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Abstract

Chirality refers to the asymmetry of objects that cannot be superimposed on their mirror image.
It is a concept that exists in various scientific fields and has profound consequences. Although
these are perhaps most widely recognized within biology, chemistry, and pharmacology, recent
advances in chiral phonons, topological systems, crystal enantiomorphic materials, and
magneto-chiral materials have brought this topic to the forefront of condensed matter physics
research. Our review discusses the symmetry requirements and the features associated with
structural chirality in inorganic materials. This allows us to explore the nature of phase
transitions in these systems, the coupling between order parameters, and their impact on the
material’s physical properties. We highlight essential contributions to the field, particularly
recent progress in the study of chiral phonons, altermagnetism, magnetochirality between
others. Despite the rarity of naturally occurring inorganic chiral crystals, this review also
highlights a significant knowledge gap, presenting challenges and opportunities for structural
chirality mostly at the fundamental level, e.g. chiral displacive phase transitions, possibilities of
tuning and switching structural chirality by external means (electric, magnetic, or strain fields),
whether chirality could be an independent order parameter, and whether structural chirality
could be quantified, etc. Beyond simply summarizing this field of research, this review aims to
inspire further research in materials science by addressing future challenges, encouraging the
exploration of chirality beyond traditional boundaries, and seeking the development of
innovative materials with superior or new properties.
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‘C’est la dissymmétrie qui crée le phénoméne
(dissymmetry creates the phenomenon)’,
Pierre Curie [1]

Our left and right hands are prototypical examples of chiral
objects, as they are non-superimposable mirror images of each
other. It is from this observation that the name ‘handedness’
was historically given to define this mirror image property
and the term chirality was coined for the first time by Lord
Kelvin in 1894 [2-4] as it is constructed from the Greek
word keir = hand. Chirality emerges from a structure’s spe-
cific symmetry characteristics, or the lack of them, which
reflects the impossibility of an object coincident with its mirror
reflection.

The history of chirality is marked by significant milestones,
from the early observations of optical activity to its profound
implications in various scientific disciplines, including chem-
istry, biology, and medicine [7, 8], some selected events are
shown in figure 1. Jean—Baptiste Biot first observed the rota-
tion of plane-polarized light by chiral substances in 1812 [9]
and in 1848, Louis Pasteur suggested a molecular origin for
this phenomenon [2, 3, 10]. After this observation on crys-
tal chirality, Pierre Curie highlighted the fundamental link
between physical properties and the crystal structure and sym-
metry of materials [1]. ‘Dissymmetry’ refers to the lack of
improper rotation symmetry elements, which is the formal
requirement for chirality; this was perhaps expressed more
tangibly by Lord Kelvin in terms of the non-superimposable
nature of mirror images of chiral objects [4] (such as left
and right hands, specific molecules and crystals, see figure 2).
Hence, Pasteur’s crucial breakthrough became the foundation
of molecular and crystal chirality and led to many discover-
ies in material science, physics, chemistry, and biology. The
term ‘chirality’ itself was coined by Lord Kelvin in 1894 [11]
while different enantiomers or diastereomers of a compound
were formerly called optical isomers due to their different
optical properties. Initially, chirality was considered restric-
ted to organic chemistry, but further advancements in the field
overthrew this misconception. Chirality was again discussed
mainly around 1891 when Emil Fischer published his fam-
ous paper concerning the configuration of glucose and its iso-
mers, an article dealing with the stereochemistry of the mono-
meric building block glucose, a real milestone [12]. This led
to a recognition of the importance of molecular chirality in
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Figure 1. Timeline sketch highlighting important contributions to
chirality and structural chirality. (1966) Reprinted figure with
permission from [6], Copyright (2015) by the American Physical
Society. (1984) This [Pierre Curie] has been obtained by the
author(s) from the Wikimedia website, where it is stated to have
been released into the public domain. It is included within this
article on that basis. (1848) This [Louis Pasteur] has been obtained
by the author(s) from the Wikimedia website, where it is stated to
have been released into the public domain. It is included within this
article on that basis. (1815) This [Jean Baptiste Biot] has been
obtained by the author(s) from the Wikimedia website, where it is
stated to have been released into the public domain. It is included
within this article on that basis. (1890) This [Sir William Thomson,
Baron Kelvin] has been obtained by the author(s) from the
Wikimedia website, where it is stated to have been released into the
public domain. It is included within this article on that basis. (1965)
This [Mulliken,Robert 1929 Chicago] has been obtained by the
author(s) from the Wikimedia website, where it is stated to have
been released into the public domain. It is included within this
article on that basis. (2012) Reproduced from [5], with permission
from Springer Nature. The other panels at 2003, 1989, 1977, 1969
and 1951 are original figures.

biological systems and the concept of homochirality, a term
introduced by Kelvin in 1904 [13]. Homochirality describes
a process or system’s preference for one enantiomer over the
other, and it has significant implications for the origin of life
and the emergence of biological homochirality [14]. Indeed,
the concept of chirality is so crucial and fundamental in nat-
ural sciences that it appears at the root of many diverse fields
like cosmology, particle physics, astrophysics, chemistry reac-
tions, liquid crystals, optics, medicine or life itself; chirality
is a trans-disciplinary property which manifests at any length
scale in nature [15].

Despite its broad interest and extensive study in bio-
logy, chemistry, and pharmaceutical medicines, chirality is
relatively under-explored in solid-state extended crystals.
Some seminal works exploring the origins of optical activ-
ity explained chirality in terms of helices in the crystal struc-
tures of extended solids [16]. This insight gave a much deeper
understanding of the optical activity and absolute configur-
ation of chiral materials (e.g. a-TeO, [17], KLiSO4 [18] or
a-LilO3 [19]) but also illustrated the challenges in determ-
ining the absolute configuration of a material and therefore
understanding its consequences for physical properties. A
recent revival of chirality studies has taken place in high-
impact topics like topological insulators [20-22], spin-Hall
effect [23], spin/orbit chirality [24], Skyrmions [25, 26] or val-
leytronics [27], i.e. mostly linked to the electrons and their
spins (e.g. fermions). This clearly shows that the shape of
the electronic structure of chiral materials can be indirectly
linked to chiral structural distortions [22], i.e. the amplitude
of the structural distortion from achiral to chiral phases can
dictate the electronic band dispersion and density of states.
Still, these latter are not dependent on the handedness and,
hence, are not chiral [28]. On the other hand, in topolo-
gical materials, the Berry curvature of the electronic struc-
ture is a hint of the topology and it is linked to handedness,
though it cannot be a measure of the chirality itself [28].
Another aspect of this revival is the very recent observa-
tions of chiral phonons (bosons) in 2D materials [29-31],
in kagome lattices [32] or in the potential for orbital mag-
netic moments to be carried by chiral phonons [33]. Studies
of bulk chiral multiferroics [34, 35] or superlattices [36]
have been carried out, but their findings have yet to be
applied widely concerning chirality. A very recent review (that
became available while our manuscript was under review)
explores the chiral structures adopted by naturally-occurring
minerals [37].

Chirality is critical to developing and understanding the
properties of these new and technologically important func-
tional materials. These recent developments have motivated
this review in which we aim to discuss the state of the art of
crystal chirality at the structural level and the consequences for
physical properties, highlighting the related shortcomings in
our understandings/widespread applications and posing open
questions of high interest for materials science and techno-
logical applications. This paper is focused on bulk inorganic
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(a)

Figure 2. Illustration of the chiral nature of (a) left and right hands, (b) a spiral (helical) staircase (left) and its mirror image (right) (Cosin’s
Library, Durham University); helices are hallmarks of structural chirality (section 3), and (c) L- (green) and D- (blue) enantiomorphs of

alanine (an essential amino acid) with chiral carbon noted *.

periodic chiral crystals, e.g. we will not address chirality
in molecular, hybrid [38, 39], or biological systems or at
surfaces [40] or in nano-hetero structures [41-45] or in 2D
materials [46], despite the importance of chirality in these
fields. Here, we focus on chiral bulk periodic inorganic crys-
tals and their related response properties.

We will start this review with a first section looking at how
chirality is defined in different fields of research (section 1).
In the second section (section 2), we give an overview of the
general symmetry requirements in periodic solids as viewed
through group theory and crystallography, with the distinc-
tion between crystals described by a chiral and enantiomorphic
space group, and chiral crystals that are not described by one of
these groups (Sohncke groups). Because chirality is intimately
linked to optical activity, we dedicate the following section
to the field of optical activity (section 3). After these general
overviews, we will give a few examples of structural chiral-
ity and associated structural phase transitions (section 4) to
illustrate the key concepts described in these sections. We
also review the chiral crystals reported in existing inorganic
crystal structure databases (ICSDs), demonstrating the rel-
ative scarcity of these inorganic chiral crystals and possible
explanations for this. This leads us on to explore the differ-
ent responses of chiral crystals under applied magnetic fields
(magneto chirality, chiral magnetostriction, chiral magneto
gyration, etc), applied electric fields (electroporation, gyro-
tropy), and strain in section 5. In each case, we will describe
several crystal examples to illustrate the different responses
that can be observed. Structural chirality can naturally be
extended to phonons that carry chirality, for which we dedicate
an entire section (section 6) with all the associated and unique
properties that emerge from them. This allows us to con-
sider displacive (and order-disorder) chiral phase transitions
and, hence, how a chiral order parameter could be defined
together with possibilities to control and flip chirality (fer-
rochirality) in section 7. Afterward (section 8), this notion
of a chiral order parameter and displacive chiral phase trans-
itions will bring us to discuss the open question regarding
the quantification and measure of chirality in a periodic solid.

Lastly, before concluding remarks, we give some original
and unexplored perspectives and properties of chiral crystals
that would be promising and appealing to explore further in
section 9.

We note that a review on chirality in the solid state was
recently published by Fecher et al [28]. Its focus on chiral vs
achiral space groups gives an excellent overview of the chiral
structures of some elements and binary systems (as well as
some more complex materials) and some consequences for
electronic structure. Our review builds on this and goes bey-
ond it, discussing structural phase transitions, the possibility
of tuning chirality by applied fields, chiral phonons, quantific-
ation of chirality, and the consequences for topological and
electronic structures. As such, these reviews are somewhat
complementary, and their timing reflects the current interest
in chiral extended solids.

1. Definitions of chirality

Given the wide-ranging significance of chirality across numer-
ous branches of physics, multiple definitions have been estab-
lished, each tailored to the particular field of study. While his-
torically intertwined, it is now clear that chirality and handed-
ness convey separate concepts. As outlined in the introduc-
tion, chirality refers to the lack of mirror symmetry in an
object. Handedness, however, deals with categorizing these
non-superimposable chiral entities into right or left orienta-
tions. To respect this distinction, mainly when referring to
the traditional use of ‘handedness’ raised by Lord Kelvin it is
advisable to use quotation marks, as we will do in this review.

In this section, we shall discuss the different interpretations
of chirality used in physics aiming to clarify and differentiate
them, thus outlining the specific focus and scope of this review.

For instance, chirality is often encountered in magnetism
and magnetic materials [47, 48]. A paradigmatic example
is the monoaxial helimagnetic order (along the ¢ axis) with
associated Dzyaloshinskii-Moriya (DM) energy gain reads
D- (S x VjS) [49]. Since Dand S x VS are (time-even) axial
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and polar vectors respectively, their product can constitute a
chiral quantity. Similarly, a vector chirality x can be defined
as the sum of the cross products of neighboring spins,

Iiij:SiXSj. (1)

The resulting vector is helpful to quantify the chirality of a
group or network of spins [S0] However, this vector chirality
may not be a good indication of proper chirality [51-54] (and
instead reflects ‘false chirality’ in the notation of Barron; it is
even concerning time-reversal symmetry.) [54]. Nevertheless,
since it reflects the spin dynamics, it can give insight into the
spin current and other transport properties (see below) [52, 55,
56]. On the other hand, scalar spin chirality x;; is defined as
follows:

Xijk = Si - (S % Sk) (2)

and can be thought of in terms of the solid angle between
three neighboring spins. It is non-zero for non-co-planar spin
arrangements and changes signs under time reversal but is
invariant under spin rotation [57] (important for coupling to
polarization in multiferroics) [58]. This language is useful for
describing, for example, the spin arrangement with uniform
scalar chirality of the spin ice arrangement of Pr’* moments
Pr,Ir,O7 and its anomalous Hall effect (AHE) [59].

In other disciplines like particle physics, chirality assumes
a more mathematical characterization. There, particle chir-
ality is discerned through its transformation within either a
right- or left-handed representation of the Minkowski space-
time isometries [60]. Furthermore, a clear differentiation
between helicity, defined as the projection of a particle’s
spin in the direction of its motion, and chirality is delin-
eated. For massless particles, both definitions coincide, and
handedness and chirality are thus equivalent. Recently, some
authors have leveraged this precise definition of helicity,
employing Pauli matrices to mathematically describe chiral-
ity in odd-frequency Cooper pairs [61], as well as to quantify
chirality polarizations in topological insulators and super-
conductors [62]. Furthermore, in [63] this definition of the
helicity operator has been extended to the space of solu-
tions of Fourier-transformed Maxwell’s equations expressed
as iVx. Subsequently, they achieved a general distinction
between enantiomers through an investigation of light—matter
interaction.

Lastly, in topological materials, chiral crystals are identified
as belonging to one of the 65 Sohncke space groups, which
exclusively contain orientation-preserving operations, allow-
ing them to be classified by a specific handedness. In these
space groups, structural chirality imbues the materials with
various intriguing properties, including natural optical activity
(NOA), negative refraction in metamaterials, non-reciprocal
effects like magneto chiral birefringence of light or electronic
magneto chiral anisotropy, and the formation of chiral mag-
netic textures such as helices and skyrmions. As we discuss

in this review, the idea of handedness should not be identi-
fied as absolute chirality and the existence of enantiomorphic
pairs. For example, Schroter et al [20] the presence of Weyl
fermions in recently discovered Weyl semimetals (WSMs) are
discussed, where the crystal structure and the electronic wave-
functions exhibit chirality at point-like two-band crossings of
the quasiparticle dispersion, and chirality is used in the sense
of handedness.

On the other hand, in crystallography and condensed matter
physics, which will be the focus of this review, a more geomet-
ric approach akin to that employed in chemistry has been adop-
ted. Under this framework, a crystal is deemed chiral if it can-
not be perfectly overlaid onto its mirror image. This requires
the object to be ‘dissymmetric’, i.e. lacking proper rotation
symmetry elements, as discussed in section 2. Additionally, a
distinction between handedness, rotational direction, and chir-
ality has been elucidated, as extensively discussed in section 8.
Subsequently in section 2, we will explore the prerequisites of
symmetry for a crystal to exhibit chirality and detail experi-
mental methodologies for their characterization in the ensuing
sections. In section 7 we shall also discuss different sources
of chirality as according to Hlinka, chirality may also arise as
the product between a vector V and an axial A representation.
Consequently, it is reasonable to consider such a product as an
interesting quantity to track chirality.

2. Crystallography and symmetry requirements for
chirality in crystals

Given the importance of chirality in extended solids for
functionality, relatively little attention has been paid to this
‘structural chirality’ especially compared with molecular sys-
tems with discrete point symmetry. The formal definition
of chirality in terms of dissymmetry given by Curie [1] is
worth expanding upon: whether considering point group or
space group symmetry, this requirement means the object
must possess no improper rotation symmetry elements. Mirror
planes and centers of inversion symmetry can be described by
improper rotations (e.g. considering the operations of crys-
tallographic space groups, the inversion operation could be
described by a 1 rotation-inversion operation; the mirror plane
by a 2 roto-inversion operation) [64], leading to the (often used
but incomplete) statement that a requirement for chirality is
the absence of mirror planes and inversion symmetry. A con-
sequence of this lack of improper rotation symmetry elements
is that when two chiral objects (referred to as enantiomorphs in
extended systems) are considered, their mirror images are non-
superimposable, hence the ‘handedness’ referred to by Lord
Kelvin [4].

