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Broken symmetries, non-reciprocity, and multiferroicity
Sang-Wook Cheong1, Diyar Talbayev2, Valery Kiryukhin1 and Avadh Saxena3

The interplay of space and time symmetries, ferroic properties, chirality and notions of reciprocity determines many of the
technologically important properties of materials such as optical diode effect, e.g., in polar ferromagnet FeZnMo3O8. We illustrate
these concepts, including the non-reciprocal directional dichroism, through a number of practical examples. In particular, the
conditions for non-reciprocity of ferro-rotational order are discussed and the possible use of linear optical gyration is suggested as a
way to detect ferro-rotational domains. In addition, we provide the means to achieve high-temperature optical diode effect and
elucidate multiferroic behaviors as a result of helical vs. cycloidal spins. Finally, we identify different entities behaving similarly
under all symmetry operations, which are useful to understand non-reciprocity and multiferroicity in various materials intuitively.
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When the motion of an object in one direction is different from
that in the opposite direction, it is called a non-reciprocal effect.1

The object can be an electron, a phonon (lattice wave), a magnon
(spin wave), or light in crystalline solids, and the best known
example is that of non-reciprocal charge transport (i.e., diode)
effects in p–n junctions, where a built-in electric field (E) breaks
the directional symmetry. The polarization (P) of ferroelectrics can
also act like the built-in electric field, so bulk ferroelectric diode
(and photovoltaic) effects can be realized.2 Certainly, both E and P
are polar vectors, and behave identically under various symmetry
considerations. In addition to p–n junctions, numerous technolo-
gical devices such as optical isolators, spin current diodes or
metamaterials utilize non-reciprocal effects. In this perspective, we
will discuss how non-reciprocal effects can arise from broken
symmetries in various crystalline materials, especially multiferroics.
Multiferroics are materials where ferroelectric and magnetic

orders coexist, and space inversion and time reversal symmetries
are simultaneously broken.3 Thus, multiferroics are often good
candidates for non-reciprocal effects. Magnetic order naturally
breaks time reversal symmetry, and a magnetic lattice, combined
with a crystallographic lattice, can break space inversion
symmetry, leading to multiferroicity, called magnetism-driven
ferroelectricity. In this perspective, two types of magnetism-driven
ferroelectricity will also be considered in terms of various
symmetries.
Symmetry governs physics, in particular a broken symmetry

leads to a phase transition. (ref. 4 and references therein). There
are five important symmetries relevant to crystalline materials,
namely translational, rotational, mirror reflection, space inversion
and time reversal. Note that these symmetries are not completely
independent; for example, space inversion operation is equivalent
to a 180° rotation about the vertical axis plus a mirror reflection
about the horizontal mirror plane. Full theoretical descriptions and
classifications of all crystalline materials and also the requirement
for non-reciprocity in crystalline materials in terms of symmetry
are well documented in literature,5,6 but in this perspective, we
will limit our discussion to the central cases most relevant to
experiments. Depending on the space inversion and time reversal

symmetries, ferroics with a vector order parameter can be divided
in four distinct categories as depicted in Fig. 1. The more familiar
ferroelectric materials are characterized by electric polarization (P,
a polar vector) as an order parameter, which is invariant under
time reversal but changes sign under space inversion. Similarly,
the well-known ferromagnetic materials are described by magne-
tization (M, an axial vector) as an order parameter, which is
invariant under space inversion but changes sign under time
reversal. Time reversal is equivalent to changing the direction of
the current in the loop in Fig. 1, which is tantamount to reversing
the magnetization ref. 7 and references therein. There are two
more possibilities, one of which includes materials with an order
parameter that changes sign under both the space inversion and
time reversal operations. Such materials are termed ferro-toroidal
in which magnetization vectors M (or spins) are arranged in a
closed loop with radius r.8–12 The order parameter is called
toroidization (or ferro-toroidal moment) T= r ×M. In fact, such an
order parameter also relates to magnetoelectricity as we can also
write T= P ×M since P= qr with q being the charge that creates
polarization P. Toroidization or toroidal moment can arise due to
the ordering of magnetic vortices in a material. Note that not all
material properties that change sign under time reversal and
spatial inversion are ferro-toroidal. An example is Cr2O3, which is
not ferro-toroidal but is described by a pseudo-scalar order
parameter, which is time-reversal odd. In this context, the electric
dipole transition can also be probed by one-photon experiments
such as gyrotropic birefringence and the associated optical
magnetoelectric effect, in contrast to second harmonic generation
which is a two-photon process.13

