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Magnetic chirality
Sang-Wook Cheong 1✉ and Xianghan Xu 1

Chirality with all broken mirror symmetries matters ubiquitously from DNA functionality, vine climbing, to the piezoelectricity of
quartz crystals. Magnetic chirality means chirality in spin-ordered states or (atomic-scale or mesoscopic) spin textures. Magnetic
chirality does not change with time-reversal operation, and chirality prime (C0) means that time-reversal symmetry in addition to all
mirror symmetries is broken with free spatial rotations. We will discuss a few examples of magnetic chirality and C0, and their
emergent physical properties. Some of these exotic properties have been recently observed, and many of them need to be
experimentally confirmed.
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INTRODUCTION
Chirality refers to the situation where an object and its mirror
image cannot overlap to each other by spatial rotation and
translation, i.e., all mirror symmetries are broken (or absent) in the
object even if any spatial rotation and translation are freely
allowed. Our hands are one of the most recognized examples of
chirality: the left hand is a nonsuperimposable mirror image of the
right hand, even if any spatial rotation and translation are freely
allowed. In addition, chirality in steady states has preserved time-
reversal symmetry; in other words, left-type chiral objects remain
to be left-type under time-reversal symmetry operation. Magnetic
chirality means chirality in spin-ordered states or (atomic-scale or
mesoscopic) spin textures. Often, magnetic chirality occurs in
centrosymmetric magnetic sublattices while their crystallographic
lattices are chiral, but not always. For example, helical spin states
in rare-earth metals, YMn6Sn6, GdRu2Si2, or Gd3Ru4Al12 with
centrosymmetric crystallographic lattices have magnetic chiral-
ity1–4. Examples of “magnetic chirality occurs in centrosymmetric
magnetic sublattices while their crystallographic lattices are chiral”
include Fe langasite (Ba3NbFe3Si2O14)5, Cr1/3TaS26, and Co-/Mn-
doped Ni3TeO6

7,8. Examples of “magnetic chirality occurs in chiral
magnetic sublattices when their crystallographic lattices are also
chiral” include helical spin states or skyrmion states in B20-
structure compounds such as MnSi9. Emphasize that magnetic
chirality does not change under time reversal. We call chirality
prime (chirality′ or C0) when all of mirror and time-reversal
symmetries are broken even if any spatial rotation is freely
allowed. It turns out that C0 does exhibit diagonal linear
magnetoelectricity10. Note that in this perspective, we use the
notations and concepts in ref. 10—C: chirality, P: polarization, a:
axiality (ferro-rotation), C0: chirality prime, P0: polarization prime
(linear momentum or magnetic toroidal moment), and a0: axiality
prime (magnetization).
Three exemplary spin textures with magnetic chirality, repre-

sented as C, are helical spin order, “toroidal moment + a canted
moment”, and “magnetic quadrupole moment + alternating
canted moments”10. Note that Bloch-type ferromagnetic walls are
chiral, but Neel-type ferromagnetic walls are achiral. Chirality of
“toroidal moment + a canted moment” and that of “magnetic
quadrupole moment + alternating canted moments” were first
discussed in Ref. 10, and “toroidal moment + a canted moment”
was experimentally discovered in BaCoSiO4 (magnetic point group

of 6)11, and “magnetic quadrupole moment + alternating canted
moments” was experimentally observed in Pb(TiO)Cu4(PO4)4 and
Er2Ge2O7