Crystallographic symmetry operations can be categorized
into those that preserve handedness (i.e. map a right-handed
helix onto a right-handed helix) referred to as ‘operations of
the first kind’ and those that reverse handedness (i.e. map a
right-handed helix onto a left-handed helix) ‘operations of the
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Table 1. Acentric crystal classes compatible with optical activity; the 65 Sohncke space groups are highlighted in grey; the 22
enantiomorphic (chiral) space groups are listed in the right-hand column.

Classes compatible with optical activity

I +I

mm2
42m

Classes compatible
with chirality

Non-enantiomorphic
space groups

Enantiomorphic (chiral)
space groups

1 Pl
2 P2, P2y, C2
3 P3,R3 P34, P3,
4 P4, P4,, 14, 14, P4, P45
6 P6, P63 P6,, P65,
P6,, P64
422 P422, P42,2, P4,22, P4,22, P4322
P4,2,2, 1422, 14,22 P412,2, P432,2
222 P222, P222,,
P2,2,2, P212,2,
C222, C222,,
F222, 1222,
1212124
622 P622, P6322 P6,22, P6522,
P6,22, P6422
32 P312, P321, R32 P3,12, P3,12
P3,21, P3,21
T P23, F23, 123,
P2,3,12,3
0 P432, F432, 1432, P4,32, P4332

P4,32, F4,32,

14132

second kind’ [65]. Of the 230 crystallographic space groups,
165 contain improper symmetry operations (operations of the
second kind) and describe achiral crystals. An achiral crystal
described by one of these 165 space groups could be grown
from a racemic mixture (i.e. a mixture containing both enan-
tiomer forms), and the improper rotation operations of the
space group would relate the two enantiomeric molecules in
the crystal structure, giving a structure with no overall chiral-
ity [66].

The Sohncke groups include 11 pairs of enantiomorphic
space groups, i.e. 22 chiral space groups (table 1). These chiral
space groups are characterized by each containing a screw axis
of the form n,, or n,_, (but not both!) where p # 5 [66].

For example, of the cubic class O, space groups P4;32 and
P4332 are an enantiomorphic pair containing 4; and 43 screw
axes, respectively. Space group P4,32 does not have an enan-
tiomorphic pair: it contains a 4, screw axis and 44_s) =4,
and so opposite enantiomorphic structures would be described
by the same space group. Combining the 4; screw axis with
centering (e.g. F,I) gives the 43 axis, so these two screw
axes of opposite handedness coexist, incompatible with chir-
ality. Hence, space groups /4,32 and F4,32 are not enantio-
morphic [66].

These screw axes of opposite handedness, giving helices in
the crystal structure, are a hallmark of the structures described
by these 22 chiral symmetries—so much so that developing
spirals at the nanoscale in inorganic materials is a recent devel-
opment towards preparing functional chiral materials [67].

A necessary consequence for functional materials using
chirality, is that the crystal packing in structures described by
one of the 22 enantiomorphic space groups is chiral, mean-
ing that either chiral or achiral objects (molecules or structural
building units) can be packed in a chiral fashion (i.e. about one
of the chiral helices) to give a chiral crystal [65, 66]. The term
‘structural chirality’ describes this chirality due to the crystal
packing, distinguishing it from any chirality inherent in a dis-
crete object (e.g. a molecular crystal made of chiral molecular
building blocks) [68]. A pair of enantiomorphic space groups
will describe the two enantiomorphs of opposite chirality for
the same chemical composition and stoichiometry.

The remaining 43 Sohncke space groups that are not
enantiomorphic will preserve the chirality of a chiral object
(e.g. pack a chiral object such as a molecular enantiomorph)
without symmetry operations generating the opposite enanti-
omorph, giving a chiral crystal. However, the packing in these
43 Sohnke space groups will not give chirality for achiral
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objects. Switching the sense of chirality of a crystal described
by one of these 43 non-enantiomorphic Sohncke space groups
does not change the space group symmetry; two equivalent
crystals of opposite chirality are described by the same space
group (see, for example, PbsGe;0;; described in section 4).

3. Chirality and the origins of optical activity

Chirality and optical activities are intimately linked. Indeed,
the history of chirality dates back to the early 19th cen-
tury, when the first observation of optical activity, the abil-
ity of a chiral substance to rotate the plane of polarization of
light, was made by the French physicist Jean-Baptiste Biot
in 1812 [69]. He discovered that certain organic substances,
such as tartaric acid and its salts, could rotate the plane of
polarized light [9]. A similar observation was reported the
year before by Arago [70], who noticed that polarized sun-
light gave color changes on an image when an analyzer crys-
tal was rotated. However, the significance of this discovery
was not recognized at the time because of the lack of a micro-
scopic mechanism for the phenomenon. Indeed, at that time,
the atomic theory of matter was still under development, and
the concept of molecular structure was not yet fully elaborated.
The significance of optical activity went beyond a mere curi-
osity in the interaction of light with matter, pointing towards
a fundamental asymmetry in nature at the molecular level.
Pasteur’s work, some decades later, demonstrated the connec-
tion between the rotation of polarized light and the molecular
structure of the substances causing this rotation [69]. Pasteur’s
separation of the two forms of tartaric acid crystals and his
subsequent experiments showed that the ability to rotate light
was related to the shape of the molecules and their three-
dimensional (3D) arrangement. He manually separated the two
types of crystals with a microscope and found that solutions
of each of the two types of crystal rotated polarized light in
opposite directions. This experiment proved to be the first
time someone had separated two enantiomers or mirror-image
forms of a molecule.

Pasteur’s work laid the foundation for understanding that
the molecules in living organisms are chiral and that this chir-
ality is critical to how they function. For example, in biochem-
istry, the chirality of amino acids is crucial because only one
enantiomer of amino acids is used to make proteins in living
organisms [71, 72]. Thus, while Biot’s discovery was signific-
ant, its full importance was not appreciated until the underly-
ing principles of molecular chirality were understood.

The theoretical explanation for optical activity and chirality
was developed further in the late 19th and early 20th centuries,
which we depict in figure 3.

NOA arises from the spatial dispersion of the dielectric
response or optical conductivity for conductors. This results
from finite light speed, allowing currents generated at nonzero
wavevectors to affect the local response dependent on fre-
quency. By expanding the non-local dielectric response in
powers of g to first order, the NOA can be seen to arise as
a third-rank tensor as

€j (w,q) = € (w,q = 0) + i (W) i + - 3

Enantiomorphic Chiral
Material

Linear Polarized

Light "

Circularly Polarized
Light

Linear Combination between
input wave and rotated plane polarized

Figure 3. Illustration of optical activity through light rotation in
chiral crystals.

Thus the NOA can be obtained from:

i 8€ij (wa q)

Aiji (w) = — 9q

“

q=0

Sometimes the NOA is written as a rank two tensor called
the gyration tensor as

gij(w) = %Ekli)\klj (w). Q)]

Considering the non-negligible contribution to the dielec-
tric response, the crucial role in stereochemistry, and the
potential for applications, several theoretical efforts have been
made to provide accurate predictive tools to compute the NOA.
Early theoretical efforts to understand the phenomenon based
on semiclassical theories of electromagnetism [73]. First prin-
ciples methods have been developed from these theories using
sum over states formulas [74], linear response [75], and real-
time propagation [76]. While these approaches are successful
in molecules, the origin dependence of the theory is unsuitable
for crystalline materials. Band theory formalism in the long-
wavelength limit and neglecting local field effects [77-80]
combined with a first principles sum over states approach [81]
extended the theory of optical activity to crystals. While this
approach is successful for some materials, it significantly
underestimates the optical activity when local field effects can-
not be ignored [82]. A framework based in density functional
perturbation theory has been proposed recently [83] to address
these issues.

In 1874, Jacobus Henricus van’t Hoff and Joseph Le Bel
independently proposed that the carbon atom could form four
bonds directed toward the corners of a tetrahedron with the
potential to bond to four different species). This pseudo-
tetrahedral arrangement could create two different spatial
arrangements (isomers) of atoms, which explains the exist-
ence of enantiomers [84]. The recognition that many biolo-
gical molecules are chiral led to the development of stereo-
chemistry, which studies the spatial arrangement of atoms in
molecules and their impact on their behavior and reactions. In
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pharmacology, the chirality of drugs is paramount because dif-
ferent enantiomers of a drug can have very different biological
activities (one may be therapeutic, while the other could be
inactive or even harmful, as was tragically demonstrated in the
case of thalidomide in the 1950s and 1960s) [85]. In the case
of periodic systems, the history of optical activity is strongly
tied to the development of crystallography, and an understand-
ing of symmetry through the application of group theory (see
section 2). Experimental crystallographic methods allowed
scientists to determine the arrangement of atoms within a crys-
tal and understand how this arrangement affects the crystal’s
properties, including optical activity. A good review of the
approaches to describe optical activity can be found in [16].

Following the Neumann [86] symmetry principle, optical
activity can only be exhibited by non-centrosymmetric struc-
tures. This is because an inversion center in a crystal struc-
ture would negate the conditions necessary to manifest optical
activity. Therefore, optical activity can demonstrate the lack of
inversion symmetry in a crystal structure (and these measure-
ments can be complemented by anomalous x-ray scattering to
determine the absolute configuration of the structure [87]). Of
the 21 acentric crystal classes, 15 are compatible with optical
activity, but four of these classes (4, m, mm2, 42m) contain
symmetry operations that are not compatible with chirality.
Of the 15 classes consistent with optical activity, 11 are com-
patible with chirality and give the 65 Sohncke space groups,
which contain only operations of the first kind (table 1) [88—
90], and so the optical activity we associate with chirality
is not confined to only symmetries compatible with enantio-
morphism [88, 91]. Crystals possessing D, (42m) symmetry,
or any of its non-enantiomorphic subgroups such as S, (4), C,,
(2mm), or C; (m), can rotate the plane of polarized light when
it is incident in a general direction [91].

Optically active materials interact with light and have dis-
tinct refractive indices for left-handed circularly polarized
light (LCP) and right-handed circularly polarized light (RCP).
Generally, the refractive index of a material can be expressed
as n=no+y +i(ny £ ), where -y, and v, depend on the
product of the light’s frequency and the gyrotropic con-
stant of the material. Consequently, each circular polariza-
tion state, LCP, and RCP is characterized by different refract-
ive indices, denoted as n* and nR, respectively. From these
refractive indices, one can define the optical rotation angle
¢ = (2m/\)(nk — n&)d, where ) represents the wavelength of
the incident light, and d is the optical path length through
the material. The terms n§ and nf refer to the real parts of
the refractive indices for LCP and RCP light, respectively.
Similarly, the ellipticity W, which quantifies the extent to
which the polarization of light becomes elliptical after passing
through an optically active material, can be defined as ¥ =
(m/X)(n —nk), with n% and nf being the imaginary parts of
the refractive indices corresponding to LCP and RCP light
absorption. In most cases, the ellipticity is small enough for
the rotation to be measured as if the light were still plane-
polarized, and what is measured experimentally is the optical
rotatory dispersion (ORD). The effects of the imaginary parts
of the index of refraction are usually determined by measur-
ing the absorption of LCP and RCP radiation separately and

calculating the ratio as

R—1.
R+1L°

where Ir and I, are the intensities of right and left handed
polarized light, respectively. As a function of frequency, this
quantity is known as circular dichroism (CD). ORD measures
the change in a substance’s optical rotation as a function of
the wavelength of light. At the same time, CD is a spectro-
scopic technique that measures the difference in the absorption
of LCP versus RCP as it passes through a chiral substance.

Therefore, optical activity can be used to distinguish
between enantiomorphs of chiral materials as opposite enan-
tiomorphs will give opposite rotations of the plane of polar-
ization, as in SiO, (quartz), HgS (cinnabar), NaClO; (which
is a chiral crystal), AIPO4 (Berlinite) [16], Te [92], Bi and
many different chiral magnetic crystals such as MnSi, FeGe,
Cu0Se05 [93], Fe(;_,)Co,Si, CrNb3Ss, 3-Mn, [16] etc.
Chiral crystals are being actively researched for their non-
linear optical properties, which are of significant interest in
the field of nonlinear optics, in particular, due to the recent
observation of large chiral-specific second harmonic gener-
ation (SHG) response [94, 95]. One of the most innovative
applications of optical activity lies in chiral catalysis [96—
98]. Here, heterogeneous catalysts exploit the chiral surfaces
of crystal materials to drive enantioselective reactions, which
are directly influenced by the material’s optical activity. This
underscores the importance of optical activity in catalysis and
provides further motivation for synthesizing enantiomerically
pure compounds, a critical aspect of drug development and
various chemical manufacturing processes.

In industrial contexts, the measurement of optical activity
is employed for quality control, particularly in the manufac-
turing of optical devices [99-101]. Furthermore, manipulat-
ing light’s polarization state in optoelectronic devices lever-
ages the unique properties of chiral crystals, enhancing the
performance of optical sensors in communication devices and
other applications that empower a two-fold improvement of
the rate of information transport through polarization mul-
tiplexed fiber optic waveguides [102], quantum communica-
tion [103-105], optical integrated circuits [106, 107], on chip
photodetectors [108—110] and quantum computing [111, 112].
Furthermore, these magneto-optical (MO) effects and the use
of CPL form the basis for technological breakthroughs, such
as all-optical switching in spintronic devices [113—-115], CPL
LEDs [116-120], photoresponsive displays [121, 122], and
bioresponsive imaging [123, 124]. Other devices also use MO
effects like Faraday rotation and Kerr rotation. While these
rotate the plane of polarization, these effects are unrelated
to the material structure or symmetries (see section 5.1 for
magnetic-symmetry dependent effects).

3.1 Chiral axis and absolute chirality

The optical activity of a material (its ability to rotate the plane
of polarized light) is defined by its magnitude and its sign
i.e. the direction of rotation: viewed along the beam direc-
tion towards the light source, if the sense of rotation of the
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polarization is clockwise, the material is described as left-
handed (levorotatory), and right-handed (dextrorotatory) if the
sense of rotation is anticlockwise, as discussed in section 3.
The sense of rotation should be related to the structural helix
of the most polarizable atoms in the crystal structure [16,
68]. However, it can be challenging to determine the true
chirality (i.e. the ‘absolute configuration’ of molecular sys-
tems, or ‘absolute structure’ or ‘absolute chirality’ for crys-
talline materials [68, 90]) of a crystal structure [125], lead-
ing to some ambiguity in reported structures and confusion in
the link between the chiral crystal structure and its measured
physical properties (including optical activity, and polariza-
tion where relevant) [16, 68]. This has undoubtedly contrib-
uted to the difficulty of quantifying chirality (see section 8).
Glazer and Stadnicka reported that chiral axes for relevant
crystal classes were analogous to polar directions in polar
structures [68]. This concept is perhaps most relevant when
exploring electrogyration, the change in the optical activity of
a ferroelectric crystal by the application of an electric field (see
section 5.3) [126]. This practical meaning of absolute chirality
and the resulting link between structure (and its handedness)
and the resulting physical properties should not be confused
with the mathematical concepts of ‘absolute’ and ‘relative’
chirality derived from graph theory by Le Guennec [127-129].
See also [52] for a detailed discussion about the experimental
determination of the absolute chirality via neutron scattering
probes.

