first class includes all 32 MPGs
with PT symmetry, and all the bands in the whole BZ must
be spin degenerate. The other four classes allow spin-
splitting bands at a generic momentum. Among them, the
second class is compatible with a nonzero magnetization
and, hence, can realize FM, weak FM (canted AFM), or
ferrimagnetism. Note that the total magnetization in these
MPGs could be zero due to the magnetic anisotropy energy,
and, hence, the rigorous SML can be also realized.
However, it would be material dependent, and the spin-
dependent properties would possess both FM and AFM

(a) (c)

z

y

x

(b)

FIG. 1. Schematics of three types of CSMLs—collinear (a), coplanar (b), and spatial (c)—based on the geometric relation of
orientations of spin at the paired valleys. White balls indicate the position of valleys in the Brillouin zone (BZ), and the associated arrows
represent the corresponding spin orientation of the valley, which can be collinear, coplanar, or spatial (noncollinear and noncoplanar).
The blue balls and black arrows present the evolution between different types of CSMLs with one valley split into several valleys. (a) and
(b) show collinear and coplanar CSML in the magnetic point group (MPG) 422. In (a), spins are along the z direction when the valleys
are located at ð0; 0;�wÞ; in (b), spins lie in the x–y plane with valleys at ð�u; 0; 0Þ and ð0;�u; 0Þ. When the valleys deviate from the
high-symmetry points, collinear (coplanar) CSML transforms to the spatial CSML as shown by the black arrows in (a) [(b)]. In the
spatial CSML (c), the number of coupled valleys in MPG 23 triples with valleys no longer at ðu; u; uÞ and its equivalent high-symmetry
points.
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nature. Many experimentally realized altermagnets belong
to this class due to a vanishingly small but finite magneti-
zation and, hence, can realize an anomalous Hall effect that
should be absent in perfect altermagnets or CSML
materials. A simple example is a two-dimensional system
that is compatible with MPG or MSG allowing out-of-
plane net magnetization can be a perfect AFM if magnetic
anisotropy energy favors the in-plane magnetic order and
enforces an exact zero total magnetization. As a real

material example, CoNb3S6 of MPG 320 is an AFM in
experiment although MPG 320 is compatible with FM and
allows a finite magnetization.
Based on the symmetries ensuring the zero magnetiza-

tion and pairing equivalent momenta, the left MPGs can be
classified into another three classes: 38 CSML MPGs as
listed in Fig. 2(b) are due to crystal symmetries, eight
TSMLMPGs are due to (effective) time-reversal symmetry,
and the left 13 MPGs are due to both crystal symmetries
and time-reversal symmetry. It is worth noting that, except
38 CSML MPGs that must be realized in AFMs, the 21
MPGs hosting TSML and the 32 PT MPGs can exist in
both AFMs and NMs. In this aspect, AFMs and NMs are
indistinguishable in momentum space for 21 MPGs hosting
TSML and 32 PT MPGs, and many of their properties are
also qualitatively the same, which contrasts conventional
understanding. As a result, one has to rely on the informa-
tion or properties in real space and use MSGs to distinguish
these AFMs and NMs.

A. SML algorithm and its application

Now we introduce the rigorous SML algorithm that can
determine all the paired momenta and the orientation of
associated spins. We found that two ingredients—the little
cogroup of momentum Ḡk and the coset representatives
fgmg—can fully capture and determine all the features of
any SML with the former uniquely constraining the spin’s
orientation of the momentum k and the latter fully
determining all the paired momenta and the associate
spins’ relation, respectively. The full SML algorithm
consists of three steps:

(i) Get the MPG of a given AFM, labeled as Ḡ.
(ii) For a momentum k, find its little cogroup Ḡk by

checking if a element g in Ḡ satisfies k ¼ gkþ K,
where K is a reciprocal vector. CSML can exist only
for momenta where spin splitting or spin polariza-
tion s is allowed, and the necessary and sufficient
condition is that Ḡk is compatible with FM, i.e.,
belongs to 31 FM MPGs as shown in Fig. 2(a) and
listed in Supplemental Material, Sec. I D [49];
otherwise, such momenta will be spin degenerate
and cannot realize SML.