12,13. It turns out that circularly polarized light (including
X-ray) and vortex beams are, in fact, chiral (i.e., all mirror
symmetries with a combination of any spatial rotation are
broken—see below for comparison with linearly polarized light),
so they can couple with this magnetic chirality as well as
crystallographic chirality. Thus, any magnetic chiral systems
should have magnetic version of natural optical activity, circular
dichroism, etc. This was first proposed in ref. 14, and in fact, a
natural optical activity in a THz range has recently been observed
in the helical spin state of CuO with an achiral crystallographic
structure15. In addition, vortex beams, lights with orbital angular
momenta, should couple with either crystallographic chirality or
magnetic chirality, but these effects have never been studied. In
addition, both crystallographic chirality and magnetic chirality can
exhibit magnetochiral effects, i.e., directional nonreciprocal effects
along the magnetic-field directions in the presence of external
magnetic fields. Directional nonreciprocal spin waves in magnets
with helical spins (e.g., Er metal with centrosymmetric crystal-
lographic lattice) have been studied16, but no study of directional
nonreciprocal spin waves in “toroidal moment + a canted
moment” or “magnetic quadrupole moment + alternating canted
moments” has been reported.

CHIRALITY OF PHYSICAL OBJECTS, INCLUDING SPIN TEXTURES
We examine the chirality of many physical objects, including spin
textures, in terms of broken or unbroken mirror and time-reversal
symmetries in Fig. 1. Note that the spatial rotation is freely allowed
in all of the following discussions, e.g., a toroidal moment flips
under time reversal, but it can overlap itself by 180° rotation, so
we say that the toroidal spin order does not break time-reversal
symmetry in this perspective. (a) shows that linearly polarized light
is achiral since the mirror is not broken, but circularly polarized
light or vortex beams are chiral. We note that the standard spin
wave in a ferromagnet and also phonon that can induce a
magnetization along a direction perpendicular to the phonon
propagation has the symmetry of linearly polarized light, so they
are achiral, even though the terms of chiral phonon and chiral
magnon have been sometimes used mistakenly17,18. (b) shows
that the surface state of topological insulators is achiral (in fact, no
reason why it can be chiral since there is no structural chirality and
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also no frustrated interactions that can lead to magnetic chirality
there), even though the terms of chiral surface states or chiral
edge states are often used for topological materials incorrectly19.
(c) and (d) display cycloidal and helical spins, respectively. The
cycloidal spin order has a mirror symmetry perpendicular to the

propagation direction, therefore it is achiral, and has symmetry
operational similarity (SOS) with a polarization parallel to the
mirror plane14. The SOS means that an object has equal or lower,
but not higher symmetries, compared with a measurable such as
polarization. The helical spin order breaks all mirror symmetries.
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Meanwhile, it does not break time reversal. So, helical spin order
does show magnetic chirality. (e) and (f) show that a toroidal spin
order and type-I magnetic quadrupole without any canted
moment have mirror planes parallel to all spins, so they are
achiral. (g) and (j) show that toroidal spin order with alternating
canted moments and type-I magnetic quadrupole with a canted
moment still have mirror symmetry perpendicular to the screen,
so they are still achiral. (h) A toroidal spin order with a canted
moment breaks all mirror symmetries, but does not break time
reversal. Therefore, it holds magnetic chirality, and has been
observed in BaCoSiO4

11. Type-I magnetic quadrupole with
alternating canted moments shown in (i) also holds magnetic
chirality. (k) and (l) represent type-II magnetic quadrupoles with
alternating canted moments and that with a canted moment,
respectively, and none of them are chiral. (m) shows that a Bloch-
type skyrmion has magnetic chirality, while an antiskyrmion
shown in (n) has mirror symmetry perpendicular to the screen, so
it is achiral. (o), (p), (q), and (r) represent magnetic monopole,
magnetic monopole with alternating canted moments, magnetic
monopole with a canted moment, and Neel-type skyrmion,
respectively. None of them have mirror symmetries, however,
they are not chiral since they all have broken time reversal.
Instead, they are chiral′ (C0). This discussion brings up a number of
important observations. It turns out that Bloch-type skyrmions
have magnetic chirality, even though Neel-type skyrmions are
achiral. Thus, Bloch-type skyrmions in magnetic fields can exhibit
directional nonreciprocity, which has been reported20–22. Anti-
skyrmions are neither C nor C0, which is consistent with the fact
that anti-skyrmions are not observed in structurally chiral
materials. Moreover, it turns out that among all canted-moment
or alternating-canted-moment type-I or -II magnetic quadrupoles,
only type-I magnetic quadrupole with alternating canted
moments is chiral. Materials with magnetic quadrupoles include
Pb(TiO)Cu4(PO4)4 and Er2Ge2O7