4. Examples of structural chirality and associated
phase transitions

In this section, we give specific examples of crystals exhib-
iting non-reconstructive phase transitions involving struc-
tural chirality, discussing their optical activity where relevant.
We discuss MgTi,O4, K3NiO,, CsCuCl;, Na,Ca,;SizO9 and
Ag4P,0; with low symmetry (chiral) structures described
by enantiomorphic space groups, and PbsGe;O;; and
Ba(TiO)Cu4(POy4)4 with low symmetry structures described
by a non-enantiomorphic Sohncke space groups.

Above 260 K, MgTi,O4 adopts a normal spinel structure of
cubic symmetry (Fd3m). On cooling, it undergoes a transition
from a metallic state to a spin-singlet insulating state, driven
by the dimerization of pairs of 3d' Ti’* ions. This metal—
insulator transition is accompanied by a cubic to tetragonal
phase transition [130]. Variable temperature synchrotron and
neutron diffraction experiments indicate that the symmetry is
lowered to P4,2,2 (or its enantiomorphic pair P432,2), with
a change in the size of the unit cell to accommodate ordering
of Ti-Ti dimers with shorter bonds. This symmetry lowering
gives helical chains of long and short Ti—Ti bonds (figure 4).
Variable temperature neutron powder diffraction data indic-
ates that this is an abrupt transition, suggesting that it is of a
first-order kind [131].

Figure 4. Schematic showing the crystal structure of the chiral
P4,2,2 phase of spinel MgTi»O4 showing (a) TiOg octahedra (blue)
and MgOy units and (b) highlighting shortest (dimerized) and
longest Ti—Ti bonds in blue and green (with oxide ions omitted for
clarity); Mg, Ti and O sites are shown in orange, blue and red,
respectively. Adapted from [131].

The structural phase transition can be described by the
higher-dimensional X, irrep and as both enantiomorphs must
be degenerate, the transition from the achiral phase to either
enantiomorph must be described by the same irrep. The
transitions to the two enantiomorphs differ by the order
parameter direction: (0,a;0,0;0,0) gives the P4;2;2 enan-
tiomorph, whilst (a,0;0,0;0,0) gives the P432,2 enantio-
morph [132, 133]. In summary for MgTi,Oy4:

e the phase transition from achiral structure to a structure
described by an enantiomorphic space group is first order
and is accompanied by a change in unit cell volume;

e the phase transition is described by an irrep (X4) that is at
least two-dimensional (2D) [134];

e the transition to the two enantiomorphs (described by a pair
of enantiomorphic space groups) are described by the same
irrep but with different order-parameter directions.

4.2. K3NiO;

On cooling below 410 K, K3NiO;, undergoes a first-order
phase transition from a centric structure of P4,/mnm sym-
metry to a non-centrosymmetric and chiral phase of P4,2,2
(or P452,2) symmetry. As for MgTi,O4 described above, the
structures of the two enantiomorphs are described by an enan-
tiomorphic pair of chiral space groups [135]. For these two
structures to be degenerate, the distortion from the P4, /mnm
phase to each enantiomorph must be described by the same
2D Zj irrep: the phase transition involves slight rotations of
the NiO; units about the [110]/[110] directions and small
displacements of potassium ions which breaks the linearity
of the O-Ni—-O-K—-O-Ni-O chains [135] (see figure 5). The
two enantiomorphs differ in the direction of this 2D irrep: the
(a,a) and (a,a) order parameter directions give the P4;2,2
enantiomorph whilst (a,a) and (a,a) give the P432,2 enan-
tiomorph [136]. For these enantiomorphic structures, whilst
(a,a) and (a,a) domains are related by a mirror plane, they are
non-superimposable (they contain opposite structural helices)
and so are described by different space groups. Recently, Fava
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Figure 5. Schematic view of the symmetry allowed atom
eigendirection of the (a), (a) chiral domain coming from the Z3 irrep
of the P4, /mnm space group of A3BO, crystal family. The purple,
green and red balls corresponds to A, B and O atoms, the
displacements are represented by gold arrows and the spirals are
highlighted by the red lines connecting each displacement arrows.
Only the atom displacements creating the spiral are shown and all
the arrows of allowed displacements are normalized to the same
length for clarity. In the case of K3NiO», the Ni does not contribute
much to the distortion, i.e. it is reduced to mostly K motion. From
[136].

et al [136] have shown from first-principles calculations that
the transition from the P4, /mnm high symmetry phase to the
low chiral phases P4,2;2 and P432;2 can be explained from
the condensation of a soft zone boundary mode of the Z3 sym-
metry label. In summary, for K3NiO,:

the phase transition from achiral structure, to a structure
described by enantiomorphic space group is first order and
is accompanied by a change in unit cell volume;

the phase transition is described by an 2D irrep (Z3), with
most of the displacement due to potassium and oxygen
motion.

the transition to the two enantiomorphs (described by a pair
of enantiomorphic space groups) are described by the same
irrep but with different order-parameter directions.

4.3. CsCuCls

At room temperature CsCuCl; adopts a chiral crystal struc-
ture described by enantiomorphic P6;22 or P6s22 symmet-
ries [137]. Optical measurements reveal the domain structure
of samples, with domains of the two opposite enantiomorphs
rotating the plane of polarized light in opposite directions.
On warming through 423 K, CsCuCl; undergoes a first-order
phase transition to an achiral phase of P63;/mmc symmetry
where the unit cell ¢ axis is reduced by a third compared
with the chiral crystal structure (see figure 6), and in which
the optical rotatory power is lost [138] (a ‘gyrotropic’ phase
transition). The P63/mmc — P6,22/P6522 phase transition

Figure 6. Crystal and magnetic structures of CsCuClz showing (a)
high-temperature achiral phase of P63 /mmc symmetry and below,
low-temperature chiral phases of (b) 6,22 symmetry and (c) P6522
symmetry, showing Cs, Cu and Cl sites in green, blue and red, with
CuClg octahedra in yellow, and Cu>t moments in blue. The
right-handed and left-handed helimagnetic structures for the
right-handed (P6,22) and left-handed (P6522) enantiomorphs are
shown by the chains of blue arrows in panels (b) and (c). Reprinted
figure with permission from [140], Copyright (2017) by the
American Physical Society.

is due to a cooperative Jahn-Teller distortion of the CuClg
octahedra which share faces along c, leading to helical dis-
placements of ions [139] to give either right-handed helices
(P6122 symmetry) or left-handed helices (P6522 symmetry).
The structural phase transition involves displacements of Cl~
ions described by the Ag irrep with (a,0,0,0) order parameter
direction giving the P6522 enantiomorph, whilst the (0,a,0,0)
order parameter direction gives the P6;22 enantiomorph [132,
133, 139].

The Cu’t S= % moments order antiferromagnetically
below T = 10.5K with a triangular helical spin structure:
moments lie in the ab plane but the direction within the
plane modulates along ¢ [141] (with a period of ~210 A),
figures 6(b) and (c). This helical structure results from
intrachain ferromagnetic interactions between Cu®* nearest-
neighbors and antisymmetric DM interactions, [141] allowed
for this non-centrosymmetric structure [142, 143]. The crys-
tal chirality determines the DM axial vector (the sense of the
Cu?* helix along ¢). So the magnetic chirality depends dir-
ectly on the crystal chirality [141]: the chiral vector (along c)
has opposite directions for the two enantiomorphs [144].

e The gyrotropic phase transition from the achiral P63 /mmc
phase to the enantiomorphic phases (P6;22/P6522 symmet-
ries) is first order and is accompanied by a change in unit cell
volume;

e the phase transition is described by an irrep (Ag) that is at
least 2D;
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P3,21

Figure 7. Crystal structures of combeite Na;CaySi309 showing
SiOy tetrahedra in blue and Na, Ca and O sites in yellow, green and
red, respectively. There is an origin shift of the unit cells in the
phase transition, but the figure illustrates the twisting of SiO4
tetrahedra to lower the symmetry of the Na/Ca sites on cooling, as
the distribution of Na and Ca cations and vacancies over these sites
changes through this phase transition.

o the chirality of the magnetic structure is determined by the
crystal chirality.

4.4, NaZCa28i309 and Ag4P207

The silicate combeite, Na,Ca;Si3Og, has been also reported
to undergo a phase transition around 758 K from an achiral
high symmetry (R3m) structure to a low symmetry phase
of either P3;21 or P3,21 enantiomorphic space groups[145—
148]. The crystal structure of combeite can be described in
terms of rings of corner-linked SiO4 tetrahedra in its high
symmetry phase which are distorted into ellipses in the low
symmetry phase, concomitant with a change in the distribu-
tion of Nat, Ca®T and vacancies over the cation sites (see
figure 7) [147]. However, few studies have been carried out
on combeite regarding its chiral phase transition.

The phosphate AgsP,0O; undergoes a similar structural
chiral phase transition from the trigonal R3c achiral high
temperature phase to enantiomorphic (P3;21/P3,21 or
P3,12/P3,12) phases at 623 K [149]. Although this crystal
has not been further characterized concerning its phase trans-
ition or its chiral properties, it is of interest as one of very few
materials (including Na,;Ca;Si3Og) to undergo a continuous
achiral to chiral phase transition with enantiomorphic space
groups.

4.5. Pbs Ge3011

The high-temperature (7 >450K) crystal structure of
PbsGe30y; is described by P6 symmetry, and although it is
non-centrosymmetric (it is piezoelectric and second-harmonic
generation active), it is paraelectric. Its structure is related to
the structures of apatite and nasonite, composed of GeOy
tetrahedra and Ge,O; dimers, with Pb2* ions in interstitial
sites arranged around a 65 screw axis (see figure 8(a)) [150].
At 450K, PbsGe;O;; undergoes a second-order (displa-
cive) phase transition to a polar structure of P3 symmetry
(figure 8(b)). This structural phase transition involves rota-
tions of GeOy units and displacements of Pb>* ions (including
along the polar c¢ axis) [150], described by the 1D irreducible
representation (irrep) [132, 133] I',.

~p

Figure 8. Illustration of the high-temperature P6 symmetry crystal
structure of PbsGe3 Oy showing projection down hexagonal
channels (a) and perpendicular to the channels (b) illustrating the
connectivity of GeOy tetrahedra. 02— sites are shown in red, with
Pb?+ ions on the sites arranged around the hexagonal channels in
purple and lower symmetry Pb’+ sites shown in green, with GeOy4
tetrahedra in blue.

In addition to being polar, the low-temperature P3 phase
of PbsGe;0; is chiral and optically active: the GeOy rota-
tions are thought to contribute to the optical activity, whilst the
polarization is predominantly due to the Pb?>* and Ge,0; dis-
placements [151]. The P3 space group is one of the 43 achiral
Sohncke groups, and so both enantiomorphs are described by
the same symmetry. Interestingly, as the sign of the polariza-
tion is changed by an applied electric field, similarly, the sense
of chirality and the sign of optical rotation are also reversed by
an applied electric field (a phenomenon called gyroelectricity,
see section 5.3) [152, 153]. Recently, it has been shown from
density functional theory (DFT) calculations and continuous
symmetry measures [154] that the soft polar mode condensing
into the P6 structure which is responsible for the ferroelectric
phase transition is also chiral. This explains why the optical
activity and the predicted spin-momentum locking [155] fol-
low the change of polarization under an applied electric field as
the polar distortions are also chiral in PbsGe;O;; [156]. This
study has also shown that when quantifying the chirality of
each phonon mode of PbsGe; O, the mode chirality increases
with the mode frequency.

In summary for PbsGe;O;:

e the phase transition from achiral structure to a structure
described by a Sohncke group is second order and there’s
little change in unit cell volume associated with this phase
transition;
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e the phase transition is described by a singly-degenerate polar
irrep (I',);

e the same space group symmetry describes both enantio-
morphs (Sohncke group);

e the polarization and optical rotation are coupled, such that
the ferroelectric polarization hysteresis loop is also observed
for the optical activity, i.e. the gyroelectric effect;

4.6. Ba(TiO)CU4(PO4)4

Ba(TiO)Cu4(POy4)4 crystallizes in the high symmetry tetra-
gonal space group P4/nmm and below 983K it undergoes
a structural phase transition to the low symmetry tetragonal
space group P42,2. This phase transition is chiral where the
low symmetry phase does not belong to one of the enanti-
omorphic space groups (the two chiral phases belong to the
same space group). The crystal structure of Ba(TiO)Cu4(PO4)4
(see figure 9) is made of a CusOj, building block com-
posed of four corner shared square-planar CuQOy4 units that
are connected by PO, tetrahedra. In contrast to PbsGe;Oy,
Ba(TiO)Cu4(PO4)4 does not involve ferroelectric polarization
nor any other ferroic order such that the phase transition of
Ba(TiO)Cu4(PO4)4 has been coined a ferrochiral phase trans-
ition [157]. This phase transition is of the second order kind
and involves a combination of an antiferroaxial order together
with an antipolar order, the combination of which induces chir-
ality at the zone center as no cell doubling is at play. Other
isostructural A(BO)Cu4(PO4)s (A = Sr Pb and B = Ti, V)
crystals were reported to crystallize in the same low sym-
metry P42,2 space group but no high symmetry phases were
reported at high temperatures such that they might not exhibit
a similar ferrochiral phase transition [158-160]. An experi-
mental study looking at the difference between the case of
a non-accessible achiral phase of Sr(TiO)Cuys(PO4)s and the
case of Ba(TiO)Cuy(POy4)4 where it is observed when increas-
ing the temperature shows that the domain formations are
not the same, i.e. the Sr case shows predominant monodo-
main states while the Ba case shows predominant multidomain
states [160].
In summary for Ba(TiO)Cuy(POy)a:

the phase transition from achiral structure to a structure
described by a Sohncke group is second order;

the same space group symmetry describes both enantio-
morphs (Sohncke group);

the phase transition is described by coupled antiferroaxial
and antipolar distortions that induce chirality;

it is the unique zone center ferrochiral structural phase trans-
ition that has been reported so far.

4.7 CsSnBrs

Whilst preparing this review article, a very elegant study of
the polar and chiral phase of CsSnBr; was published [161].
Atintermediate temperatures (85K < T < 269K) it adopts the
tilted perovskite structure (@~ b a™ tilts of SnBrg octahedra)
of Pnma symmetry. At low temperatures, CsSnBr; adopts a
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Figure 9. Illustration of the crystal structure of Ba(TiO)Cu4(PO4)4:
(a) high symmetry phase above the critical temperature (around 983
K) viewed along the c axis. (b) Crystal structures of levo- and
dextro- (c) domains below the critical temperature as viewed along
the c axis. The squares in the insets of parts (a)—(c) schematically
represent the axial rotations of CusOj> units of up (magenta) and
down (cyan). (d) shows how the combination of the antipolar
distortions (left side with pink and light blue arrows) and the
antiferroaxial distortions (right side with red and dark blue arrows)
drives chirality in Ba(TiO)Cu4(PO4)4. Reprinted (adapted) with
permission from [157]. Copyright (2021) American Chemical
Society.

chiral and polar structure of P2; symmetry (one of the non-
enantiomorphic Sohncke groups), but it reaches this low tem-
perature phase via two continuous (second order) phase trans-
itions. From the Pnma phase, there’s a second order phase
transition at 85K to a ferroaxial phase of P2;/m symmetry,
with similar tilts to the Pnma phase but with additional anti-
polar displacements of Sn’>* cations [161] (due to the 5s? pairs
of electrons) [162]. On cooling a little further to 77K, the
P2, /m phase undergoes a second order phase transition to the
chiral and polar P2, phase, which now allows polar displace-
ments of the Sn*T cations. As observed for PbsGe;0;; and
Ba(TiO)Cu4(POy4)4, the achiral—chiral (non-enantiomorphic)
phase transition is second order and driven by a zone-center
polar distortion mode (I';"). In summary:
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e the achiral to chiral phase transition is second order and
involves little change in unit cell volume;

e the same space group symmetry (a non-enantiomorphic
Sohncke group) describes both enantiomorphs;

o the transition is described by the polar zone-center irrep I'; .