(iii) All the paired momenta fk�g and associate spins
fs�g can be obtained by fk�; s�g ¼ fgmk; gmsg,
where gm is the representative of coset gmḠk and
can be obtained via the coset decomposition Ḡ ¼P

m gmḠk. The matrix presentation of all gm can be
found in Supplemental Material, Sec. I C [49].

We applied this algorithm for all MSGs to
enumerate all possible CSMLs and found that all
CSMLs indeed belong to collinear (L), coplanar (P),
or spatial (S) as shown in Fig. 1, which confirms the
intuitive analysis above. The CSML type can be

Collinear Coplanar Spatial

FIG. 2. (a) Diagram of MPGs with respect to SML. SML
cannot exist in MPGs compatible with FM or PT symmetry. For
all 59 MPGs compatible with SML, CSML can exist in 38 MPGs,
TSML can exist in eight MPGs, and CSML and TSML can
coexist in 13 MPGs labeled by SML. The full list of all MPGs can
be found in Supplemental Material, Sec. I D [49]. The connection
to the conventional classification [57–59] is shown in the right.
(b) Inheritance of CSMLs among 38 CSML MPGs. The gray
solid line connects a MPG and its subgroups. The background
color denotes three types of CSML, and the numbers in the
bottom left corner of each type represent the four elementary
families. Hermann-Mauguin notation is used.
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rigorously determined based on Ḡk without knowing
other details as follows:

∀ k; ∃ ð−ÞNα ∈ Ḡk ↔ L; ð2:1Þ

∀ k; ∃ ð−ÞN0
α ∈ Ḡk → P; ð2:2Þ

∀ k; ∃ ð−ÞNαk ∈ Ḡk; αk ⊥ α → P; ð2:3Þ

where k∈ fk�g, − is the inversion operation, Nα
represents the N-fold rotation operation (N > 1)
about the α axis, and N0 represents N-fold rotation
times time-reversal symmetry. ↔ denotes the nec-
essary and sufficient, and → denotes the sufficient
condition, respectively.
We take MPG Ḡ ¼ 422 (in Hermann-Mauguin

notation) and momentum k ¼ ð0; 0; wÞ as an explicit
example as shown in Fig. 1(a). Based on the
generators (4001 and 2100) of 422, the little cogroup
of momentum k ¼ ð0; 0; wÞ can be easily obtained
as Ḡk ¼ f1; 4þ001; 2001; 4−001g ¼ 4. Clearly, 4 is
among 31 FM MPGs listed in Supplemental
Material, Sec. I D [49], and belongs to FM; thus,
CSML can exist. Then, via the coset decomposition
Ḡ ¼ Ḡk þ 2100Ḡk, the coset representatives can be
obtained as fgmg ¼ f1; 2100g, which gives all the
paired valleys and spins as fk�; s�g ¼ fð0; 0;�wÞ;
ð0; 0;�mzÞg, belonging to collinear CSML. The
same conclusion can also be drawn by Ḡk, since the
condition (2.1) is satisfied as ∀ k; 4001 ∈ Ḡk. Now
we can obtain a counterintuitive conclusion that
any magnetic materials with Ḡ ¼ 422 and valleys or
momentum located at k ¼ ð0; 0; wÞ belong to col-
linear CSML even if their magnetic order in real
space is noncollinear or noncoplanar, e.g., coplanar
AFM Ho2Ge2O7. The same procedure was con-
ducted for all the valleys and momenta of 38 CSML
MPGs, and the results are summarized in Fig. 2.
Counterintuitively, a cubic crystal can allow only the
spatial CSML, although it possesses the highest
symmetry group. The reason is that cubic crystal
hosts threefold rotational symmetries along
body diagonals which violates all the conditions
allowing collinear [Eq. (2.1)] or coplanar CSML
[Eqs. (2.2) and (2.3)].
Besides enumerating all the CSMLs, our algo-