For the other possibility, we can imagine an ordering of polar
vortices described by an order parameter (or ferro-rotation
moment) R= r × P (Fig. 1).10,14 However, this order parameter
remains invariant under both space inversion and time reversal
(although other symmetries such as a mirror reflection can be
broken in this case). Such materials are termed ferro-rotational in
this perspective and can be realized in, e.g., structural distortions
with oxygen cage rotations or nano-structured materials.14 This
“ferro-rotational” order is sometimes called “electric ferro-toroidal”
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or “ferro-axial” order, since r × P is an axial vector (i.e., it does not
change its sign under space inversion; alternatively, it is a cross
product of two polar vectors). The dot product of a polar vector
with an axial vector (e.g., E.B) results in a pseudo-scalar. Note that
the change of these ferroic order parameters under translation,
spatial rotation, and mirror reflection operations is rather
straightforward; for example, ferro-rotational moment changes
its sign under reflection on the mirror along the moment
direction, while ferro-toroidal moment remains invariant under
the same operation.
Time derivative of a magnetic field and curl (or rotational

derivative) of an electric field (dB/dt ∝ ∇ × E) as well as magnetic
monopole current represent additional examples of ferro-
rotational order, and can serve as conjugate fields to r × P.
Similarly, velocity (dr/dt), rotational derivative of a magnetic field
(∇ × B) and time derivative of an electric field (dE/dt) exhibit the
symmetries of ferro-toroidal order, and can serve as conjugate
fields to r ×M or P ×M. To paraphrase, physical quantities with
similarly broken symmetries can couple to each other: An electric
current, producing ∇ × B, can couple to ferro-toroidal order, and a
time-varying magnetic field, producing ∇ × E, can couple to ferro-
rotational order. Magnetic monopole current (but not spin
current), producing ∇ × E, can also couple to ferro-rotational
order. Interestingly, any velocity (e.g., that of electrons, phonons,
spin waves, light, etc.), changing its sign under either space
inversion or time reversal, can in principle couple to ferro-toroidal
order. The presence of such coupling implies that the coupled
physical quantities can be used to experimentally detect domains
associated with a specific ferroic order.15,16 In addition, the
coupled quantities can in principle have non-reciprocal effects.17

For example, an electric current along the ferro-toroidal moment
direction in materials with ferro-toroidal order can exhibit a non-
reciprocal effect.
Note that the order parameter characterizing ferroelastic

materials, i.e., strain, is a polar rank-2 tensor and thus does not
belong to the vector order parameters described in Fig. 1.4,7,18

Here, neither space inversion nor time reversal symmetry is
broken, but the rotational symmetry is broken. For instance, in a
cubic to tetragonal transition the three-fold rotational symmetry is
lost.4 Polar tensors relate vectors of the same type. More generally,
tensors resulting from the product of an odd number of axial
vectors with any number of polar vectors are called axial tensors.
Optical gyration in certain crystals is an example of an axial tensor.

One can generalize the vector-table in Fig. 1 to rank-2 (and higher
rank) tensors.
Chirality is the property of any three-dimensional object that

cannot be superimposed with its mirror image, so handedness can
be defined for a chiral object. Chirality is ubiquitous in nature, and
it underpins many physical phenomena, such as optical activity.
For the sake of simplicity, we will use “chirality” for proper screw-
type “crystallographic or structural” distortions in this perspective.
Crystals with chiral structure often consist of both left-handed and
right-handed domains. For example, quartz forms in a chiral
structure and the so-called Brazil twins consist of left-handed and
right-handed domains.19 In chiral Ni3TeO6, three left-handed and
three right-handed domains merge at one point, leading to an
intriguing radiation-warning-sign pattern in a hexagonal-shape
crystal.20 Chirality changes its handedness under space inversion,
but remains intact under time reversal, similar to what happens
with polarization in terms of invariance. However, for example,
under mirror operations, chirality and polarization can behave
differently.
Another interesting observation is the following: Under space