4.8. Crystallographic databases and data mining for chiral
crystals

After having presented a few specific examples of chiral crys-
tals, we would like to discuss the following observation: of
the 240 000 structures recorded in the ICSD by 2022, about
20% (i.e. around 8000 structures) are described by one of the
65 Sohncke space groups, and of these, only around 900 are
described by one of the 22 chiral and enantiomorphic space
groups. Hence, we can question whether the small number
of crystals reported for the 11 pairs of enantiomorphic space
groups are rare for a physical or chemical reason or have
simply been overlooked.

The CSD is one of the pioneering digital databases, encom-
passing a comprehensive collection of organic and metal-
organic crystal structures [163, 164]. In the 1990s, the ICSD
was established, focusing on experimentally determined inor-
ganic and mineral structures with around 200k compositions
today [165, 166]. These crystal structure databases (along-
side others including materials project (MP) [167], crystallo-
graphy open database (COD) [168], AFLOW database [169],
NOMAD repository [170]) allow the materials community to
search for, analyze, and use this information to design new
materials with desired properties. There has been a notable
upsurge in efforts to use machine learning and data mining
methodologies to examine and unveil novel crystal materials
by harnessing existing crystal databases. This concept entails
training a model using established structures to predict their
chemical stability. With a suitable dataset, machine learning
can anticipate the formation energies of hypothetical struc-
tures, presenting a powerful instrument for materials explora-
tion and design. This methodology strives to predict properties
or generate new crystal structures utilizing generative mod-
els, as exemplified in recent research endeavors [171, 172].
The methods used to populate the computational databases are
high-throughput techniques that screen many systems fairly
rapidly [169, 173, 174]. This is performed using DFT calcu-
lations to simulate crystal structures’ electronic structure and
stability. High-throughput DFT calculations can screen large
numbers of crystal structures for desirable properties. This
means that thousands of materials are computed and then ana-
lyzed to identify those with desirable properties such as stabil-
ity or specific optical, electrical, or magnetic properties. This
allows for a much more efficient and rapid identification of
promising materials. Researchers can use these methods to
screen large libraries of compounds for chiral properties or to
systematically explore the structural and compositional vari-
ations of a particular class of chiral materials.

Here, we analyze the available chiral crystal structures
from the following three prominent databases: MP [167],
COD [175], and AFLOW [169]. The foundational data for
these databases originates from the experimental ICSD [165,

Table 2. Number of structures existing in materials project (MP),
AFLOW, and crystallographic open database (COD). The
consolidated column is a constructed consolidated database without
repeated structures. The last two columns refer to the number of
structures with octahedra or tetrahedra.

Space group MP AFLOW COD Consolidated Octa. Tetra.
76 55 79 317 421 85 218
78 22 2 295 309 67 171
91 37 23 31 78 49 46
92 152 64 544 604 159 356
95 63 5 42 98 74 72
96 72 22 466 503 139 303
144 55 17 236 262 49 146
145 63 7 234 284 69 191
151 15 10 12 25 13 13
152 144 141 284 410 129 217
153 8 2 7 14 3 4
154 43 18 225 241 78 134
169 24 10 199 219 43 131
170 10 2 212 219 37 143
171 3 0 13 16 2 7
172 2 0 11 13 3 9
178 22 8 70 87 32 46
179 2 2 65 65 18 39
180 50 171 59 217 10 67
181 39 18 29 54 5 39
212 2 35 27 54 15 30
213 67 37 33 86 40 28

176]. These three databases have since been substantially
expanded through the application of high-throughput meth-
ods. Our study encompassed data reported up until May 2023.
Table 2 summarizes our screening and shows that fewer struc-
tures are reported for chiral space groups than for achiral space
groups and even for other Sohncke crystals. COD contains
structures with larger unit cells compared to the other data-
bases. When constrained to 50 atoms per unit cell, the num-
ber of chiral structures in COD becomes similar to the other
databases. To compile a comprehensive dataset, we merged
all three databases into a single master database, eliminating
repeated structures and excluding those in COD with incor-
rect crystallographic information file (CIF) format. Following
this process, we obtained 4285 structures that belong to one
of the 22 enantiomorphic space groups, of which only 1034
have unit cells with less than 50 atoms. For a visual represent-
ation, figure 10 illustrates the distribution of different chemical
species present in the reported structures. In unrestricted unit
cells, carbon emerges as the most frequently occurring ele-
ment, with 3050 structures, followed by hydrogen and oxygen,
with 2965 and 2990 structures, respectively. This is related
to the abundance of organic crystals with large unit cells in
the consolidated database. However, in unit cells with fewer
than 50 atoms, the composition shifts, with oxygen constitut-
ing 38.5% of the reported structures in the joint database, fol-
lowed by boron at 18.6% and carbon at 16.0%. Notably, 70%
of the structures with less than 50 atoms contain transition
metals. An analysis similar to that carried out by Halasyamani
and Poeppelmeier [88], to seek to identify structural features
that might be incorporated into design strategies for chiral
materials, would be of interest. The relatively small number
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Figure 10. Color trend over the different periodic table elements as a function of the frequency of chiral crystals’ appearance in the COD
database. The top figure is 22 chiral materials overall, and the bottom figure only includes those with less than 50 atoms in the unit cell.

of chiral structures reported to date makes this challenging.
However, proposed chiral structures from high-throughput and
machine-learning computational work might soon make this
more feasible.

We observed an unequal distribution of structures between
enantiomorphic pairs, implying that either achieving synthesis
control over specific enantiomorphic space groups has not yet
been fully realized, or that experimentally there may be chal-
lenges with determining the absolute configuration of a sys-
tem (see section 3.1). This discrepancy highlights the com-
plexity and challenges in controlling chiral structure forma-
tion and determination, prompting further research and innov-
ation. Using a high-throughput method to search for chiral
materials would be an excellent strategy for rapidly identifying
new chiral materials with specific functionalities. These high-
throughput methods allow researchers to quickly test large
numbers of potential chiral materials in parallel rather than
individually. Such methods have the potential to uncover new
chiral functional materials, adding to our understanding and
meeting the demands of emerging technologies [177].

5. Chirality and its relationship to other properties

In this section, we will discuss how chirality can be tuned
externally, i.e. by applied electric and magnetic fields or with
strain. While chirality is not the property directly investigated,
most of the responses that we discuss below are related to tun-
ing optical activity as an indirect probe of change in chirality
in the materials. A dedicated discussion about flipping chiral-
ity will be done further in section 7. We will also discuss the
cases of topological materials and altermagnets as their prop-
erties can be related to chirality.

5.1 Magnetism

Harnessing the influence of an applied magnetic field on prop-
erties associated with chirality (including optical responses)
holds promise for a range of functional materials applications,
including electric power systems, magnetic field sensors, all-
dielectric measurement devices, and broadband frequency
responses [178, 179]. This has motivated research into mater-
ials capable of demonstrating magnetic-optical interactions,

including magneto-chiral materials that have appropriate sym-
metry (either as a result of their crystal or magnetic structures)
for optical activity [180].

5.1.1. Magneto-Optical phenomena. Several magneto-
optical (MO) phenomena do not rely on specific symmet-
ries of the light-transmitting media (including the Faraday
effect and magnetic circular dichroism (CD)), but instead
rely on an applied magnetic field (or a magnetization of the
medium) [89]. These phenomena contrast with NOA (see
section 3), which depends on the symmetry of the spatial dis-
persion of the electric dipoles in the medium (alongside a gen-
erally weaker effect due to magnetic dipoles [181, 182]), giv-
ing rise to differences in propagation of oppositely polarized
light. The Faraday rotation V¥ is given by

¥ = VytN;H, ©)
where ¢ is the path length, H; are the components of the mag-
netic field, N; the directions of the wave normal, and V;; is
the Faraday tensor (a polar second-rank tensor). In the inverse
Faraday effect, a solid can be magnetized when exposed to
intense circularly-polarized light [89]. Magnetic CD is related
to the Faraday effect but relies on the different absorption coef-
ficients for oppositely circularly polarized light in an applied
magnetic field. This results in a phase difference between left-
and right waves propagating through a medium [89].

As noted above, the magnetic optical activity observed
in both the Faraday effect and magnetic CD result from
the applied magnetic field breaking time-reversal symmetry
and not from the intrinsic symmetry of the light-transmitting
medium [183]. However, a magnetic phenomenon analog-
ous to NOA exists, referred to as ‘magnetochiral dichro-
ism’ (MChD), which relies on the symmetry of magnetic
dipoles in the light-transmitting medium [183—185]. Barron
and Vrbancich demonstrated that chiral systems should show
different optical properties depending on whether the light
propagates through the chiral medium either parallel or anti-
parallel to the magnetic field direction, with opposite effects
for the two enantiomers [186]. Atzori et al give excellent over-
views of the experimental work in this field and introduce the
implications of this effect for sound propagation, photochem-
istry, and electrochemistry (and even possible explanations for
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the origins of homochiral life on earth!) [187, 188]. The MChD
effect depends on the relative orientations of the wave vec-
tor and magnetic field and the different absorptions of light
by opposite enantiomorphs arising from magneto-chiral aniso-
tropy (MChA) [183, 187]. There’s a growing body of work
exploring the MChD effect in molecular systems and com-
plexes, which typically takes advantage of molecular chiral-
ity to give a magnetized chiral system [189-191]. However,
in this review focusing on structural chirality, it is relevant to
consider possible magnetic and chiral extended solids, and the
following sections explore ‘magnetic chirality’ i.e. chirality in
spin-ordered states or textures [51].

5.1.2. Magnetic chirality. ~ In addition to the structural chir-
ality described in section 2, which arises from the crystal struc-
ture’s symmetry, the symmetry of the magnetic order can give
rise to additional physical properties [192, 193]. In terms of
chirality, several possibilities can be considered:

magnetic spins on a chiral crystal structure order with the
magnetic chirality fixed by the chirality of the crystal struc-
ture (e.g. langasite Ba3NbFe;Si;014);

magnetic spins on a chiral crystal structure order in a non-
centrosymmetric and chiral fashion (MnSi);

magnetic spins on an achiral crystal structure order in a
chiral fashion (e.g. Mn3Sn).

Before discussing these phenomena in more detail, it is help-
ful to consider some aspects of magnetic symmetry that are
distinct from purely structural crystallography, as well as their
consequences. Although magnetic moments are often repres-
ented by arrows (similar to electric dipoles), it is important to
note that they are described by axial vectors (rather than the
polar vectors used to describe electric dipoles). The image of
the magnetic moment arising from a current loop (figure 11)
helps to visualize the effects of various symmetry operations
acting on an axial vector (and the resulting magnetic moment),
which is often quite different from the effects on polar vec-
tors. Magnetic symmetry groups (to describe ordered mag-
netic structures) combine the geometric symmetry elements
discussed in section 2 in addition to the non-spatial symmetry
operation of ‘time reversal’: reversing time would reverse the
current flow in a loop and, therefore reverse the direction of
the magnetic moment (time reversal switches the sign of an
axial vector) [89, 194]. However, magnetic chirality does not
change under time reversal [51].

This understanding allows us to consider two types of chir-
ality that emerge from non-collinear magnetic structures often
associated with magnetic chirality: vector chirality and scalar
chirality, as discussed in section 1.

Collinear magnetic structures are not chiral, and so in the
search for magnetic chirality, non-collinear magnetic struc-
tures are needed [195], and the microscopic mechanisms
that stabilize these more complex magnetic arrangements
should be considered. Non-collinear magnetic structures arise
from combinations of symmetric exchange with, for example,
geometric frustration of symmetric (Heisenberg) exchange
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Figure 11. Visualizing magnetic moments as axial vectors resulting
from a current loop. Panels show the effects of (a) a two-fold
rotation, (b) reflection, (c) spatial inversion and (d) time reversal.
Reproduced from [89].

interactions [196] (e.g. langasite BazNbFe;Si,Oy4 [197-199],
magnetocrystalline anisotropy, and DM interaction (DMI, an
antisymmetric exchange via a spin-orbit interaction, which
may be non-zero if there’s no inversion symmetry between
the pair of magnetic sites) [142, 143] (e.g. CsCuCl3) [141].
Several broad classes of non-collinear magnetic structures are
frequently reported and its useful to consider them concerning
chirality:

e Cycloidal spin structures (e.g. CazRu, 07 [200]): although
polar they are achiral.

e Helical spin structures (e.g. MnSi, BazNbFe3Si;0}4): chiral
(does not break time-reversal symmetry and so an example
of true chirality) [51].

e Canted and toroidal spin structures (e.g. BaCoSiOy): chiral
(does not break time-reversal symmetry and so an example
of true chirality) [51].

5.1.8. Electronic magneto chiral anisotropy (eMChA). A
fundamental condition for observing eMChA is the absence
of inversion symmetry and the presence of spin-orbit coup-
ling, rendering the material non-centrosymmetric. While vari-
ous transport parameters may undergo modifications in such
materials, a particularly noteworthy consequence of this aniso-
tropy is its effect on electrical resistance. This influence on
resistance arises from the interaction between the orientation
of magnetization and the direction of current flow within the
material. Consequently, alterations in the relative alignment
of these two vectors can influence the material’s electrical
characteristics, underscoring the intricate interplay between



J. Phys.: Condens. Matter 37 (2025) 163004

Topical Review

its structural asymmetry and electrical behavior. In enantio-
morphic crystals, this difference can be written as:

RE/R(B,1) = Ry (1 +u2R2+WRB-I>, %

with ¥R = —~ referring to the conductor’s right- and left-
handed enantiomer, p is the electron mobility, and I is the
electrical current. This effect leads to the so-called eMChA,
most commonly detected by the associated second-harmonic
voltage generation under low-frequency a.c. as reported in
chiral metals [201]. Though several applications can be over-
seen on materials with this effect (such as in rectifiers), the
problem is that usually, v is very small. Therefore, there
is a need to search for new materials with larger electronic
magnetochiral anisotropy. A potential path is to use Weyl
materials, where chirality can induce a charge imbalance
between Weyl fermions of different chirality as reported in
TaAs [202]. A different direction is concerning identifying
chiral magnetic materials with larger anisotropy, as in the case
of CuB,04 [203] or LiCoPOy [204].

Exploring some well-characterized magnetochiral materi-
als may best illustrate these aspects of magnetic chirality and
the origins of these phenomena.