rithm can rigorously capture the transition between
different types of CSMLs, which can be described
by another coset decomposition and is fully predict-
able. Taking the collinear CSML in Fig. 1(a) as
an example, a momenta at k ¼ ð0; 0; wÞ splits into
several general momenta, k ¼ ð0; 0; wÞ → k0 ¼
ðu; v; wÞ. Such a splitting can be described as
Ḡk ¼ Ḡk0 þ 4þ001Ḡ

k0 þ 2001Ḡk0 þ 4−001Ḡ
k0 , which tells

that each momentum splits into four momenta paired

by the coset representatives as fk0�; s0�g¼fk0;
4þ001k

0;2001k0;4−001k
0; s0;4þ001s

0;2001s0;4−001s
0g and the

CSML transits from the collinear type into
the spatial type. As a thorough summary of all
the CSMLs of 38 MPGs in Fig. 2, one can predict
and design CSMLs and the transition accordingly.

B. Elementary family of CSML

Although all CSMLs can be completely enumerated by
our SML algorithm above, the connection between CSMLs
of different MPGs is still unclear. Typically, some types of
CSMLs exist only in a subgroup but not in its parent group
and vice versa as shown in Fig. 2, which stems from a
simple fact that the little cogroup of a subgroup is not
necessarily a subgroup of the little cogroup of its parent
group. Such an inconsistency also means that the classi-
fication merely using three different types cannot fully
uncover the relation of all CSMLs.
To address this inadequacy, we carefully examined all

the CSMLs enumerated by our SML algorithm above and
found that (i) MPGs that can host CSMLs have at least one
subgroup as 6̄0=60, 3m=32, mm2/222, and 40=4̄0, which are
also four families of the smallest groups compatible with
AFMs to guarantee the zero net magnetization,
and, hence, we define these MPGs as four families of
elementary CSML MPGs. (ii) The four families of elemen-
tary CSML MPGs correspond to four different crystal
families—hexagonal, trigonal, orthorhombic, and tetragonal
crystals, respectively. (iii) CSMLs that can be realized in
these four families of elementary CSML MPGs come from
the simplest Ḡk and fgmg and have the smallest number of
paired valleys and momenta. (iv) For any collinear and
coplanar CSML, the symmetry axes in fgmg and Ḡk must be
orthogonal or parallel, and symmetries in fgmg and Ḡk can
be broken separately or simultaneously in orthogonal
CSMLs but must be broken simultaneously in parallel
CSMLs. Meanwhile, both orthogonal and parallel CSMLs
can exist in the same system whose fgmg and Ḡk can be
broken separately. (v) Most importantly, a complicated
CSML with more paired valleys or momenta that can be
realized in other MPGs can always be taken as multiple
copies of the simplest CSMLs realized in the elementary
CSML MPGs. Based on these discoveries, we propose four
elementary families of CSMLs as a new dimension and
feature to describe all the CSMLs.
Together with three different types proposed above, 12

elementary kinds of CSMLs listed in the table in Fig. 3(a)
can completely characterize and serve as building blocks
for all the CSMLs as also indicated by the subscript
numbers in the left bottom corner of each type of
CSMLs in 38 CSML MPGs in Fig. 2. They can be

concretely labeled as F − TN1ð 0Þ
N2ð 0Þ − R, where F ¼ Hex,

Tri, Ort, or Tet stands for the hexagonal, trigonal, ortho-
rhombic, or tetragonal family, respectively, and T ¼ L, P,
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or S means collinear, coplanar, or spatial type, respectively,
the superscript N1ð 0Þ and subscript N2ð 0Þ represent gen-
erators in Ḡk and fgmg, and R ¼ Orth or Para means
orthogonal or parallel, respectively, between rotation axes
of N1ð 0Þ and N2ð 0Þ. Note that, for a more compact
notation, the suffix −R can be removed, since the 12
elementary kinds can belong to only either Orth or Para
but not both.
Now it is clear that it is the elementary family instead