inversion, “helical (proper screw type) spins” and “cycloidal spins”
change their handedness or sense of rotation, but they do not
change handedness or sense of rotation under time reversal. In
fact, it turns out that under all five-type symmetry operations,
“helical spins” and “cycloidal spins” can behave similarly like
chirality and polarization in terms of invariance (whether it
changes or is invariant), respectively. This is why cycloidal spins,
but not helical spins alone, can lead to polarization in magnetism-
driven ferroelectrics. In addition, as we will discuss below, “helical
spins, combined with M (or B) [i.e., helical spins ⊗ M (or B)]” and
“conical spins” can behave similar to “chirality ⊗ M (or B)” in terms
of non-reciprocity.
Various shells exhibit ferro-rotational or chiral characteristics.

Ancient mollusk shells such as nautilus (living fossil) and
ammonites have planar spiral (rotational) shells (Fig. 2a), but most
of the modern snail shells do exhibit either left or right chirality
(Fig. 2b), which probably stems from the evolutionary stability of
chiral structure. Interestingly, snail shells with right chirality (right-
handed shells) turn out to be much more common (about 90%)
than those with left chirality. A large number of crystals do exhibit
ferro-rotational characteristics, and often transform from a
symmetric phase to a ferro-rotational phase.21–25 For example,
the room-temperature structure (space group P 3m1) of RbFe
(MoO4)2 is built of FeO6 octahedra sharing vertices with MoO4

tetrahedra, which form layers arranged perpendicular to the c axis
with Rb atoms occupying the interlayer space, and it undergoes a
phase transition with polyhedral rotations below 190 K (to space
group P 3) with clockwise (left panel) or counterclockwise (right
panel) ferro-rotational order (leading to ferro-rotational domains,
Fig. 2b).22,23,26–28 It has been theoretically predicted that
nanostructures of ferroelectrics can exhibit ferro-rotations of local
electric dipoles.14 Indeed, the so-called polar vortices have been
reported in a nanoscale-layered PbTiO3/SrTiO3 superstructure,29

even though their real structure is likely a chiral structure, rather
than a ferro-rotational structure (Fig. 2c). Numerous patterns that
we face every day do exhibit (ferro-)rotational characteristics. For
example, the yin-yang symbol can have either a clockwise or a
counterclockwise rotational pattern (Fig. 2d). We call the right-
(left-) panel pattern in Fig. 2d as yin (yang): yin (yang) is a mirror
image of yang (yin) for a mirror perpendicular to the (ferro-)
rotational plane, and yin and yang can be mutually converted to
each other by a spatial rotation (i.e., yin and yang are topologically
identical). Recall that neither space inversion nor time reversal is
broken by (ferro-)rotation.
RbFe(MoO4)2 with S= 5/2 Fe3+ ions is a quasi-2D triangular

antiferromagnet with weak XY anisotropy in the ab plane.27 The
120˚ spin order occurs in the ab plane below 3.8 K, and rotates in a
helical manner among neighboring layers with an
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Fig. 1 Ferroics with vector order parameters. This table summarizes
how vector order parameters change their signs under space
inversion and time reversal symmetry operations. Note that space
inversion and time reversal symmetries are not broken in ferro-
rotational order, while both of them are broken in ferro-toroidal
order. Ferro-rotational order is sometimes called ferro-axial or
electric ferro-toroidal order
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incommensurate propagation vector qz≈0.44.
28 It turns out that