5.14. Langasite BazNbFe3Si,O14. Baz;NbFe;Sir 014 crys-
tallizes with a chiral structure of P321 symmetry, isostruc-
tural with the mineral langasite La3;GasSiO4. This space
group is consistent with optical activity and piezoelectricity.
It is one of the non-enantiomorphic Sohnke groups, mean-
ing that crystals of opposite handedness are described by the
same space group symmetry. Samples of opposite handed-
ness (of their crystal structures) have been prepared, and
their absolute chirality determined by anomalous x-ray scat-
tering experiments [197, 198]. The structure consists of lay-
ers of equilateral triangles of FeO, tetrahedra with antifer-
romagnetic superexchange interactions between Fe3* cations
via oxide ions within the triangles (and super-superexchange
interactions between triangles). Ba;NbFe3;Si,014 undergoes a
(second order) magnetic ordering transition below Ty = 27K
to an (approximately) co-planar antiferromagnetic structure.
However, there is suggested to be a small out-of-plane ferro-
magnetic moment [198].

The arrangement of Fe’* ions in triangular units gives
rise to frustration of the antiferromagnetic Fe—O-Fe superex-
change interactions and results in Fe** moments within a tri-
angle arranged at 120° to one another. This ‘triangular chir-
ality’ is an example of vector chirality (see above), and ana-
lysis of results from inelastic neutron scattering experiments
indicate that this vector chirality persists up to high temperat-
ures, well above Ty [199]. Symmetric exchange interactions
between triangles in successive layers result in the helical 3D
magnetic order observed below Ty, with crystals of opposite

handedness switching the relative magnitudes of these inter-
layer exchange interactions and resulting in magnetic struc-
tures of opposite helices [197, 199]. Qureshi et al [197]
showed this very elegantly by carrying out scattering exper-
iments on two samples of opposite crystal chirality to show
that both enantiomorphs had the same vector chirality within
the Fe triangles but opposite magnetic chiralities overall due
to the opposite sense of the magnetic helices (figure 12).
Ba;NbFe;Si, 014 provides an exciting contrast to systems such
as CsCuCl; (see section 4.3) because the helical magnetic
structure of BazNbFe;Si;Oy4 is thought to arise from frus-
trated symmetric (Heisenberg) exchange interactions, without
the need for antisymmetric exchange (such as the DMI) [197—
199]. In summary for BazNbFe3;Si;O4:

o The magnetic chirality is fixed by the crystal chirality.
e Magnetic chirality results from competing symmetric
exchange interactions.

5.15. MnSb,0s.  MnSb, g also crystallizes in a chiral but
non-enantiomorphic structure of P321 symmetry. The struc-
ture is built from layers of (distorted) MnOg and SbOg octa-
hedra, with Mn?" ions ordered into alternate layers to give
distorted triangular networks of three MnOg octahedra around
either an Sb>7 site or a vacancy [205]. On cooling, it undergoes
an antiferromagnetic phase transition at 12.5 K (with approx-
imately 3D-Heisenberg-like behavior) [205] and Johnson ef al
used single crystal neutron diffraction to investigate its mag-
netic ordering, characterized by co-rotating cycloids of Mn?*
moments [35]. This contrasts with BazNbFe;Si, 04 discussed
above in that rather than a helical structure observed for
Ba3;NbFe;Si;O14, the spin plane has been rotated by 90° to
give a cycloidal spin structure, probably favored by out-of-
plane anisotropy in MnSb,Og [35]. There’s some ambiguity as
to the exact orientation of the planes in which the spins rotate
without an applied magnetic field [58, 206], but it is close to
the (110) plane [35]. This cycloidal spin structure again res-
ults from several symmetric exchange interactions (and aniso-
tropy). The relative magnitudes of interlayer exchange interac-
tions are directly related to the crystal structure’s handedness,
which determines the magnetic domain configuration [35].
The DMI and cycloidal magnetic structure result in a polar-
ization perpendicular to the [001] axis [35]. It seems that an
applied magnetic field can tilt the plane of the spin cycloid
(until a spin flop transition is reached at higher fields to give a
helical spin structure), which can change the sign of the polar-
ization [58, 206]. The opportunity to control electrical polar-
ization by applying a magnetic field in this magnetoelectric
material is particularly exciting. In summary for MnSb,Og:

o The magnetic domain configuration of MnSb, O is directly
related to the crystal chirality.

e The cycloidal spin structure alone is achiral, resulting in an
electric polarization.
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Figure 12. (a) Crystal structure of BazNbFe3SirO14 showing FeO4
tetrahedra in blue and Ba, Nb, Si and O ions in green, orange, purple
and red, respectively; (b) shows the structure viewed perpendicular
to the layers (down [001]) highlighting the triangles of Fe>* cations
in blue. Panels (c) and (d) show the left-handed magnetic helix for
the left-handed enantiomorph and the right-handed magnetic helix
for the right-handed enantiomorph, respectively; both magnetic
helices have the same triangular chirality (er = +1 as shown in
green), whilst their magnetic helices are of opposite handedness

(ew = +1 or —1 as shown in red). Reprinted figure with permission
from [197], Copyright (2020) by the American Physical Society.

e An applied magnetic field can tilt the spin cycloid, switching
the polarization and the ferroelectric domain configuration.

5.16. Cry3NbS.. The metallic ferromagnet Cr;;3NbS;
(also referred to as CrNbsSg) can be described as an inter-
calation product of the 2H disulfide NbS;, with Cr;3NbS;

adoping a hexagonal structure composed of sheets of edge-
linked NbSg trigonal prisms, with Cr** ions in octahedral sites
between the layers. Depending on the precise stoichiometry
and ordering of Cr3t ions over these sites, the structure is
described by either P6322 or P63 symmetry (i.e. Sohncke
but non-enantiomorphic space groups) [207, 208]. A range of
magnetic ordering temperatures have been reported (~80K <
Tc < ~130K) [208-210] and neutron scattering work indic-
ated that in zero-field, the ground state is a chiral, helical mag-
netic structure, with Cr3+ spins in the ab plane (i.e. within
the layer plane). The spin helices propagate along the ¢ axis
(the direction perpendicular to the layers) with periodicity
much longer than the unit cell dimensions (similar to the hel-
ical magnetic state observed in zero-field for MnSi discussed
below). This helical spin structure results from several factors:
the crystal field at the Cr3* sites gives strong uniaxial aniso-
tropy favoring spins in the ab plane, whilst intralayer sym-
metric ferromagnetic exchange and DMI give the helical spin
structure [209]. As for MnSi, this combination of interactions
means that Cr;,3NbS; has a complex phase diagram [211]. In
addition to the chiral helical magnetic ground state, an applied
field along the helix propagation direction can give a helical
conical spin state with spins tilting towards the field direction
before a forced ferromagnetic state is reached at higher fields.
On the other hand, applying a magnetic field perpendicular to
the helical axis (i.e. within the plane) gives a chiral soliton lat-
tice (figure 13), with kinks separating ferromagnetic regions.
The lengths of the ferromagnetic regions grow (as does the
period of the chiral soliton lattice) with increasing applied field
strength until a forced ferromagnetic state is reached above
some critical field [47, 212]. In summary for Cr;/3NbS;:

e Multiple factors give rise to the helical magnetic states
observed for Cr;,3NbS; including magnetic anisotropy,
symmetric exchange interactions, and antisymmetric DMI.
The long periodicity of the spin helices compared
with the periodicity of the crystal lattice hints at the
weaker coupling between magnetic and crystal struc-
tures and the potential for field control of the magnetic
order.

5.1.7 MnSi. As noted in section 7, intermetallic MnSi
crystallizes with the B20 structure described by the Sohncke
(but non-enantiomorphic) space group P2;3 [214], with the
absolute structure determined using resonant x-ray scatter-
ing [215]. It orders magnetically below 29K with a helical
magnetic ground state in zero-applied magnetic field with peri-
odicity A\ much larger than the lattice dimensions (A~ 190 A;
a=~4.56 A), similar to observations of Cr; ,3NbS; described
above [209]. The chiral helical state in MnSi is stabilized
by ferromagnetic exchange and (weaker) DMI (allowed in
this non-centrosymmetric crystal structure). The crystal field
(anisotropic exchange) fixes the propagation vector of the
helix along the [111] directions of the unit cell but the much
longer periodicity compared with the unit cell dimensions
reflects the relatively weak coupling between the magnetic and
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Figure 13. (a) Crystal structure of Cr;3NbS; showing Cr, Nb, and
S ions in blue, green, and yellow, respectively; (b) shows a part of a
left-handed chiral helix observed as the magnetic ground state in
zero applied field, and (c) shows the whole left-handed spin helix;
(d) shows the chiral soliton lattice in applied fields perpendicular to
the helical axis. Reprinted figure with permission from [47],
Copyright (2012) by the American Physical Society; (e) shows a
Bloch skyrmion as observed in MnSi. Reprinted (adapted) with
permission from [213]. Copyright (2021) American Chemical
Society.

atomic structures [25]. The sense of the magnetic chirality
is determined by the crystal chirality: left-handed crystals
give left-handed magnetic helices [216]. The relative strengths
of the symmetric ferromagnetic exchange and antisymmetric
DMI change as a function of the applied magnetic field, giv-
ing a fascinating phase diagram [217, 218]. A conical mag-
netic structure is observed at low temperatures with applied
field along [111] [219], before a ferromagnetic state emerges
at higher fields. In a small region of the phase diagram in
low applied fields and just below T, the ‘A phase’ was
observed [217, 218]. Neutron scattering experiments showed
that this A phase consists of topologically-protected magnetic
vortices known as skyrmions (figure 13(e)) [25]. Proposed
by mathematician Tony Skyrme [220, 221], these skyrmion
particles are relevant to various fields of physics [213], but
magnetic skyrmions were predicted by Bogdanov and Hubert
to be metastable phases in acentric materials, stabilized by
DMI [222]. Mechanisms that give rise to non-collinear mag-
netic structures are necessary for magnetic skyrmions, and
therefore, much research has focused on chiral magnets with
non-collinear magnetic structures stabilized by competing
symmetric exchange and DMI. However, a wide variety of

skyrmion hosts are known, including those with achiral crystal
structures, including [213]:

the spinel GaV,4Sg with achiral, but non-centrosymmetric
crystal structure which hosts Néel skyrmions stabilized by
DMI [223];

centrosymmetric metallic magnet Gd,PdSi; which hosts
Bloch skyrmions that result from frustrated magnetic
exchange interactions (and not DMI) [224];
centrosymmetric GdzRugAlj; in which Bloch skyrmions
are stabilized by a combination of magnetic frustration and
RKKY interactions [225].

The observation of these complex non-collinear magnetic tex-
tures in materials with a range of crystal symmetries (both
centric and acentric) highlights the possibility of achiral crys-
tal structures hosting chiral magnetic structures that result
from combinations of symmetric exchange with antisymmet-
ric DMI, frustration or anisotropies, as illustrated by Mn3Sn
and CaMn;0, discussed below.

5.1.8. MnsSn. The metallic half-Heusler Mn3;Sn crystal-
lizes in a centrosymmetric structure of P63/mmm symmetry
with Mn sites arranged in a Kagome-type lattice in the ab
plane, with Sn sites within the hexagons. These Kagome lay-
ers are stacked along the c axis, with triangles stacked in a
staggered fashion to give twisted triangular tubes. Below Ty ~
420K Mn;3Sn orders magnetically with Mn spins in-plane
in an almost antiferromagnetic arrangement but with a small
in-plane ferromagnetic component due to a slight canting of
spins [226, 227]. The spin arrangement is referred to as an
‘inverse triangle’ configuration, which results from exchange
interactions (which are geometrically frustrated as a result
of the Kagome lattice), as well as the magnetic anisotropy
of the Mn sites and the DMI [228]. This non-collinear (but
co-planar) spin arrangement has vector chirality (i.e. oppos-
ite signs for ‘inverse’ and ‘normal’ triangle configurations),
and these configurations are non-degenerate due to spin—orbit
coupling [229]. This has consequences for the AHE observed
in Mn3Sn, with the sign of the AHE reversed by a small applied
magnetic field [230].

5.19. CaMn;0Oq,. The quadruple perovskite CaMn;0;,
undergoes a series of phase transitions on cooling. The mag-
netic phases observed illustrate the delicate balance of interac-
tions that can give rise to chiral magnetic order [231]. Starting
from the R3 phase below 400K, charge ordering of Mn3*
and Mn** ions over the perovskite B sites occurs on cool-
ing before orbital ordering is observed below 250 K giving an
incommensurate structural modulation [232] associated with
an orbital density wave [233]. Below Ty, = 90K, CaMn;0,,
orders antiferromagnetically and this magnetic phase trans-
ition induces a significant ferroelectric polarization [234].
Below Ty, the Mn spins order in a chiral, in-plane helical struc-
ture [34] with periodicity related to the structural incommen-
surate modulation resulting from orbital ordering [231, 235].
Because the nearest-neighbor magnetic exchange interactions
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are via Mn3t 3d orbitals, these interactions are modulated
by the orbital density wave which affects the spin helix giv-
ing regions with more ferromagnetic interactions (and reduced
helicity) and regions with more antiferromagnetic interac-
tions (and increased helicity) [231], and so the helix results
from competition between these symmetric exchange interac-
tions [233].

It’s striking that this chiral magnetic order emerges from
an achiral crystal structure but also that this magnetic order-
ing breaks inversion symmetry and gives rise to a large elec-
tric polarization. The polarization is perpendicular to the spin
rotation plane, and the magnetoelectric coupling is thought
to arise from ferroaxial coupling between the magnetic helix
and the global rotation present in the crystal structure [233]
(rotations of parts of a crystal structure concerning the rest,
allowed by certain ferroaxial crystal classes) [236]. Spin-orbit
interactions are needed for this coupling between the elec-
trical polarization and the magnetic helicity, i.e. via the DMI,
by which the helix’s non-collinear spin arrangement stabilizes
structural distortions. In CaMn;O,, these distortions result in
a local polarization along ¢ (perpendicular to the spin plane),
and the global chirality of the magnetic structure means that
these local polarizations sum to give a net polarization, with
direction determined by the magnetic chirality [233].

5.1.10. BaCoSiO4.  The stuffed tridymites often adopt chiral
and polar crystal structures and, with their compositional flex-
ibility, offer a promising field in which to explore magnetic
chirality [237]. The chiral antiferromagnet BaCoSiO,4 shows
coupling between several ferroic orders and helps illustrate
the complex coupling between structural chirality, magnetic
chirality, polarity, and ferrotoroidicity [238, 239]. The stuffed
tridymite structure is built from corner-linked BO, and B'Oy4
tetrahedra, with larger A cations in interstitial sites. Slight rota-
tions of these tetrahedra give crystal structures of opposite
handedness of P6322 symmetry, while ordering of B and B’
cations can give a polar axis, giving chiral and polar struc-
tures of P63 symmetry, as observed for BaCoSiOy (figure 14).
Interestingly, P63 symmetry is of crystal class 6, which is
pyroaxial [236] (allowing ferrorotational order), and so, as dis-
cussed for CaMn;0;, above, this symmetry allows coupling
between the structural chirality, magnetic chirality, and elec-
tric polarization via the DMI [238]. BaCoSiO,4 orders magnet-
ically below T, ~ 3.2 K with a chiral, triangular arrangement
of Co”* spins with a slight canting of spins towards the (polar)
c axis. This arrangement results from frustrated antiferromag-
netic interactions within the triangular units and strong easy-
plane magnetic anisotropy, with ferromagnetic canting due to
the DMI [239]. This ferromagnetic canting gives these trian-
gular units ferrotoroidal moments, with the direction of the tor-
oidal moment linked to the scalar chirality within each triangle
(figure 14(c)). The antiferromagnetic exchange between trian-
gular units is frustrated, so the ground state is ferritoroidal, but
a small magnetic field applied along ¢ can induce a transition
to a ferrotoroidal phase [238, 239].