12,13. They both have chiral crystal-
lographic structures and complicated magnetic sublattices. It turns
out that their complex magnetic structures can be treated as a
combination of type-I and -II quadrupoles, both with alternating
canted moments, and the intriguing magnetoelectric properties of
Pb(TiO)Cu4(PO4)4 can be neatly explained by the magnetic
chirality of the type-I quadrupole with alternating canted
moments (see below). Notably, the chirality from alternating-
canted-moment type-I quadrupoles is invariant among different
clusters within one unit cell, which guarantees the single magnetic
chirality of the whole spin state, fixed by the overall crystal-
lographic chirality. Note that the relevant magnetoelectric proper-
ties of Er2Ge2O7 have not been reported yet. These two examples
demonstrate that the symmetry-analysis strategy in the present
perspective can be successfully applied to even extremely
complicated magnetic states.

MATERIALS WITH CHIRALITY
A structural chirality may lead to a magnetic chirality. Some
reported magnetic compounds with chiral crystallographic
lattices are reviewed. Fe langasite (Ba3NbFe3Si2O14) forms in a

chiral crystallographic lattice with centrosymmetric magnetic
sublattice, and its magnetic ground state is a helical spin order5.
Its magnetochiral effect, i.e., directional nonreciprocal spin-wave
propagation in magnetic fields, has been observed23. RENi3(Al,
Ga)9 (RE= rare earths) has chiral crystallographic lattice and
centrosymmetric magnetic sublattice24. Although it is a candi-
date for magnetic chirality, the magnetic structure is not clear
yet25. Some compounds with B20 structure such as
Co7Zn7Mn626, MnSi9, MnGe27, Fe1−xCoxSi28, and Cu2OSeO3

29

have chiral crystallographic lattices, chiral magnetic lattices,
helical spin-ground states, and Bloch-type skyrmion state in
magnetic fields. Interestingly, it was reported that the helical
magnetic chirality can change for a fixed crystallographic
chirality when the Dzyaloshinskii–Moriya (DM) interaction sign
changes by doping in Co8−xFexZn8Mn4, Mn1−xFexGe, and Fe1
−xCoxGe30–33. Directional nonreciprocity has been observed in
the helical spin and Bloch-type skyrmion states of MnSi and
CuOSeO3

20–22. In the hexaoxotellurate family having chiral and
polar crystallographic lattice (space group R3), Ni3TeO6 has a
colinear antiferromagnetic ground state34, which is achiral.
However, the high-field magnetic state does exhibit magnetic
chirality35. With Mn/Co doping, incommensurate helical magnet-
ism occurs with magnetic chirality7,8. Ni2InSbO6 holds a cycloidal
spin order36, which is achiral. The crystallographic space groups,
magnetic point groups, chirality of magnetic sublattice, and the
type of spin texture of some of these compounds are
summarized in Supplementary Table 1.

ROTATIONAL PROPERTIES OF MAGNETIC CHIRALITY
Now, we discuss the spatial rotational properties of magnetic
chiral objects. Each of all four magnetic chiral objects that we have
discussed above has one well-defined direction (the z direction in
Fig. 1), along which a high rotational symmetry such as C4 or C2
exists, and this direction is called chiral axis for the sake of
convenience (chiral axis does not mean that it is chiral). Now,
2-fold rotational property along an axis in the plane perpendicular
to the chiral axis, varies: helical spin state has C2 along x or y,
“toroidal moment + a canted moment” has broken C2 along x or y,
“Type-I magnetic quadrupole moment + alternating canted
moments” has broken C2 along x or y, but unbroken C2 along xy
or yx, and a Bloch-type skyrmion has broken C2 along x or y.
Optical activities with circularly polarized light or vortex beams
require broken {M,M⊗R,I⊗T} (note that the symbol ⊗ means a
combination of two consecutive symmetry operations, see Ref. 14