“ferro-rotation ⊗ helical spins” with a common axis do behave
similar to polarization along the axis direction under all five
symmetry operations in terms of invariance. Indeed, the
appearance of polarization along the c axis below 3.8 K has been
experimentally observed. This again confirms the beauty as well as
the power of symmetry considerations.
An object moving (with linear momentum or wave vector of k)

along one direction is reciprocal if the object moving along the
opposite direction can be obtained through one or more
consecutive operation(s) of the five symmetries (translational,
rotational, mirror reflection, space inversion and time reversal).
This object can be a particle or a quasi-particle in crystalline solids,
including an electron, a hole, a phonon, a magnon or light. Note
that we discuss first the objects with only linear momentum or
wavevector without angular momentum (for example un-
polarized light). First, we consider a ferromagnet: space inversion
connects reciprocal situations for an object moving along
magnetization (or the applied magnetic field) direction, so this
case is reciprocal (Fig. 3a). For a chiral material, a simple spatial
rotation (or time reversal) connects reciprocal situations for an
object moving along the chiral crystallographic axis, so this case is
also reciprocal (Fig. 3b). Note that for example, a right screw (a

chiral object) always remains to be a right screw with any spatial
rotation. However, an object moving along the chiral axis is non-
reciprocal if the chiral material is ferromagnetic with magnetiza-
tion (M) along the chiral axis or when a magnetic field (B) is
applied along the chiral axis, since two relevant reciprocal
situations cannot be linked by any one or combination of five
symmetry operations (Fig. 3c). On the other hand, chirality,
combined with P (or E) along the chiral axis, is still reciprocal, since
time reversal still connects two reciprocal situations. Note that
chirality with magnetization along the chiral axis or when a
magnetic field is applied along the chiral axis, i.e., “chirality ⊗ M
(or B)”, behaves similar to a velocity (or linear momentum,
wavevector) along the chiral axis under space inversion and time
reversal (in fact, under all five symmetry operations) in terms of
invariance. Similarly, an object moving along the ferro-toroidal
vector direction (the P ×M direction) is non-reciprocal, since two
relevant reciprocal situations cannot be connected by any one or
combination of symmetry operations (Fig. 3d). On the other hand,
all cases of k || P || M, k ⊥ P || M, k || P ⊥ M, and k || M ⊥ P are
reciprocal, since two relevant reciprocal situations can be linked
by symmetry operations (see Supplementary Information, Fig. S1).
Carbon nanotubes are chiral molecular objects (chiral axis

matches with the tube axis), and the charge transport through
individual single-walled carbon nanotubes in the presence of a
magnetic field parallel to the tube axis turns out to be direction-
dependent: resistance along one tube-axis direction changes by
about 0.3% at 1.5 K when the orientation of magnetic field of 14
tesla along the tube axis is switched by 180°.30 This direction-
dependent magnetoresistance is called electrical magneto-chiral
anisotropy, and is consistent with our discussion of Fig. 3c. Note
that quasi-equilibrium states with drift velocities are relevant to
these magneto-chiral anisotropy effects, p–n junction diode
effects, as well as ferroelectric diode effects (see Supplementary
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Fig. 2 a Shells with rotational (left panel), left chiral (middle panel),
and right chiral (right panel) order (photos taken at the Oxford
University Museum of Natural History). b Ferro-polyhedral rotations
in the RbFe(MoO4)2 structure viewed along the c axis: no polyhedral
rotation at room temperature, and polyhedral rotation in two types
of ferro-rotational domains below 190 K (space group P 3) with
clockwise (left panel) or counterclockwise (right panel) ferro-
rotational order. c Clockwise (left panel) and counterclockwise (right
panel) ferro-rotations of local electric dipoles in a PbTiO3/SrTiO3
superstructure. d Clockwise (Yin, left panel) and counterclockwise
(Yang, right panel) ferro-rotations in the yin-yang symbol). Empha-
size that neither space inversion nor time reversal is broken by ferro-
rotation
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Fig. 3 Reciprocity and symmetry operations. a Space inversion links
reciprocal situations for an object moving along magnetization or
the applied magnetic field direction, so this case is reciprocal. b A
simple spatial rotation (or time reversal) connects reciprocal
situations for an object moving along the chiral axis, so this case
is also reciprocal. c However, an object moving along the chiral axis
is non-reciprocal if the chiral system is ferromagnetic with
magnetization (M) along the chiral axis or when a magnetic field
is applied along the chiral axis, since two relevant reciprocal
situations cannot be related by any one or combination of
symmetry operations. d Similarly, an object moving along the
ferro-toroidal vector direction (P ×M direction) is non-reciprocal,
since two relevant reciprocal situations cannot be linked by
symmetry operations
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Information, Fig. S2). In this perspective, we are mainly concerned
with (quasi-)equilibrium phenomena. We defer the discussion of
non-equilibrium phenomena and related Onsager reciprocity
relations to future investigations.
In magnetic materials, elementary excitations are magnons