(a)
Ba
Co
Si
0
c
a
(b)
b\/a
© Mlztlz M-z tll-z

4

Figure 14. (a) Crystal structure of BaCoSiO4 and (b) showing
puckered rings of corner-linked SiO4 and CoQy tetrahedra, with Ba,
Co, Si and O sites shown in green, blue, purple and red,
respectively. Panel (c) shows the arrangements of three Co>*
arranged in a triangle (spins shown by pink arrows) resulting from
frustrated Heisenberg exchange, magnetic anisotropy, and DMI
(DM vectors shown by green arrows), giving a toroidal moment
(large black arrows) parallel to the magnetization of each triangle.
Reproduced from [239]. CC BY 4.0.

5.1.11. Altermagnetism.  While magnetochirality is a well-
recognized effect with widespread applications, we aim to
spotlight a novel form of magnetism that holds the potential
to reshape our understanding of magnetic properties in chiral
materials: altermagnetism [240].

These new altermagnetic materials share a lack of the
nonrelativistic Kramer degeneracy at a general point in the
Brillouin zone (BZ), finite anomalous Hall effect (AHE), and
finite magnetooptical effect similar to ferromagnets. Typically,
spin degeneracy is lifted by one of two means. The first is
breaking inversion symmetry in relativistic spin—orbit coup-
ling, which introduces momentum-dependent splitting of the
band structure by spin. The second is breaking time-reversal
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symmetry, which results in moment-independent spin split-
ting. This would seemingly indicate that collinear antifer-
romagnets must have spin degenerate non-relativistic bands.
Spin degeneracy can be traced back to crystallography,
mainly when nonrelativistic spin groups are employed instead
of solely relativistic spin—orbit coupling symmetries. This
approach involves two sequential transformations: the first tar-
gets the crystal structure, while the second manipulates the
spin space, offering a novel perspective on the underlying
mechanisms of these magnetic materials [240]. In this scheme,
the spin sub-lattices of conventional antiferromagnets are con-
nected through a spin rotation and a spatial translation, which
preserves time-reversal symmetry, causing the band structure
to have spin degeneracy. Nonetheless, time reversal symmetry
can still be broken when the spin sub-lattices are connected by
a spatial translation combined with a spatial rotation in addi-
tion to the spin rotation. The broken time-reversal symmetry
results in spin splitting in the band structure, similar to ferro-
magnets, while there is zero net magnetization, which defines
the new altermagnetic phase.

Given that the magnetic sublattices units can be connected
by rotation (sometimes combined with other symmetry opera-
tions), it should be expected that some antiferromagnetic enan-
tiomorphic chiral crystals should also manifest altermagnet-
ism, as they can host the primary magnetic anticipated groups
to show this effect [241-243]. Though this effect has not (yet)
been reported in chiral crystal structures belonging to one of
the enantiomorphic space groups, it has already been repor-
ted to be the case in the non-enantiomorphic Sohncke space
groups [21, 22, 244], hence, this is calling for further studies.

5.2. Topological chiral materials

The intricate relationship between structural chirality and spin
has garnered significant attention recently, as evidenced by
several notable publications [20, 21, 245-247]. In particular,
the work of Chang er al delves into the intriguing connection
between these two facets of condensed matter physics [21].
They have elucidated how Kramers—Weyl fermions, a fascin-
ating and universal topological electronic property, are inher-
ent to non-magnetic chiral crystals characterized by spin—orbit
coupling. This discovery is particularly intriguing because
these Kramers—Weyl fermions are not merely coincidental
but are intricately tied to structural chirality, lattice transla-
tion symmetries, and time-reversal symmetry. In particular, to
realize Kramers—Weyl points, two criteria should be met: one
breaks inversion symmetry, P, but respects time-reversal sym-
metry, 7, whereas the other is the removal of double degener-
acy at nontime reversal invariant points (TRIMs). Figure 15
presents a simple description of Weyl point classification
in phonons, described in [248]. Therefore, a chiral lattice
becomes a prime candidate for realizing Kramers—Weyl fer-
mions as it inherently lacks inversion, mirror, or other rotoin-
version symmetries, giving it a well-defined ‘handedness’.
Recognizing these interrelationships opens up exciting
avenues for further exploration and understanding of chiral
materials, their topological properties, and the intriguing role
of chirality in governing electronic behavior. For example, it
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has a unique spin texture, giant helicoid Fermi arcs, large topo-
logically nontrivial energy windows, quantized circular pho-
togalvanic effects, etc [249]. The emergence of these topolo-
gical states represents a unique scenario in which traditional
frameworks like the Landau—Ginzburg—Wilson theory fail to
explain the transitions leading to these states. Notably, these
are conditions where no symmetry is spontaneously broken.
Instead, understanding these states relies on a concept known
as topological invariance, commonly referred to as the Chern
number [250, 251]. This Chern number serves as a global para-
meter that encapsulates the topological essence of the system
and is determined by the structure of the manifold that encloses
these states. This approach diverges from conventional the-
ories and offers a more nuanced understanding of the topo-
logical properties of the system. In particular, Chang et al
suggest several materials (where we only report the enantio-
morphs) that can have Kramers—Weyl fermions: TIBO, (P4,
space group 76), SryAs,O7 (P43 space group 78), AgzSbOy
(P4,22 space group 91), MgAss (P4,2,2 space group 92),
H4Ca,AsFi3 (P4322 space group 95), m-Cu,S (P432,2 space
group 96), DyAl;Cly, (P3112 space group 151), IrGe, (P3,21
space group 152), Srlr, P, (P3,21 space group 154), a-In,Ses
(P6; space group 169), BaN,O4-H,O (P65 space group 170),
HfsIrs (P6,22 space group 178), NazB4O;Br (P6522 space
group 179), NbGe, (P6,22 space group 180), WA, (P6422
space group 181), Li,Pd3;B (P4332 space group 212), MgzRu,
(P4,32 space group 213). From this list, we find semi-metals
and small-gap insulators; some can also host unconventional
four-fold-degenerate chiral fermions at TRIMs and may thus
host the unconventional spin-3/2 chiral fermion [252] or even
quantized photocurrent. Other materials also reported recently
are, e.g. LipPt3B (P4332 space group 212), which is a s-wave
superconductor with an antisymmetric spin—orbit coupling
induced by the broken inversion symmetry that leads to the
spin-splitting of the Fermi surface and gives to unique super-
conducting properties, such as the parity mixing of Cooper
pairs; SrSi; is a nonmagnetic double WSM with a circular pho-
togalvanic effect reported [253].

The low numbers of Kramers—Weyl fermion hosts repor-
ted for some chiral space groups (indeed, no reported struc-
tures for several chiral symmetries!) highlights the gaps in the
landscape of chiral materials and motivates materials design
and discovery (see section 4.8). According to [254], all the
enantiomorphic groups should have materials with emergent
particles. This last reference provides a comprehensive clas-
sification of emergent particles in time-reversal-invariant sys-
tems. The paper focuses on spinful and spinless particles in 3D
systems and categorizes them based on the 230 space groups.
For example, they report that most enantiomorphs (magnetic
and nonmagnetic) have topological properties such as charge
—2, —3, —4 Weyl points, can have nodal surfaces, and have
Dirac points. Here we want to stress that the lack of known and
reported chiral materials hinders the exploration of the topolo-
gical materials in enantiomorphic groups as the list of enantio-
morphic groups with representative compounds for emergent
particles is incomplete.

On the other hand, we encounter a fascinating phenomenon
in condensed matter physics: emerging particles or excitations
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Figure 15. Three types of unconventional Weyl phonons (WPs)
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dispersions of charge-three WP. Reproduced from [248].

CCBY 4.0.

owe their existence to degenerate band crossings within the
dispersion relation. These band crossings can involve elec-
trons, phonons, or magnons and are safeguarded by specific
symmetries inherent to the system. Topological materials can
typically be categorized based on the type of band crossing
they exhibit. The first category consists of materials with zero-
dimensional (0D) band crossings, commonly called nodes or
nodal points. These include Dirac semimetals (DSMs) and
WSMs, where either doubly or singly degenerate bands inter-
sect at discrete points near the Fermi level (Ex). The second
category features materials with one-dimensional (1D) band
crossings, which occur along lines in momentum space. Such
materials are generally termed topological nodal-line semi-
metals (TNLSMs) and exhibit four or twofold band cross-
ings along these lines. Finally, the third category encom-
passes materials with 2D band crossings preserved on a sur-
face within the 3D BZ. These materials are topological nodal-
surface semiconductors and represent a more complex form
of band crossing. An excellent discussion of the differences
between these groups can be found in [247]. Weyl particles
serve as a pioneering example of topological materials. In
this context, these particles emerge due to the convergence
of two distinct bands in the material’s energy dispersion, one
for each spin channel. What distinguishes Weyl particles is
their unique status as symmetry-protected entities arising from
the crystal’s inherent symmetries. This symmetrical protec-
tion bestows these particles a distinctive topological charge,
a quantized Berry flux residing in momentum space. Within
Weyl particles, this topological charge is quantified by an
integer known as the Chern number, as introduced before.
This numerical value plays a pivotal role, imparting a sense
of handedness to the electronic wavefunction associated with
these particles and capturing the topology of the filled electron
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bands. In essence, the Chern number encapsulates the topolo-
gical properties of Weyl particles, dictating their behavior and
providing an intrinsic link between their emergence and the
underlying symmetries of the crystal lattice. The Chern num-
ber generally identifies the topological invariance of quantum
Hall insulators. This connection between topology and sym-
metry is a profound revelation in condensed matter physics,
offering a deeper understanding of how exotic particles like
Weyl fermions come into existence and how they influence the
electronic properties of materials.

Given the structural attributes of the chiral materials under
discussion, it is evident that their unique topological proper-
ties and emergent particles extend to other excitations, such as
in phonon band structures. For instance, KMgBO; has been
reported to feature multifold and multidimensional topolo-
gical phonons and charge-four Weyl phonons [255]. Similarly,
TIBO, (space group 76) exhibits multi-Weyl points in its
nonmagnetic crystals [256]. In the case of a-TeO, (space
group 92), non-symmorphic twist symmetries underlie phonon
band anti-crossings and topological behaviors [257]. CsBe,Fs
(space group 213) uniquely hosts type-I and type-II uncon-
ventional charge-two Weyl points with varying Chern num-
bers [248]. MgAsy (P4,2,2 space group 92) features topo-
logical Weyl points arising from twisting phonon symmet-
ries that combine rotational and translational elements [258].
The coexistence of charge-2 Weyl and charge-2 Dirac points
characterizes BaPt,S3 (P4,2,2 space group 92) [259]. In con-
trast, KoMg, O3 (P432,2 space group 96) and Nbs AN (P4,32
space group 213) host isolated Weyl phonons with two or four
Chern numbers in their acoustic branches [260]. Moreover,
there are instances where topological phonons coexist with
other topological particles, such as the reported coexistence
between charge-2 Dirac points and Weyl phonons in enantio-
morphic space groups 92, 94, and 96, specifically in Na,Zn, 03
(P432,2 space group 96) [261]. This extensive work under-
scores chiral materials’ rich topological landscape regarding
emergent particles and complex phonon band structures.

5.3. Electric properties

While the change of optical activity of magnets (or dia-
magnetic substances) under an applied magnetic field was
discovered by Faraday in 1845 (the Faraday effect, see
section 5.1), the analysis of the analogous electric phe-
nomenon, i.e. the change of optical activity under an applied
electric field, came more than a century later [262-270]. The
(linear) electrogyration tensor 7 can be defined as the change
of optical activity under an applied electric field E:

ogij

27 , 8
OEx |g—o ®)

Vijk =

where i, j and k refer to the Cartesian directions and g is the
gyration or optical activity tensor. Hence, as for the Faraday
effect, a crystal not optically active can show electrogyration
as an applied electric field can induce a non-zero optical activ-
ity. All crystals can exhibit linear electrogyration except those
with symmetry m3m, 43m and 432 [267, 271]. Of course,
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Figure 16. (a) Hysteresis loop of the optical activity rotation versus electric field as measured in LiH3(SeO4),. Reproduced with permission
from [272]. © 1962 The Physical Society of Japan. (b) Temperature evolution of the absolute value of the electrogyration coefficient of a
single domain of RbFe(Mo00Q4),. Reprinted figure with permission from [273], Copyright (2021) by the American Physical Society. (c)
Airy’s spirals of the ferroelectric PbsGez Oy crystal for the two polarized domains (4P and —P). [274] [10 June 2011], reprinted by
permission of the publisher (Taylor & Francis Ltd, www.tandfonline.com.). (d) Temperature dependence of the absolute value of the
gyration component of PbsGe30;; as measured experimentally (red circles and blue squares), the black curve shows the theoretical
evaluation. (e) Hysteresis flip of the optical activity angle versus electric of PbsGe301;. (d) and (e) Reproduced with permission from [275].
Copyright © International Union of Crystallography. (f) Temperature dependence of the electrogyration coefficient of PbsGezOy;:Cr
crystal. Reproduced from [276]. © IOP Publishing Ltd. All rights reserved.

higher-order electrogyration responses (quadratic electrogyr-
ation) can exist if one treats higher derivatives of the optical
activity tensor.

The special case where the optical activity is reversed by
an applied electric field is called gyroelectricity [262, 277]
or ferrogyrotropy [278, 279]. There is also the special case
of hypergyroelectricity [262, 267]), which is defined as crys-
tals where it is the electrogyration (vs the optical activity
reversal for gyroelectrics) that can be reversed by an elec-
tric field. There is an intimate link between gyroelectricity
and ferroelectricity, as reversing the optical activity under
an electric field is done by reversing the polarization. Some
of the first observations of gyroelectricity were made on
Ca,Sr(C,H5CO5)6 [280] and LiH3(SeOy), [272] ferroelectric
crystals in 1962. In these measurements, a hysteresis loop is
observed when plotting the optical activity versus the applied
electric field (see figure 16(a) for the case of LiH3(SeOy),).
Having such a switchable optical activity under an applied
electric field with a hysteresis loop shape raised the ques-
tion of whether the optical activity can form or be associ-
ated with a new ferroic order [278]. However, as the optical
activity tensor is mediated by the ferroelectric order, it has
been defined as an implicit form of ferroicity, i.e. it can
only be affected through an accompanying explicitly ferroic
order [278]. Hence, in a gyroelectric crystal, the optical activ-
ity tensor evolution with temperature follows the ferroelec-
tric polarization, i.e. evolves as a square root function below
Tc (see, e.g. figure 16(b) for RbFe(MoQ,); or figure 16(d)
for PbsGe;O1). Then, several crystals were reported for their
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electrogyration and/or their gyroelectric response, such as
the boracites Co3B;0,31 and Cu3zB;0;3Cl [281], the sillen-
ites Bi12Si0,¢ and BijnGeOyy [282, 283], SnyP,Se [284],
Stolzite PbMoQO4 and PbWO, [285] or more recently in the
ferroaxial phase transitions reported in NiTiO; [286] and
RbFe(Mo0OQy,), [273] (see figure 16(b)). Among them, one of
the most studied crystals for its large gyroelectric and elec-
trogyration response is the aforementioned lead germanate
PbsGe;0;; (see sections 4.5, 7 and figure 16). Figure 16(c)
shows the Airy’s spirals of the two ferroelectric domains of
PbsGe;0;; where we can observe the change of the rota-
tion direction in the two cases. Figure 16(d) shows the evolu-
tion of the temperature dependence of the gyration amplitude
of PbsGe3;0O;; which becomes non-zero at the ferroelectric
phase transition and evolves as a square root function, i.e. like
the polarization of the material. Figure 16(e) shows how the
optical activity angle evolves under an applied electric field
in PbsGesOj;. Here again, we can see that the optical activity
exhibits a hysteresis shape as it follows the switching of fer-
roelectric polarization under an applied electric field. Finally,
figure 16(f) shows the evolution of the electrogyration coef-
ficient of doped PbsGe;0y;:Cr crystal when varying the tem-
perature. Here again, at the critical temperature where the fer-
roelectric phase transition appears, we can observe the diver-
gence of the electrogyroelectric response, with very large val-
ues compared with crystals that do not have such a phase trans-
ition. Recently, Fava et al [156], have shown from DFT calcu-
lations that the chirality of the ferroelectric phase comes from
a polar soft mode that induces the phase transition. This offers
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a microscopic understanding of why the optical activity fol-
lows the ferroelectric polarization in a one-to-one way, given
that the polar distortion is also chiral.