for definitions of others), so among 1D objects, they can couple
with C and a010. Therefore, magnetic chirality can exhibit optical
activities. However, if magnetic chirality is fixed by crystallographic
chirality, then inverse Faraday effect cannot induce flipping
between two types of magnetic chiral domains. Thus, flipping
between two types of magnetic chiral domains through inverse
Faraday effect with circularly polarized light or vortex beams can
occur in magnetic chiral systems on centrosymmetric crystal-
lographic lattice such as rare-earth metals or YMn6Sn6 with helical
spin order or Gd2PdSi3 (centrosymmetric P6/mmm lattice) with

Fig. 1 Various spin textures and their symmetry properties. Blue and red arrows show spins and electric fields, respectively. Blue (red)
mirrors mean that the original and its mirror images can (cannot) overlap by spatial rotation. For each object in cyan boxes (o–r), the original
and its time reversal images cannot overlap by spatial rotation, so T is broken. T is not broken for the rest cases. Dashed green box means
chiral C, i.e., magnetically chiral (broken mirrors, and unbroken T). Dashed cyan box means chirality prime C0, i.e., diagonal linear
magnetoelectric (both mirror and T broken). a Linearly polarized light. b The topological surface state of topological insulator. c Cycloidal
spins, Neel-type ferromagnetic walls. d Helical spins, Bloch-type ferromagnetic walls. e Magnetic toroidal moment or magnetic vortex. f Type-I
magnetic quadrupole or magnetic anti-vortex. gMagnetic toroidal moment or magnetic vortex with alternating canted moments. h Magnetic
toroidal moment or magnetic vortex with a canted moment. i Type-I magnetic quadrupole with alternating canted moments. j Type-I
magnetic quadrupole with a canted moment. k Type-II magnetic quadrupole with alternating canted moments. l Type-II magnetic quadrupole
with a canted moment. m Bloch-type skyrmion. n Anti-skyrmion. o Magnetic monopole. p Magnetic monopole with alternating canted
moments. q Magnetic monopole with a canted moment r Neel-type skyrmion.
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helical spin order or magnetic bubbles in magnetic fields37. This
control of magnetic chirality with circularly polarized light or
vortex beams can be an exciting topic for future research.

EMERGENT PHYSICAL PHENOMENA BY MAGNETIC CHIRALITY
The SOS concept and dot products in ref. 10 are used in the
following discussion. A magnetic monopole does not have mirror
symmetry; however, it is C0, not C, because time reversal is also
broken and links mirror-reflected states. Materials having mag-
netic monopole ground states are very rare, and one example is
the A2 phase in hexagonal Lu(Fe,Mn)O3

38. As shown in Fig. 2a, a
magnetic monopole combined with a polarization P induces a
magnetization a0 parallel to the polarization, therefore, a magnetic
monopole is a diagonal linear magnetoelectric39. In fact, all C0
objects are supposed to be diagonal linear magnetoelectric.
Similarly, a magnetic toroidal moment P0 with crystallographic
chirality C results in a magnetization a0 too. In this case, the chiral
axis is perpendicular to the spin plane and parallel to the induced
magnetization. An example is that BaCoSiO4 shows a canted
moment in addition to toroidal moment and chiral crystal-
lographic lattice11. In fact, the “toroidal moment + a canted
moment” with magnetic chirality in BaCoSiO4 appears through
this self-consistent manner. A magnetically chiral helical spin order
C with the presence of a strain gradient P can create a spiral
magnetic superstructure with the characteristics of A shown in
Fig. 2b, and it has been observed in Cr1/3TaS240. The rotation
direction (i.e., clockwise vs. counterclockwise) of magnetic spiral