(spin waves). These quasiparticles are actively studied as spin
current carriers for potential applications in spintronics, where the
spin current serves as a Joule-heating-free alternative to an
electric current. Nonreciprocal magnonic effects could potentially
be used for creating new types of spintronic devices, such as spin
current diodes. The chiral ferromagnet concept shown in Fig. 3c
provides an important example of a system with non-reciprocal
magnons. The chirality in this figure can be a pure crystallographic
chirality or due to helical spins. As discussed earlier, structural
chirality and helical spins act similarly under all five-symmetry
operations in terms of invariance. A classic example of such a
purely magnetic system (helical spins ⊗ M) is the conical state in
metal erbium, in which the spins rotate around the net magnetic
moment pointing along the c axis. There, the dispersion curves for
the magnons propagating in the+ c and –c directions show
significant differences over a wide wavevector range.31 For
spintronic applications, however, collinear ferromagnetic insula-
tors are more relevant. Recent observation of nonreciprocal
magnons in Cu2OSeO3 provides a good example of such a system.
Cu2OSeO3 exhibits a chiral crystal structure, as well as a collinear
ferromagnetic state in a weak applied magnetic field. Nonreci-
procal effects are observed32 when the magnetization is aligned
with the chiral crystallographic axis, in full agreement with the
scenario shown in Fig. 3c. This example points to an important
advantage of the magnonic effects. Magnetic field is a strong
control tool for these effects because it couples to the magnons
directly. In the chiral ferromagnet example, the non-reciprocal
effects can be switched on and off by rotating the magnetization
direction, which can be achieved readily. More complex magnetic
systems provide an even more fertile ground for non-trivial
magnon/light propagation effects. Recent examples include
magneto-chiral dichroism in Ba2CoGe2O7,

33 as well as the opposite
spontaneous magnonic Faraday rotation of the counter-
propagating spin waves in α-Cu2V2O7.

34

For observations of non-reciprocal effects in optics, one
introduces the concept of non-reciprocal directional anisotropy
that distinguishes between the two opposite propagation
directions and does not depend on the polarization of light (in
general, spin or orbital angular momentum).1,6 Thus, the non-
reciprocal directional anisotropy is more narrowly defined than
general non-reciprocity, e.g., it excludes the Faraday effect (see
Supplementary Information). The experimental manifestations of
the non-reciprocal directional anisotropy are the non-reciprocal
directional dichroism and the non-reciprocal directional birefrin-
gence, which are related by the Kramers-Kronig transformation.
The non-reciprocal directional dichroism refers to the difference in
the absorption coefficient for counter-propagating light beams,
while the non-reciprocal directional birefringence denotes the
difference in the real part of the refractive index in the same
situation. To observe the non-reciprocal directional anisotropy
experimentally, there must exist a symmetry operator that is
responsible for changing the sign of one relevant property tensor,
resulting in the change of the phase of induced polarization P(ω,k)
and magnetization M(ω,k), while the other property tensor
remains unchanged. An intuitive example is the case of a chiral
ferromagnet, where both optical activity and Faraday effect may
manifest. Each effect can be described by its own gyration vector
(denoted here as ~G for optical activity and ~M for Faraday effect)
and written in the form ~D / iε0ð~Gþ ~MÞ ´~E, where the cross
product on the right can always be represented by the product of
an antisymmetric tensor ½GþM� with ~E. Of the two parts of the
tensor, Mchanges sign and G does not when the magnetization is

reversed, leading to polarization-independent directional
anisotropy.
In practice, the non-reciprocal directional birefringence results

in a different phase of light propagating in the opposite direction,
which is not easily observed. Thus, the directional anisotropy is
most readily detected via the non-reciprocal directional dichroism
in absorbing media.1 We use the term optical diode effect (ODE)
to denote the directional dichroism. Let the matrix tij connect the
incident and transmitted electric field of the light wave via Etx ¼
txxEix þ txyEiy and Ety ¼ tyxEix þ tyyEiy , where Eix and Eiy are the
orthogonal components of the incident photon field. The ODE can
be measured as the ratio of transmitted intensities
txxðþkÞj j2= txxð�kÞj j2 (or tyyðþkÞ�

�
�
�
2
= tyyð�kÞ�
�

�
�
2
) along the +k and

–k directions. This definition excludes the non-reciprocity due to
the Faraday effect and obeys all of the symmetry considerations
discussed in this perspective and illustrated in Fig. 3.
As an example, we consider the THz ODE in polar ferro-

magnet35–37 FeZnMo3O8, where it results from the presence of the
toroidal vector T= P ×M when light propagates along T (k||T, Fig.
5). Crystallographic c axis represents the polar direction P. The
toroidal vector develops as magnetic field B is applied perpendi-
cular to the c axis [see Supplementary information for details].
Figure 5a displays the observation of the giant THz ODE in
FeZnMo3O8 measured as the ratio of transmitted intensities for
positive and negative applied magnetic field B, which is identical
to the measurement with positive and negative k from the broken
symmetry standpoint. The incident light is linearly polarized with
electric field Ei along the c axis. In zero field, the resonance at
1.27 THz corresponds to a spin excitation across the anisotropy
gap,37 Fig. 5a. Remarkably, as magnetic field is applied perpendi-
cular to the c axis, this spin resonance loses strength and
disappears for negative B, while it gains significant strength for
positive B. The crystal becomes completely transparent for light
traveling in one direction and completely opaque in the opposite
propagation direction, with the ratio txxðþkÞj j2= txxð�kÞj j2in excess
of 100. We find significant ODE at 110 K, a much higher
temperature than the Curie temperature of the material TC=
14 K, Fig. 5b. All prior observations of THz ODE in magnetoelectric
multiferroics were in a magnetic state with long-range order, often
at very low temperatures.38–41 In FeZnMo3O8, the ODE remains
strong in the high temperature paramagnetic state without
magnetic order because it occurs at the frequency of the
anisotropy gap excitation governed by the single-ion magnetic
and magnetoelectric Hamiltonian. These interactions open up a
promising avenue in the search for high-temperature (especially
room-temperature) ODE in other paramagnetic crystals.37

A large number of compounds form in the non-polar but ferro-
rotational crystallographic structure whose point symmetry can be
one of 1, 2/m, 3, 4, 6, 4/m, and 6/m.24 Examples include NaBi
(MoO4)2 (I41/a, belonging to 4 /m, above 241 K),42 PbMoO4 (I41/
a),43 Cu3Nb2O8 (P 1),24 CaMn7O12 (R 3 below 440 K),25 and RbFe
(MoO4)2 (P 3 below 190 K).22,26 As we discussed earlier, dB/dt or
the monopole current can be a conjugate field for the ferro-
rotational order, but appropriate experimental realizations of the
coupling effects are not evident. For example, many of the ferro-
rotational compounds undergo a phase transition from a
symmetric phase to a ferro-rotational phase, so clockwise and
counterclockwise ferro-rotational domains should exist, but have
not been observed yet, as far as we know.
Various cases for (non-)reciprocity in ferro-rotational order are