We can see that electrogyration and gyroelectricity were
topics put aside in the past 10 years. Still, they could be
brought back to the forefront with the increase in interest in
chiral crystals and the recent advance in photonic applications.

5.4. Strain

The study of elastic properties in chiral materials is an emer-
ging field that has garnered increasing attention over the years.
One of the pioneering works in this area can be traced back
to the study by Ben-Haim et al [287], which delved into
the elastic constants of 30 nm chromatin fiber. The study
examined the fiber’s DNA elastic properties and geometric
attributes and made significant inferences about how the inher-
ent chirality of the chromatin fiber influences its mechanical
characteristics.

In the context of structural chiral materials, the work by
Huang et al [288], which delves into the atomic-scale sens-
itivity of elastic properties in chiral crystals, stands out in
the field. The paper is particularly noteworthy for exploring
the Dresselhaus effect in ferri-chiral crystals and specifically
identifying NaCusSs as a material that exhibits this unique
behavior. The study further discusses the potential for switch-
ing chirality, affecting the Dresselhaus spin splitting. This
opens up new avenues for understanding the intricate rela-
tionship between chirality and spin in periodic crystals, offer-
ing a compelling alternative to the conventional Rashba spin
textures.

On the other hand, the interplay between chirality and
optical activity as influenced by strain remains a relatively
unexplored area in materials science, however a good theoret-
ical description of the phenomena is provided in [289]. While
some studies have touched upon this subject, as seen in materi-
als like NaCusS3 [290] or Co3Ni3Gag [291], they offer limited
insights into how strain specifically alters the optical activ-
ity. One of the seminal studies in this field centers on dic-
alcium strontium propionate (DSP), Ca,;St(C3HsCO,)q [278,
292, 293]. This unique material is both ferroelastic and fer-
roelectric, exhibiting gyrotropic behavior under the influence
of uniaxial stress. The authors of these works provide an in-
depth analysis of how mechanical strain impacts the optical
properties of DSP across its various phases and domains. The
material undergoes a subtle lattice distortion upon applying
strain, transitioning from a high-symmetry phase with m3m
symmetry to a low-symmetry phase characterized by 422 sym-
metry. This phase transition occurs at a critical temperature of
281.7K, leading to six distinct gyrotropic states, each defined
by a unique gyration tensor. This structural phase transition
can be generalized regarding macroscopic symmetry break-
ing, as discussed in [294].

The elastic properties of other chiral materials have
also been studied, including TeO, [17], where a-TeO,
is noted for its acoustic-optic properties, which result
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from its unusual elastic behavior and high birefringence;
(CsH;1NH3),ZnCly [295], where strain can break the sym-
metry of this electro-toroid system and the system becomes
spontaneously optical active; Cu,OSeO3 [296, 297], where the
dichroism extinction effect measured in this material which
shows helical, conical, and skyrmion phases, and the sound
velocity is affected by direction of an applied magnetic field
CrNbsSe [298], where the hybridization of the rotational and
translational vibrational modes provides a unique response
related to elastic response. (The effect on the optical activity
of CrNb3Sg is not yet reported.)

Interestingly, the direction and magnitude of the applied
stress can induce shifts in both the ferroelastic and gyrotropic
states across different domains within the material [289]. This
makes DSP one of the rare instances where external forces
can selectively stabilize certain domains over others [278].
Transitions between states in different domains are triggered
when the applied force creates a sufficient disparity in the
stored free enthalpy between the domains, overcoming the
energy barrier that separates them. This manifests as a change
in sign in the optical activity tensor. Furthermore, although the
activity tensor remains invariant under time inversion, its beha-
vior can be modulated in magnetism through coupling with the
magnetoelectric effect.

6. Chiral phonons

In an attempt to respond to the question of whether ‘if elec-
trons can carry chirality at valleys in hexagonal 2D arrays,
might photons do the same?’, Zhang and Niu [31] put the
notion of phonon chirality in the spotlight in 2014 from a the-
oretical perspective. The experimental validation through an
optical pump-probe technique and infrared CD came a few
years later [30], which has pushed interest in chiral phonons
to the forefront [32, 298-309]. Indeed, observing and manipu-
lating chiral phonons has opened new research directions such
as the phonon Hall effect, phonon Berry curvature [310-313],
phonon effective magnetic field and induced orbital or spin
magnetization [33, 302, 308, 314, 315], current induced by
chiral phonons [306], axial thermal expansion [299] or even
using chiral phonons as dark matter detectors [316], all of
them extending the field of phononic applications to new hori-
zons [317].

To qualify the phonon chirality, Zhang and Niu used the
pseudo angular momentum (PAM) of the eigendisplacements
associated with this phonons [318] (see figure 18). We point
out that the concept of PAM was previously introduced in
[319] in the context of electronic Bloch states at high sym-
metry points and hence characterized by a discrete rotational
invariance. The PAM (both in the phonon and electron con-
texts) can be thought as the unitary generator of such point
group rotation and is expected to be a conserved quantity.
With reference to [31], it can be seen that the Zhang and
Niu treatment allows the splitting of the phonon eigenvectors
into right and left-handed sublattices and defines a circular
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Figure 17. (a) Schematic picture of left (P3,21 space group) and right (P3;21 space group) handed quartz crystal structures. The tetrahedra
represent the SiOy4 units. (b) Circular dichroism of the left and the right-handed quartz as extracted from the resonant x-ray scattering at the

reciprocal lattice vector q = (—0.25, 0, 0.32). (c) Schematic picture of the oxygen chiral motions of the phonon mode probed at q = (—0.25,
0, 0.32). Red balls are for the O, and blue balls for the Si. Reproduced from [309]. CC BY 4.0.

polarization of the phonons. It is worth mentioning that while
Zhang and Niu’s paper refers to the phonon chirality in 2D,
validation of such a concept requires its extension to 3D sys-
tems and in particular to the case of structures which sym-
metry operations belong to one of the enantiomorphic space
groups. This extension has been recently provided in [320]
with particular reference to the consequences of having non-
symmorphic operations. The direct use of PAM was barely
studied except when it interacts with the magnetic proper-
ties. Another interest for PAM is observing, characterizing,
and exciting chiral phonons through polarized light. This was
exemplified by Ishito ef al in their polarized Raman scatter-
ing experiments to identify chiral phonons in cinnabar (c-
HgS) [303]. They demonstrated the possibility of probing the
chirality of the crystal domains through non-contact and non-
destructive measurements. They showed that the conservation
law of the pseudo-angular momentum between light and phon-
ons allows momentum transfer, hence it is ideal for combined
opto-phononic technological applications [321]. Clear experi-
mental measurement of chiral phonons has recently been made
in quartz through resonant inelastic x-ray scattering with cir-
cularly polarized x-rays [309]. By construction, the circularly
polarized x-rays are chiral such that they can interact with
chiral phonons of reciprocal space and, hence, dispersion of
the chiral phonon modes can be obtained, see figure 17. The
authors also performed DFT calculations and showed that the
charge quadrupole of the O 2p orbitals in the chiral phonon
eigenvector is the source of the dichroic x-ray signal detected
experimentally.

In their article ‘Orbital magnetic moments of phon-
ons’ [33], Juraschek and Spaldin made a systematic DFT cal-
culation of the induced orbital magnetization coming from
PAM in ionic crystals. Because chiral phonons will carry PAM
by definition, they will naturally carry an orbital magnetic
moment. In ionic crystals, the rotation of charged ions will
induce magnetic moments through their gyromagnetic ratio.
Hence, defining a phonon magneton as a unit measure of
this effect is possible. Juraschek and Spaldin found that the
order of magnitude of this phonon magneton is about 10~ 15.
This effect could be observed experimentally by ultrafast laser
excitations of phonons.

The effect of chiral phonons on magnetism can be seen as
an effective magnetic field on the system, also described as
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Figure 18. (a) Schematic picture of local circular motions of ions as
present in chiral phonons, here for a hypothetical diatomic ionic
crystal (e.g. PbTe [322]). The circular motions of the ions create
local magnetic moments of different amplitudes m4 and mp such
that the total magnetic moment M is non-zero. Reprinted figure with
permission from [322], Copyright (2022) by the American Physical
Society. (b) Schematic picture showing the phonon Zeeman splitting
of a degenerate mode. The phonon frequency (w) is plotted
concerning the magnetic field amplitude (B) where the phonon
eigenvector with opposite magnetic moment to the field is shifted
upward (wo + B). In contrast, the one with moment aligned with
the field is shifted downward (wo — vB) where v would represent the
gyromagnetic ratio of the phonon. Reprinted figure with permission
from [323], Copyright (2017) by the American Physical Society.

a phonon analog of the inverse Faraday effect in optics [302,
314, 321, 324, 325]. Xiong et al [314] used a classical point
charge model (using the Born effective charges of the atoms)
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and a fundamental magnetostatic Biot and Savart law to show
that the circular motion of charged atoms of chiral phon-
ons will induce a local effective magnetic field. They show
that in systems with time-reversal symmetry, chiral phon-
ons’ total induced effective field is zero but can be observed
through temperature gradients. When applied to bulk tel-
lurium, their model can give a total effective magnetic field
of 0.01 Tesla at room temperature. They also show that this
effective magnetic field from chiral phonons can renormal-
ize the Curie temperature of ferromagnetic substances with
Heisenberg model interactions. While this effective magnetic
field of chiral phonons was reported to be relatively small,
recently, Juraschek et al [302] have estimated from first-
principles calculations and microscopic models that the effect-
ive magnetic field can be larger than 100 Tesla in rare earth
triclhorides under the conditions of ultrafast laser excitation
experiments. This can also explain the large phonon splitting
between left and right circularly polarized eigenvectors under
applied magnetic field reported by Schaack in the paramag-
netic CeF; [326] or more recently in the DSM Cd;As, [327]
where a large phonon Zeeman effect was observed (with an
effective phonon moment of 2.7up). If such a giant magnetic
effective field induced by ultrashort terahertz pulses is con-
firmed experimentally, this will put the field of phonomag-
netism at a new scale with a high impact in materials sci-
ence [328-330]. Such an effect being possible in non-magnetic
insulators opens the way for inducing dynamical magneto-
electricity in non-magnetic non-polar materials through chiral
phonons is now also at its infancy [308, 322, 323, 331, 332].

Another effect that has been raised by Geilhufe [333] is that
the circular motion of ions introduces inertial effects on elec-
trons, which can be seen as effective Zeeman-like splitting of
the phonon frequencies.

The transfer of angular momentum between phonons,
electrons, and magnetism (spin and/or orbital) relies on the
electron-phonon coupling. However, its exact microscopic
mechanism was not clearly defined until recently [334]. This
transfer of angular momentum to magnetism is intimately
linked to the Einstein/de Haas or Barnett effect, which high-
lights the fact that changing the magnetization of a material
induces a mechanical rotation of the sample and the other way
around, respectively [335, 336]. Recently, Mentink et al [337]
have developed a microscopic theory of an ‘angulon’ quasi-
particle to unify these effects. Through this theory, they show
that new high-frequency effects should be observed in elec-
tron spin resonance that could help understand the transfer of
angular momentum appearing in ultrafast experiments.

To conclude this section, we mention that the concept
of chirality can be associated with zone-center phonons,
although the corresponding modes must have zero angular
momentum. Different metrics should be adopted in that case,
such as the continuous chirality measure (CCM) [28] for
example. Recently applied to the chiral eigendisplacements of
PbsGe; 0y at the I' point, the CCM has been found to increase
concerning the phonon frequency [156] due to the signific-
ant presence of oxygen in the unit cell. This suggests the use
of high-frequency electric fields as a way to realize the con-
trol of this chiral degree of freedom through a fast-switching
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mechanism [156]. Moreover, a ALy, difference—which could
be interpreted as a torque—can be induced by a nonchiral
to chiral phase transition as also reported in [156]. Again in
the context of theoretical predictions, 3D chiral Weyl phonons
have been recently predicted in elementary Te systems [338].
In particular, a relationship between the phonon PAM, angular
momentum, structural symmetries and Weyl Cern number has
been identified [338].

The chiral phonons field has been particularly active within
the past few years, where a first dedicated CECAM workshop
was organized in July 2023 [339]. Hence, we can expect more
regarding chiral phonons in both fundamental research (chiral
bosons) and new technological applications (phononics).

7. Chiral order parameter and control of structural
chirality

An order parameter can be defined as a degree of freedom
whose magnitude signifies the transition from one phase to
another. Typically, these phases are distinguished by the pres-
ence or absence of specific symmetries. The existence of an
order parameter is linked to the notion of (spontaneous) sym-
metry breaking (SSB), which aligns with the Landau the-
ory of phase transitions [340], although several exceptions
are known (e.g. topological [341], liquid-gas or reconstruct-
ive [342] phase transitions, for instance). The idea of a spon-
taneous order appearing below a critical temperature 7. is
thus generally associated with the breaking of symmetry as
a result of an instability of some kind in the system: a mag-
netic order breaks the SO(3) rotation of the spin, a polariza-
tion breaks the inversion along some mirror plane (while leav-
ing more than one position unmoved under point group opera-
tions, thus removing the inversion center) and so on. Hence, we
can raise the following questions: Does the spontaneous emer-
gence of a structural distortion from a high-symmetry achiral
phase to a low-symmetry chiral phase produce an independent
order parameter? And can we treat this distortion as an internal
degree of freedom in a crystal?

If a crystal possesses an unstable phonon that drives a trans-
ition from an achiral to a chiral phase, it is natural to adopt
the amplitude of the symmetry-lowering mode as the order
parameter. In this case, the phase transition is displacive or
order-disorder (i.e. not reconstructive) when a group-subgroup
relation between the two phases exists, which also means it
preserves the internal connectivity and does not break any
bonds [343]. It can also be linked to a free energy double well,
as illustrated in figure 19, where both the achiral and chiral
configurations are energetically feasible within the solid-state
transition. In such scenarios, we can classify this structural
phase transition as primarily chiral, where chirality is the
primary order parameter. As we have seen in section 4, a
few examples of displacive chiral phase transitions are known
(e.g. K3NiO; [136]). While the distortion originating from
the unstable mode drives the system to be chiral, there exists
ambiguity regarding its classification as the chiral order para-
meter. Despite the distortion embodying chirality is coming
from the soft phonon mode, determining it as the definitive
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Figure 19. Schematic picture of a double well associated to a chiral
structural instability coming from an achiral reference structure.

chiral order parameter requires a more profound investiga-
tion. Additionally, a close examination is essential to clarify
whether the magnitude of this distortion inherently captures
chirality to the degree that justifies its acknowledgment as the
chiral order parameter.