superstructure depends on the sign of strain gradient (Supple-
mentary Fig. 1). The left cartoon in Fig. 2c shows how polarization
(P) can be induced in type-I magnetic quadrupole by magnetic
field (H), these P and H result in a toroidal moment along z, and
crystallographic chirality combined with this toroidal moment
results in a magnetization a0 along z. These cartoons concisely
explain the complicated magnetoelectric behavior in Pb(TiO)
Cu4(PO4)4 and a similar magnetoelectric behavior is expected in
Er2Ge2O7 (four different configurations are shown in Supplemen-
tary Fig. 2). As shown in Fig. 2d, when a current P0

flowing
through crystallographic or magnetic chirality C, they create
magnetization a0. The magnetization can further induce a
polarization along the transverse direction through the off-
diagonal linear magnetoelectricity of the magnetic toroidal
component in Bloch-type skyrmions or “toroidal moment + a
canted moment”. This mechanism explains the origin of the so-
called topological anomalous Hall effect in conducting speci-
mens41. Both current and Bloch-type skyrmions (or “toroidal
moment + a canted moment”) have broken C2, and flipping either
of them would reverse the Hall signal sign (Supplementary Fig. 3).
In “toroidal moment + a canted moment” case, the flipping of
canted moment and/or current in different chiral domains gives
opposite Hall-like signal (Supplementary Fig. 4). In addition, the
right-hand-side SOS relationship in Fig. 2d leads to the off-
diagonal linear magnetoelectricity of toroidal moment in
insulating specimens. Properties such as scalar chirality= ∑Si•
(Sj × Sk), vector chirality= ∑Si × Sj, and octupolar chirality= ∑Si ×
(Sj × Sk)= ∑[Sj(Sk•Si)−Sk(Si•Sj)] of “toroidal moment + a canted

Fig. 2 Emergent phenomena of various objects, mostly spin textures, in the presence of external perturbations. Green double arrows with
different thickness show a strain gradient. Other symbols have the same meaning as Fig. 1. a Magnetic monopole combined with polarization
and toroidal moment combined with crystallographic chirality result in magnetization. b Helical spin order in the xy plane under strain
gradient along z results in spiral magnetic superstructure. Blue and cyan arrows display spins with different directions. c The left cartoon
shows how polarization (P) can be induced in “Type-I magnetic quadrupole + alternating canted moments” by magnetic field (H). These
P and H result in a toroidal moment along z, and crystallographic chirality combined with this toroidal moment results in magnetization along
z, as shown in the right cartoon. d Electric current flow to chirality (crystallographic or magnetic chirality) produces magnetic field along the
current direction, and this magnetic field acting on the magnetic toroidal moments of skyrmions or “toroidal moment + a canted moment”
results in voltage gradient along the transverse direction, which is the origin of the so-called topological anomalous Hall effect in conducting
specimens. In addition, the right-hand-side SOS relationship leads to the off-diagonal linear magnetoelectricity of toroidal moment in
insulating specimens.
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moment” and “type-I magnetic quadrupole + alternatingly canted
moments” are summarized in Supplementary Table 2 and 3,
respectively. As shown in Supplementary Table 2, the scalar chirality
follows the canted moment in “toroidal moment + a canted
moment”. Interestingly, the octupolar chirality has a one-to-one
correspondence to the AHE signal. Note that the octupolar chirality,
however, becomes zero in the case of “toroidal moment+ a canted
moment” on a triangle, rather than a square. Supplementary Table
3 shows that scalar, vector, and octupolar chiralities are zero in
“Type-I magnetic quadrupole + alternating canted moments”, and
they do not account for the expected AHE signal.
Now, magnetic chirality can be controlled by using the

simultaneous presence of current and magnetic field. The
simultaneous presence of current and magnetic fields, is, in fact,
chiral since all mirror symmetries are broken without time reversal
breaking even if any spatial rotations are allowed, so the relative
sign of coexisting current and magnetic field favors energetically
one chirality versus the other chirality, so that it can control the
chirality of, for example, helical spin states42. Each of Bloch-type
skyrmion or magnetic bubble is chiral since all mirror symmetries
are broken without time-reversal breaking even if any spatial
rotations are allowed. However, Bloch-type skyrmions have mono
chirality and magnetic bubbles have random chirality. However,
our prediction is magnetic bubbles with mono chirality can be
induced using the simultaneous presence of current and
magnetic field along one direction, and the change of the relative
sign of coexisting current and magnetic field can induce the
chirality flipping. For example, Gd2PdSi3 can host magnetic
bubbles in magnetic fields, and the magnetic chirality of these
bubbles can be manipulated by the simultaneous presence of
current and magnetic field43,44.