of the geometric relation of spins’ orientation inherited

between different CSML MPGs as shown in Fig. 2. For
example, MPG 432 can realize only the spatial-type
CSMLs, while it can realize both trigonal and orthorhombic
CSMLs, since its subgroups contain 32 and 222. On the
contrary, although 4=mmm can realize all collinear,
coplanar, and spatial types of CSMLs, it can realize only
orthorhombic CSML, because its subgroups contain only
mm2=222 but not other elementary CSML MPGs. This
inheritance relation between elementary CSMLs and more
complicated CSMLs can be also rigorously described by
another coset decomposition as Ḡ ¼ P

r grḠ
E, where ḠE is

the elementary CSML MPG and fgrg are coset represen-
tative. The symmetries in fgrgwill only generate additional
copies of the elementary CSMLs determined by ḠE but
not introduce too much new physics. As exemplified by the
collinear CSMLs in 422 as shown in Fig. 3(b), a compli-
cated collinear CSML with four different valleys or
momenta at k ¼ ð0; 1

2
;�wÞ and ð1

2
; 0;�wÞ are paired by

2100=2010 and 4001, while only 2100=2010 can flip the
direction of spins and enforce the opposite spin polarization
for valleys or momenta at k ¼ ð0; 1

2
;�wÞ or ð1

2
; 0;�wÞ and

the 4001 symmetry merely generates another copy of the
elementary CSML paired by 2100=2010, i.e., Ort-L2

2-Orth
CSML in MPG 222, which can be rigorously obtained by
the coset decomposition 422 ¼ 222þ 4001222. Therefore,
the collinear CSML in 422 will have the same property
as the elementary Ort-L2

2-Orth CSML in MPG 222.
Breaking the symmetry 4001 will simply reduce the number
of paired valleys or momenta from four to two, and only the
symmetry 2100=2010 matters for the unconventional proper-
ties arisen from CSMLs.
More importantly, without any complicated symmetry

analysis and calculation, the elementary CSML has already
been able to capture the main properties of AFMs arisen
from CSMLs. To elucidate this more clearly, we take PZM
as an example. In the example of collinear CSMLs in 422

and 222 that are Ort-LN1ð 0Þ
N2ð 0Þ-Orth CSML, they belong to

orthogonal CSMLs, which means the symmetries in Ḡk and
fgmg are orthogonal to each other and can be broken
separately to realize two qualitatively different types of
PZM. As illustrated in the top in Fig. 3(c), breaking
symmetry in Ḡk will induce spin tilting for all the valleys
and momenta to induce uncompensated net magnetization,
although different valleys and momenta are still equivalent
due to fgmg, and the direction of net magnetization
will depend on fgmg and, hence, be in the x–y plane for
the case in Fig. 3(c). This is like the conventional PZM due
to local magnetic moments’ nonequivalent rotation under
strain [60] in real space, but it occurs in momentum space
for spin of itinerant electrons associated with different
valleys or momenta. On the other hand, as breaking
symmetry in fgmg, the strain will break the equivalence
of different valleys and momenta to induce different energy

Spin tilting

Occupation imbalance

FIG. 3. (a) Table of 12 elementary kinds of CSMLs. Four
elementary families of CSMLs are labeled by the abbreviation of
hexagonal, trigonal, orthorhombic, and tetragonal, and different
types of CSMLs with each elementary family are labeled by

L=P=SN1ð 0Þ
N2ð 0Þ, where N1=2ð 0Þ labels the N1=2-fold rotational sym-

metry in the Ḡk and fgmg, respectively. (b) Illustration of Ort-L2
2-

Orth kind CSML in MPG 422. The band structures around the
valleys V1=2 located at ð0; 0;�wÞ and spins along z are presented.
In the lower panel, the same kind CSML located at ð0; 1

2
;�wÞ and

ð1
2
; 0;�wÞ are shown. Both CSML cases are paired by symmetry

2100=2010 for their same CSML kind, and symmetry 4001 merely
doubles the number of paired valleys by generating another copy
(V2) of the elementary CSML (V1) but does not introduce any
new property. (c) Two qualitatively different mechanisms gen-
erating PZM in Ort-L2