depicted in Fig. 4. Time reversal connects reciprocal situations for
an object moving along the ferro-rotational axis, so this case is
reciprocal (Fig. 4a). Adding polarization or an electric field along
the ferro-rotational axis does not change the situation. When we
add magnetization or a magnetic field along the ferro-rotational
axis, the connecting symmetry simply changes from time reversal
to a mirror reflection, so this case is still reciprocal. However, ferro-
rotational order with simultaneous presence of P (or E) and M (or
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B) along the ferro-rotational axis can now exhibit a non-reciprocal
effect, since no symmetry links the two reciprocal situations. In
fact, the simultaneous presence of ferro-rotation and polarization
along the ferro-rotation axis, behaves similar to chirality under all
of the five symmetry operations. Thus, ferro-rotation, combined
with P (or E) and also M (or B) along the ferro-rotational axis, just
like chirality combined with M (or B) along the chirality axis, can
show non-reciprocity. Therefore, a non-reciprocal effect can exist
in a single domain of ferro-rotational order in the simultaneous
presence of P (or E) and M (or B) along the ferro-rotational axis,
and ferro-rotational domains can be detected in the simultaneous
presence of P (or E) and M (or B). Note that under space inversion
and time reversal operations, all non-reciprocal cases of Figs. 3c, d
and 4c act like velocity (or linear momentum, wavevector), i.e., it
changes their character under either space inversion or time
reversal, which is the origin of non-reciprocity in all three cases (in
fact, this argument works for all symmetry operations). Note also
that chirality induces optical activity, i.e., the rotation of the
polarization direction of linearly polarized light when the light
travels through a chiral material. Similarly, ferro-rotation with P (or
E) can induce optical activity. In fact, it is known that the optical
activity of a ferro-rotational material such as NaBi(MoO4)2 and
PbMoO4 increases linearly with an applied electric field, which is
known as linear gyration. In principle, this linear gyration can be
utilized to observe ferro-rotational domains.

So far, we have discussed mostly the motion of objects without
angular momentum, such as un-polarized or linearly polarized
light. The symmetry approach works, of course, when angular
momentum or the circular polarization is added. This significantly
increases the range of the possible nonreciprocal effects.
Circularly-polarized light possesses spin angular momentum. In
addition, a vortex beam of light or electrons is twisted like a screw
around its axis of travel, and has orbital angular momentum. An
object with angular momentum propagating, for example, along
the ferro-rotational (or chiral) axis is reciprocal, since two
reciprocal situations can be related through time reversal. For
this reason, the optical activity of chiral materials is reciprocal, and
the polarization rotation of linearly polarized light is the same for
two opposite propagation directions along the chiral axis.
However, when time reversal symmetry is broken in a material,
the situation changes; for example, an object with angular
momentum propagating along the magnetization direction is
non-reciprocal, since two reciprocal situations cannot be related
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Fig. 4 Reciprocity of ferro-rotational (“Yin”-type) materials, including
the propagation of objects with angular momentum. See the main
text for the definition of “Yin” and “Yang” in this perspective. a Time
reversal connects reciprocal situations for an object moving
perpendicular to the ferro-rotational plane, so this case is reciprocal.
b Even if the ferro-rotational system is ferromagnetic with
magnetization (M) along the ferro-rotational axis, it is reciprocal
since two reciprocal situations can be connected by a mirror
operation. In addition, ferro-rotation, combined with polarization
along the ferro-rotational axis, is reciprocal, since time reversal links
two relevant reciprocal situations. c However, ferro-rotation,
combined with magnetization (M) and polarization along the
ferro-rotational axis, can be non-reciprocal since two reciprocal
situations cannot be related by any symmetry operation. d An
object with non-zero angular momentum moving along the
magnetization (M) direction of a ferro(ferri)magnet can be non-
reciprocal, since two relevant reciprocal situations cannot be
connected by symmetry operations
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Fig. 5 Optical diode effect in the polar ferromagnet FeZnMo3O8.
The ferromagnetic ordering temperature TC= 14 K. Optical diode
effect was observed in the geometry shown in the top panel
(corresponding to Fig. 3d), where the light propagates along and
opposite to the toroidal vector P ×M. The polarization vector P is
along the crystallographic c axis. The magnetic direction M is set by
applying an external magnetic field perpendicular to P. a Magnetic
field dependence of the optical diode effect. No effect is observed in
zero field. The absorption resonance at 1.27 THz in zero field is due
to a spin excitation across the anisotropy gap. The spin resonance
frequency increases with the magnetic field. At the same time, the
resonant absorption is almost entirely suppressed for one direction
of the magnetic field and is greatly enhanced for the opposite
magnetic field direction. By symmetry, this is equivalent to non-
reciprocal light propagation. Solid lines show the positive magnetic
field, open symbols show the negative magnetic field. b Tempera-
ture dependence of the optical diode effect, which remains strong
even far above TC. Figures are adapted with permission from ref. 37,
copyright 2018 American Physical Society
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through any symmetry operation(s) (Fig. 4d). In fact, this is the
origin of the Faraday rotation (see Supplementary Information). As
far as we know, the Faraday rotation of a vortex beam with orbital
angular momentum in ferromagnetic (or ferrimagnetic) materials
has not been investigated, and can be an interesting topic for
future study.
Figure 6 summarizes five entities that behave similarly under all