MAGNETIC POINT GROUPS WITH CHIRALITY OR CHIRALITY
PRIME
Finally, we provide general notes on chirality in terms of magnetic
point groups. First, note that in the four C0 cases in Fig. 1o–r
having broken T with free spatial rotations, both T and I result in
the same state, so I⊗T is unbroken with free spatial rotations – we
call this kind as type I C0. We can also have magnetic states with all
broken mirrors, T and I⊗T symmetries with free spatial rotations,
are coined as type II C0. Examples include magnetic point groups
such as 1, 2, 3, 4, 6, 23, 32, 222, 422, 622, and 432. These type-II C0
magnetic point groups, in addition to the C magnetic point
groups, are usually considered as a part of chiral point groups, and
do have lower symmetries than C and also C0 (i.e., SOS with C and
also C0), so they exhibit all of diagonal linear magnetoelectricity,
optical activity, and directional nonreciprocity along the magnetic
field direction in magnetic fields. 1

0
, 4

0
,3

0
m′, and m′m′2 are

examples of the type-I C0 magnetic point group and the C
magnetic point groups include 2′, 4′, 6′, 32′, 11′, 21′, 31′, 321′, 231′,
61′, 2221′, 4221′, 6221′, 6′22′, 4321′, and 4′32′.

SUMMARY
In summary, magnetic chirality refers to atomic-scale or meso-
scopic spin textures with all broken mirror symmetries and
preserved time-reversal symmetry, and it provides a great
platform to study cross-coupled ferroic orders, magnetic optical
activities, and topological transport properties. Four types of
magnetic chirality have been identified: (1) helical spin order, (2)
“toroidal moment + a canted moment”, (3) “Type-I magnetic
quadrupole moment + alternating canted moments”, and (4)
Bloch-type skyrmions. To search for new candidates for magnetic
chirality, various ingredients need to be considered: canted spins
through the DM interaction are necessary for the type-(2) and
type-(3) magnetic chiralities, and magnetic frustration can also

provide opportunities for noncolinear spin orders such as helical
spin order, magnetic toroidicity, and magnetic quadrupoles.
Numerous new experiments and emergent properties associated
with magnetic chirality are proposed/predicted, for example, (a)
natural optical activities associated with magnetic chirality need to
be further explored, and circular dichroism due to magnetic
chirality, especially in the cases without bulk net magnetic
moment, needs to be studied, (b) magnetochiral effects (i.e., the
directional nonreciprocity in the presence of external magnetic
fields) of “toroidal moment + a canted moment” and “Type-I
magnetic quadrupole moment + alternating canted moments”
need to be investigated, (c) the true magnetic ground state of
some compounds with chiral crystallographic lattices, especially
triangular lattices, should be carefully re-examined—an example is
RENi3(Al,Ga)9, (d) magnetoelectric properties of Er2Ge2O7 need to
be studied, (e) the magnetic chirality of helical spin states in
centrosymmetric crystallographic lattices can be controlled by
circularly polarized light or vortex beams, (f) how vortex beams
with orbital angular momentum can couple with either crystal-
lographic chirality or magnetic chirality can be an exciting future
research topic, (g) magnetic bubbles with mono chirality can be
induced using the coexisting current and magnetic field along
one direction, etc. Note that our discussion has been focused
on broken symmetries, and the magnitudes of the resulting
effects or coupling strengths cannot be estimated from
symmetry consideration without understanding the microscopic
mechanism. Anyhow, magnetic chirality is a crisp concept for the
exploration of the new emergent physical phenomena in complex
magnetic systems.
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