2-Orth: spin tilting presented by a red filled
arrow (top) and occupation imbalance reflected by the relative
different Fermi levels of the valleys (bottom).
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shifts and, hence, lead to unequal occupation of spin-up and
spin-down electrons, and the net magnetization should
be along the z direction, since spin orientation remains
unchanged as shown in the bottom in Fig. 3(c). We refer to
these two microscopic mechanisms as spin tilting and
occupation imbalance, respectively, with the former driving
AFM into weak FM (canted AFM) and the latter driving
AFM into ferrimagnetism from the aspect of the real space.
Notably, these two types of PZMs may coexist for certain
strains, and both are qualitatively different from the
conventional theory, since the nonzero net magnetization
due to either spin tilting or occupation imbalance is from
itinerant electrons instead of local magnetic moments [60]
and, hence, can happen only in conducting AFMs.
In a short summary of our theory, with three different

types and four elementary families as two independent
features and dimensions, all CSMLs can be fully charac-
terized and classified into 12 elementary kinds, and the
main properties of CSML AFMs will be determined by the
elementary CSMLs realized in these materials instead of
other factors or material details.

III. APPLICATION AND MATERIAL
REALIZATION

With the complete CSML theory and algorithm above,
we employed the high-throughput first-principles calcula-
tions to predict CSML material candidates from the
magnetic database MAGNDATA [48] and identified 142
CSML candidates with the experimentally confirmed
desired magnetic structures. The full list of 142 CSML
materials and their band structures along high-symmetry
lines can be found in Supplemental Material, Sec. III [49].
In the following discussion, we choose Rb intercalated

V2Te2O in our database as a representative, since it is one
of the mostly studied AFMs now, and focus on its PZM
which has not been fully studied. As shown in Fig. 4(a),
RbV2Te2O belongs to the tetragonal crystal [41,61,62] and
is a collinear AFM with Néel temperature higher than
300 K [41]. The local magnetic moments of V atoms are
along the z direction, and two magnetic sublattices formed
by different V atoms are connected by magnetic symmetry
f40001j0g and two diagonal mirror symmetry, which guar-
antee the perfect compensation and zero magnetization.
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FIG. 4. A representative CSML material Rb intercalated V2Te2O. (a) Crystal and magnetic structure of RbV2Te2O, where the
magnetic moments are labeled by red arrows. The Cartesian coordinate is anticlockwise rotated by π=4 of the unit vector along the c
direction. (b) Band structure of RbV2Te2O along high-symmetry lines, where the region of coupled valleys is labeled by shadowed red
and blue. The spin orientations of bands across Fermi level are denoted. The spin polarized Fermi surfaces are plotted in the lower right
at kc ¼ 0 (left) and kc ¼ ðπ=cÞ (right), respectively. The first BZ is shown in the upper right with high-symmetry points and
corresponding spin polarization denoted. (c) Two types of PZM generated due to different mechanisms under two different kinds of
strain My ¼ Λy

xzσxz and Mz ¼ Λz
xxσxx. The strained valley band structures under þ5% strain strength are shown in the right. The spin

orientations without and with strain are labeled by solid red and hollow green arrows, respectively. (d) The Berry curvature(Ω)
distribution in the first BZ with kc ¼ 0. The color map ranging from blue to red indicates the strength of Ωz.
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The adjacent magnetic layers share the same magnetic
order, forming the C-type AFM, and its MPG is
Ḡ ¼ 40=mm0m.
As theoretically predicted and experimentally verified

[17,41], RbV2Te2O is metallic with spin-splitting Fermi
surfaces along ð�u; 0; vÞ and ð0;�u; vÞ as shown in
Fig. 4(b). RbV2Te2O is a van der Waals layered material,
and the dispersion along the z direction is almost unnotice-
able; hence, we focus on kz ¼ 0 or kz ¼ 0.5 planes. The
little cogroup at k ¼ ð�u; 0; 0=0.5Þ and ð0;�u; 0=0.5Þ is
Ḡk ¼ m0m20, and clearly ∀ k; m∈ Ḡk, which satisfies the
collinear condition (2.1). Together with Fig. 2, without any
calculation of spin polarization, one can recognize that
RbV2Te2O can realize the elementary CSML Tet-L2