five symmetry operations in terms of invariance (whether it
changes or is invariant), discussed in this perspective. The
handedness of helical spins behaves identically with that of
chirality under all five symmetry operations, while cycloidal spins
and polarization in the cycloidal plane and perpendicular to the
cycloidal modulation direction act similarly under all symmetry
operations in terms of invariance (Fig. 6a, b). This is why the
cycloidal spin order can result in polarization (through the
microscopic mechanism of inverse Dzyaloshinskii–Moriya interac-
tion), but the helical spin order itself does not. Ferro-rotation,
combined with helical spins with helical axis coinciding with the
ferro-rotational axis, behaves similar to polarization along the
ferro-rotational axis under all symmetry operations, which leads to
the so-called ferro-axial multiferroicity (Fig. 6c).44 Ferro-rotation,
combined with polarization along the ferro-rotational axis,
behaves like chirality under all five symmetry operations. This is
the origin of why both “ferro-rotation, combined with P (or E)
along the ferro-rotational axis and M (or B) along the ferro-
rotational axis” and “chirality, combined with M (or B) along the
chiral axis” exhibit non-reciprocal effects for an object moving
along the ferro-rotational or chiral axis. Evidently, “conical spins”,
which is like “helical spins with M (or B) along the helical axis”, and

“chirality, combined with M (or B) along the chiral axis”, can
exhibit a non-reciprocal effect. Finally we emphasize that ferro-
toroidal moment behaves similar to velocity (linear momentum,
wavevector) under all symmetry operations, which is the origin of
common non-reciprocity in ferro-toroidal materials. Therefore,
these similarities under symmetry operations in Fig. 6 are relevant
to numerous non-trivial physical phenomena that we have
discussed. In addition, the non-reciprocity in ferro-toroidal
materials implies that ferro-toroidal domains can be observable
in transmission polarized optical microscopy, and the similarity
between helical spins and chirality suggests that the magnetic
domains associated with helical spins can be observed under a
transmission polarized optical microscope, even though the
magnitude of the effects cannot be predicted from symmetry
arguments.
In conclusion, we have demonstrated through a series of

illustrative examples how non-reciprocal behavior can be realized
in ferroic and multiferroic materials with a vector order parameter,
in particular ferro-rotational and ferro-toroidal orders. In short, if a
situation with a velocity and its reciprocal situation cannot be
linked through any symmetry operations, then the situation can
be non-reciprocal. Alternatively, we can state that if a material has
symmetry operation properties identical with those of a velocity in
terms of invariance, then a motion of an object with the velocity in
the material can be non-reciprocal. These findings have direct
implications for various attendant topological defects, specifically
the detection of ferro-rotational and other domain walls. The
concepts of using linear optical gyration (and possibly vortex
beams) for domain wall detection, optical diode effect (e.g., in
polar ferrimagnet FeZnMo3O8) and how to achieve it at high
temperature, as well as the interplay of ferro-rotation, chirality and
helical/cycloidal spin configurations in the context of other non-
reciprocal effects were explored. How to utilize vortex beams of
electrons or light to explore the coupling between orbital angular
momentum and materials with various broken symmetries needs
to be further explored. How to utilize vortex beams of electrons or
light to explore the coupling between orbital angular momentum
and materials with various broken symmetries needs to be further
explored. We also note that our consideration of symmetries and
reciprocity can be further expanded to higher-order-rank tensorial
orders such as strain and also staggered quantities such as
antiferro-rotational and antiferro-toroidal orders. These notions
will allow the design of new materials with desired multiferroic,
optical and non-reciprocal properties and delineate how to probe
their unusual domain walls.
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