40-Para
and Ort-L2

2-Orth, which is confirmed by the spin textures
obtained by the first-principles calculations as denoted by
red arrows in Fig. 4(b). As a result, RbV2Te2O can realize
two different types of PZMs with spin tilting or occupation
imbalance under different strains. To confirm it, two
different types of strains σxx and σxz are considered, which
can separately break either fgmg or Ḡk in Ort-L2

2-Orth and
correspond to occupation imbalance or spin tilting, respec-
tively. The results obtained by first-principles calculations
with SOC considered are shown in Fig. 4(c). Both types
of strain induce a net magnetization with the direction of
magnetization and the microscopic mechanisms shown in
the right in Fig. 4(c). Under the uniaxial stain σxx that only
breaks the symmetry connecting different valley fgmg but
maintains symmetries in little cogroup Ḡk, the spins are still
along the z direction, but the occupation of spin-up and
spin-down electrons are clearly imbalanced and, hence,
the magnetization is strictly along the z direction, and the
strained RbV2Te2O will behave like a ferrimagnet. On the
contrary, a shear strain σxz can break Ḡk but reserve fgmg,
and, hence, the spins around valleys all tilt from the z
direction to the x–y plane, although two valleys are still
equivalent under a shear strain σxz. As a result, the total
magnetization will be in plane. In this case, the strained
RbV2Te2O is more like a weak FM or tilted AFM. These
uniaxial (σxx) and shear (σxz) strain-induced PZMs are
consistent with previous study of linear symmetry-imposed
PZM tensor [58,63], where the nonzero elements are
Λa
ac ¼ Λa

ca ¼ −Λb
bc ¼ −Λb

cb;Λc
aa ¼ −Λc

bb, and Mi ¼
Λi
jkσjk. Similar results and conclusions can also be explic-

itly demonstrated in KV2Se2O [42] and RuO2 as shown in
Supplemental Material, Sec. IV [49]. These results clearly
confirm two different microscopic mechanisms of PZMs
revealed by our general theory of CSMLs as explained in
previous sessions and, hence, demonstrate the validity of
our general theory and algorithm. Note that the symmetry
of KV2Se2O is relatively high, and, hence, we can well
separate the mechanism clearly. In general, the PZM tensor
of a material with complex magnetic structure or lower
symmetries may possess many nonzero independent

components. In this case, both mechanisms may contribute
to the overall PZM, and different nonzero independent
components of PZM tensor may come from the same
mechanism, either spin tilting or occupation imbalance.
Determining the dominant contribution will depend on
specific material properties like band structure changes
under strain or the strength of spin-orbit coupling, which
requires precise calculations that may exceed the capabil-
ities of first-principles calculations and would be highly
case dependent.
Since any pseudo-vector d.o.f. obeys the same trans-

formation as spin under point symmetry operations, our
theory and algorithm above can be directly applied to the
locking between valley or momentum and any pseudovec-
tor d.o.f. Here, we use Berry curvature Ω of RbV2Te2O as
an example. This Ω-momentum locking phenomenon was
first proposed in the TSVL 2H-MoS2 [1] and is the origin
of valley Hall effect [6]. Based on our CSML results, the
Ω-momentum locking should be the same elementary kind,
i.e., Tet-L2

40-Para and Ort-L2
2-Orth. In addition, as Ḡ ¼

fḠE;−1ḠE; 2110ḠE; m110ḠEg and ḠE ¼ 40, there are four
copies of L2

40 after the decomposition with respect to the
elementary kind of CSML. The distribution of Ωðkx; ky; 0Þ
obtained by first-principles calculations is shown in
Fig. 4(d), which indeed follows the prediction from our
algorithm. These fan-shaped regions with same magnitude
and alternating signs of Ωz are four valleys belonging to
L2
40=L

2
2 class, which will generate valley or spin Hall effect

that are expected to reveal richer phenomena or properties
of CSML materials. Importantly, as long as the AFM
symmetry is strictly preserved, the total Ω must be zero
and the anomalous Hall effect is forbidden. However, the
same as the PZM discussed above, a symmetry breaking
induced by external strains will lead to nonzero net Ω
via either imbalanced occupation or Ω tilting and, hence,
the corresponding anomalous Hall effect, which can
be referred to as a piezo-Hall effect. Besides, other
approaches breaking the same crystal symmetries such
as intrinsic distortions or finite magnetization due to
Dzyaloshinskii-Moriya interaction can also generate net
Ω and the anomalous Hall effect.

IV. SUMMARY AND PERSPECTIVE

The new terminology altermagnet has attracted extensive
attention and greatly promoted the study of spin-splitting
AFMs or more broad unconventional magnetism. However,
there are many inaccurate usages of altermagnet, which did
not distinguish from canted AFMs and ferrimagnets and,
hence, lead to many inaccurate conclusions, for example,
whether an anomalous Hall effect can exist in altermagnets
or not [24,64]. Compared to traditional study of magnetic
materials focusing on real space, our theory shows that the
key advances lie in the understanding of the spin structure
in momentum space, e.g., CSML, where symmetries
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involving crystal operations enforce a perfect locking
between spin and momentum. It is worth emphasizing
that CSML is fundamentally and intrinsically different
from momentum-dependent spin splitting. In fact, spin
splitting is always momentum dependent in any kind of
materials as long as bands are not spin degenerate as in
FMs, ferrimagnets, and even nonmagnetic materials with
spin-orbit coupling or under external magnetic fields, and
even the sign of such spin splitting can also be opposite at
different momenta in these kinds of materials with suitable
orbitals and interaction strengths. On the contrary, CSML
can exist only in a perfect AFM or altermagnet but not any
other materials. CSML ensures exact compensation of spin
polarizations in momentum space and, hence, the exactly
zero net magnetization but cannot lead to the exact
cancellation of responses of spin-up and spin-down elec-
trons to external fields as strain and electric fields, and,
hence, CSML systems can have many FM-like responses
even though the total magnetization is indeed zero, which
fundamentally distinguishes from responses in ferrimag-
nets and canted AFMs. The differences among these
concepts seem small but critical in the rigorous discussions
of the novel properties of altermagnets.
With a focus on CSML, our work provides a unified and

rigorous framework and algorithm to understand unconven-
tional magnetism, which can be generally applied in all
unconventional magnetism independent of whether the
magnetic order is collinear and whether spin-orbit coupling
is considered and can be extended to all spinlike pseudo-
vector d.o.f. Although the number of all possible CSMLs
seems to be very large or even infinite, we demonstrated
that there are only 12 elementary kinds of CSMLs that can
be rigorously defined by the geometric relation of spins and
the essential symmetry guaranteeing the zero net magneti-
zation. These 12 elementary kinds of CSMLs can capture
all the new physics due to CSMLs and can serve as building
blocks for all CSMLs. Our theory can easily and rigorously
clarify many controversial conclusions. For example, we
can conclude that a perfect altermagnet or CSML system
intrinsically forbids the anomalous Hall effect, since Berry
curvature follows the same rules as magnetization under
symmetry operations, while the anomalous Hall effect
can be induced by breaking the symmetry that leads to
CSML via external strain or magnetic fields or internal
Dzyaloshinskii-Moriya interaction, which effectively intro-
duce a net magnetization and, hence, drive a perfect CSML
system or altermagnet to a canted AFM or a ferrimagnet
even though the net magnetization might be vanishingly
small and does not contribute to the Berry curvature.
Moreover, based on our theory, many new phenomena
and properties of CSML materials can be predicted
and understood, such as piezo-Hall effect, valley Hall
effect, piezomagnetoelectric effect, and multiferroic effect,
which can be experimentally verified and have potential
applications in spintronics and valleytronics. The predicted

142 CSML materials as listed in Supplemental Material
[49] and their properties will provide experimentalists more
material platforms and may become a new research frontier
in the field of magnetism, materials sciences, and con-
densed matter physics.
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