This section delves into the current literature surround-
ing the definition of an order parameter for chirality in peri-
odic crystals and the mechanisms by which external stim-
uli can trigger chirality flipping. Additionally, we investigate
the case of coupled order parameters to chirality, in which
enantiomorphic switching could occur by flipping those other
order parameters. Controlling the associated structurally chiral
domains by external means are enormously appealing as this
would open materials science to new functionalities based on
chirality. Defining an order parameter for chirality, quantify-
ing it (see section 8), and having an associated conjugate field
would also have substantial consequences in the fundamentals
of solid state physics as chirality would enter as a new ferroic
order aside to ferroelectricity, ferromagnetism, ferroelasticity,
and ferrotoroidicity [344]. Furthermore and since the purpose
of this section is to focus on chiral orders in periodic solids, we
will not explore this concept in polar vortices in nanostructures
or in stacked and twisted 2D layers, although we provide some
references in appendices A and B.

71. Definition of a chiral order parameter

A crystal is chiral if its space group only contains proper oper-
ations [28]. Hence a straightforward definition of a chiral order
parameter, associated with an achiral phase, would be that
of a degree of freedom—for instance a phonon or symmetry
adapted mode—which spontaneously breaks some improper
(e.g. mirror) operations, thus inducing chirality in the system.
Some additional restriction requires having the chiral order
to belong to a non-invariant irreducible representation of an
achiral space group, and the most logical choice is repres-
ented by the time-reversal even pseudoscalar representation.
It has in fact been proven that every chiral space group pos-
sess the so called Gy monopole [49], which is a pseudoscalar
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Figure 20. (a) Schematic picture of the left (L) and right (R)
handed pseudoscalar electrotoroidal monopole Gy where the green
arrows represent the flux of electrotoroidal dipoles. (b) ‘Classical’
representation of the toroidal moment as a vortex-like configuration
of dipoles Q. The axial-polar-chiral (pseudoscalar) interaction is
represented in (c), where Q is the electrotroidal dipole, E is the
electric field and w is an axial deformation of either electromagnetic
or mechanical origin. Reprinted figure with permission from [345],
Copyright (2022) by the American Physical Society.

property. One can associate the sign of Gy with a specific
handedness following a convention as in figure 20 from [345].
Naturally, many distinct properties may fulfill the requirement
of being pseudoscalars and in several physical contexts. As
explained in appendix C polar and axial components may be
extracted from the multipole expansion of a generic observable
operator. While neither is necessarily by itself chiral, assum-
ing for example a polar vortex P(r) such that V x P =£0, the
dot product P(r) - (V x P(r)) represents a local 3D formu-
lation of Gy, albeit not a unique one. While the specific for-
mulation of a chiral order parameter depends on the problem
under consideration and may change upon the context (with
the sole requirement of being zero in space groups possessing
improper symmetry operations), the possibility of a spontan-
eous transition from an achiral reference phase to a chiral state
has been elucidated in several recent works [294, 346, 347]. In
particular and with reference to the work of Hlinka [346], it is
easy to spot that the chiral representation can be obtained as
the product between the polar and the axial representations as
also highlighted in the character table figure 21. This detail
is crucial to define a so called enantioselective effect, namely
an interaction between a chiral material and an external para-
meter capable of removing the degeneracy between states
equidistant from a nonchiral reference but with opposite
handedness.

71.1. Enantioselectivity mediated by physical effects.  After
defining the electric toroidal monopole as a chiral order para-
meter, Kishine ez al [49] try to define an associated conjugate
field. According to them, this conjugate field should be able to
favor one or the other enantiomorphic phase through flipping
the sign of Gy, i.e. it should have the same symmetry trans-
formation as Gy (the field times Gy should be an invariant of
the Hamiltonian). One proposed example of such a field is the
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Irrep E 1 m 2, I' 1 mj 2 Symbol
0 @ oo oo
2, my 2, m
Agy(ZH) 11 1 1 1 1 1 1 N
Ayy(Z5) 1 1 -1 -1 1 1 -1 -1 G
AL (Eh) 1 -1 1 -1 1 -1 1 -1 P
Ay (Z2) 1 -1 -1 1 1 -1 =1 1 C
mA(mEf) 1 1 1 1 -1 -1 -1 -1 L
mAyymZ;) 1 1 -1 -1 -1 -1 1 1 M
mA,mgf) 1 -1 1 -1 -1 1 -1 1 T
mAy(mz;) 1 -1 -1 1 -1 1 1 -1 F

Figure 21. Character table of the point group co/mm1’ point group
from [346]. Here N, G, P and C represent the time-even nematic,
axial, polar and chiral orders respectively. At the same time, L, M,
T and F indicate the antiferromagnetic, magnetic, magneto-toroidal
and time-odd chiral representations. Reprinted figure with
permission from [346], Copyright (2014) by the American Physical
Society.

so-called Lipkin ‘zilch’ p, [49, 348-350]:

1
pX:%OE-(VxE)—&—Z—B-(VxB), )

Ho

which can be a measure of the chirality of an electromag-
netic field [349] (e.g. a circularly polarized wave) and where
E and B are the electric and magnetic fields, respectively. This
spacial-dependent zilch field is a conserved property of the
electromagnetic fields in vacuum [348, 351]. Such an object
may couple with the structural chirality of a crystal since the
product between a vector (namely, the electric field) and a
pseudovector (that is, V x E) must contain the pseudoscalar
irreducible representation. The electromagnetic force associ-
ated with circularly polarized waves contains a chiral contri-
bution and produces a torque that can be used to trigger enan-
tiomeric separation in, e.g. plasmonic nanoparticles [352, 353]
or molecules [354]. While it has recently been proposed in the
context of crystal enantioselectivity [136, 345], to the best of
our current knowledge, no experiment in this sense has been
performed.

If we define y as the pseudoscalar gyrotropic order para-
meter, by a small modification of equation (3) of [345], we
have the following interaction:

V=nhjx -Pi-Gi—P-E—G-(V xE) 10)
where G is the axial electrotoroidal moment [355, 356] and
h;j a material-dependent coupling. If the polar and toroidal
‘auxiliary’ orders are non-spontaneous, we can recast the
previous expression as V= xh;;-E;- (V x E),. The expres-
sion of equation (10) can break the degeneracy between two
opposite-handed crystal phases, hence allowing enantiose-
lectivity. Naturally, this comes with the additional energy cost
of creating auxiliary orders, specifically a polar order and an
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electotoroidal order, from the same electromagnetic perturba-
tion. This strategy involving axial and vector fields has been
explored for tuning chirality in [136]. Finally, along with the
zilch, we ought to mention that electromechanical interactions
may also couple with a chiral order. An axial configuration of
dipoles can also be triggered by a rotational lattice deformation
(V X u, where u is an ion displacement vector). Thus, such
rotational distortion applied simultaneously with an electric
field could be used to directly affect the chirality as much as
the aforementioned zilch and as suggested by [136, 345]. This
would also mean that an electric field could induce a rotation
of the crystal and, the other way around, a rotation of the crys-
tal could induce an electric polarization in chiral compounds
(rotoelectricity [357], analogous to the Barnett and Einstein-
de-Haas effects in magnets [335]). Interestingly, the charac-
ter table of the parent phase of enantiomorphic compounds
shows that tensors behaving as [Vz] x V (V being a vector)
- such as the strain gradient Ve¢;—may contain the pseudo-
scalar IRREP, which would allow them to directly interact
with x without the need of an intermediary electromagnetic
field [136]. This hypothetical phenomenon, dubbed ‘flexochir-
ality’, remains completely unexplored.

72. Chirality coupled with other order parameters

Although a definition of a conjugate field for crystal (struc-
tural) chirality in a Landau theory sense (i.e. a field that strictly
transforms as the chiral irreducible representation) has not yet
been reported, the coupling of chirality with other order para-
meters that can be tuned by external fields can be considered.

Such a mechanism is well known in, e.g. ferroelectric crys-
tals, such as improper, hybrid improper, or pseudoproper fer-
roelectricity [358-362]. In proper ferroelectrics, it is the polar-
ization order parameter that drives the phase transition and it is
said to be the primary order parameter. In the other ferroelec-
tric cases, the primary order parameter is not the polarization
itself but another non-polar order that couples with the polariz-
ation (if allowed by symmetry, i.e. the coupling is an invariant
of the free energy [132, 133, 363, 364]). In this situation, the
polarization arises from the presence of the non-polar order
parameter and it is said to be the secondary order parameter
(see table 3 of [365]). In those situations, an applied electric
field can affect the non-polar order parameter through its coup-
ling with the polarization. This situation is, e.g. sought after in
magnetoelectric and multiferroic compounds, where the mag-
netic properties can be electrically tweaked [365]. Primary and
secondary order parameter mechanisms can exist among all
order parameters, providing their coupling is allowed by sym-
metry. Hence, looking at a similar mechanism for chirality
seems natural.

Throughout the rest of this section, we will discuss such
coupling mechanisms that may prove helpful concerning the
switching and flipping of the chirality and show that, gener-
ally, an interaction between external parameters (namely, an
electric field and/or lattice deformations) and the chirality can
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exist and could induce enantioselectivity if certain conditions
are met.

72.1. Coupling with other structural deformations. Before
going through the proper coupling of chirality with other order
parameters, we would like to discuss the case where chiral-
ity is described by the product between an axial pseudovector
A and a regular vector V. While an irreducible representation
solely associated with the chirality generally exists [346], it
is also contained in the (generally reducible) product between
a vector V and an axial A representation. Consequently, it is
reasonable to consider such a product as an effective conjug-
ate field for the chirality, although subject to competition with
other phases as a consequence of its generally reducible char-
acter (see also section 7.1 and appendix A). We have discussed
the example of PbsGe3; 0y (section 4.5) for which the handed-
ness and optical activity can be flipped via an applied electric
field (i.e. gyroelectricity, see section 5.3) in which the polar
domains are spontaneously chiral and optically active since
the polar soft mode driving the ferroelectric transition drives
also the chirality [156]. In this case, the high symmetry phase
already contains axiality A such that when the polar vector P
develops in the crystal, the chirality is automatically induced
through the presence of both A and P together. Hence, chir-
ality is flipped when the polarization is reversed because the
axial vector is frozen into the structure. Remarkably, the low
symmetry ferroelectric phase of Pb;Ge; Oy is at the same time
axial, polar, and chiral, which, in a way, makes an electric field
a conjugate field for chirality in this compound. This simple
but essential fact is possibly the most efficient and unique way
to control the global gyrotropic properties in chiral crystals.
However, it requires the additional and spontaneous presence
of a fixed-sign axiality. We note that Fabini ef al [161] recently
reported several possible chiral phases in the CsSnBr; per-
ovskite crystal where chirality can be present with other struc-
tural distortions, like ferroelectric or antiferroelectric ones,
and is hence a good case for looking at chirality coupling with
other order parameters.

Another case of chirality driven by coupled orders has been
reported in the afore-discussed Ba(TiO)Cuy(POy)4 crystal (see
section 4). With the help of x-ray diffraction, Hayashida
et al [157] report a second-order ferrochiral transition at
710 °C, induced by the coupling between an antipolar and an
antiferroaxial order as depicted in figure 22. Hence, strictly
speaking, neither polar nor axial order exists in the high or
low symmetry phases of Ba(TiO)Cuy4(POy)4. The chosen order
parameter, in this case, is the staggered rotation of the antipolar
structural CuyO1; units, and the phase transition appears to be
a second-order one.

Very recently, proper ferroelectricity has been designed and
observed in SrM,V,0g (M = Ni, Mg and Co) and ascribed
to the combination of chiral and axial structural units [366].
This mechanism is found to be independent from the chemical
elements, such that the authors concluded a geometric origin of
ferroelectricity in those compounds, which can be generalized
to any crystal exhibiting a combination of rotational and chiral
distortions.

28

Antipolar Antiferroaxial Ferrochiral
™z P+A+
CaDigi) L.DC!)

mz

Figure 22. Illustration of chirality as a combination of antipolar and
antiferroaxial orders. A(#4) represents a clockwise/counterclockwise
axial order, while P(%) is a positive/negative local polarization. The
pairs (—P,—A;P,A) and (—P,A;P,—A) have opposite handedness.
Reprinted (adapted) with permission from [157]. Copyright (2021)
American Chemical Society.

In the case of K3NiO;, CsCuCls and MgTi;O4 crystals (see
section 4), the chiral phase transition is coming from a zone
boundary mode that does not involve a polar vector nor an
axial distortion. This raises a significant question: is it pos-
sible to flip the gyrotropic properties of such nonpolar nonaxial
systems possessing a chiral order, including materials crys-
tallizing into enantiomorphic pairs, by external means? The
case of K3NiO, has been scrutinized from DFT calculations
by Fava et al [136] where the chiral distortion can be seen as
a helix of atomic displacements (see figure 5). Nevertheless,
possible couplings with polar distortions have been explored,
where it appeared that the first coupling with the chiral distor-
tion would be at the fourth order in an energy expansion and
involves a Raman mode together with the polar one. By sym-
metry analysis, the authors [136] could further infer that when
the achiral phase belongs to the mmm point group or another
with lower symmetry, no rotational external field is required
to break the degeneracy between right- and left-handed con-
figurations meaning that a constant bias could in principle flip
the chirality in this scenario.

Additionally, as recently reported in [367] chirality can
be enhanced by the coupling with a pair of infrared phonon
modes, as shown in LiB3Os, where activating a I'; mode
lowers the symmetry from Pna2; to P2, increasing the optical
activity tensor’s independent coefficients from 1 to 4 and
defining an electro-chiral susceptibility. This would also mean
that chirality could be dynamically tuned through non-linear
phononic ultrafast laser excitation [329, 368, 369].

72.2. Coupling with strain. ~ Another possible coupled order
to chirality is strain. Chirality switching with strain has been
demonstrated from DFT calculations in the NaCusS; crys-
tal [288]. NaCusS; crystallizes in the space groups P63 /mcm
and P6322 (Sohncke non-enantiomorphic space group) in the
high and low symmetry phases, respectively. The high sym-
metry P63/mcm phase is described to be antichiral as it con-
tains compensated opposite chirality. In comparison, the low
symmetry P6322 phase can be described as ferrichiral because
the balance between opposite chiralities is broken as as result
of the phase transition, leaving them uncompensated. In this
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case, it has been demonstrated that a few percent of biaxial
strain can tune and quench the barrier between the two fer-
richiral domains, hence inducing a switching between the two
chiral cases. Another example of strain tuning chirality is
the case of BiFeOj3 perovskite where it has been predicted
numerically that (—110) epitaxial strain (of about 7%) can
induce a gyrotropic phase transition from an achiral phase (of
Pnma symmetry) to a phase of non-enantiomorphic Sohncke
P2,2,2; symmetry [370]. The associated distortions present in
the P2,2,2; phase can be described by interpenetrated arrays
of ferroelectric vortices and antivortices such that the resulting
distortion is chiral (the one induced by the vortices). However,
the gyrotropic properties alone and the chirality flipping pos-
sibilities were not explored further in this case.

Another example of stress-induced control of chirality in
crystals is the ferroelastic compound Ca,Sr(C,HsCO;)g [292,
293], as discussed in section 5.4. This material has a chiral
tetragonal space group at room temperature, of P4,2,2 sym-
metry (or its enantiomorph P432,2). For dicalcium propion-
ate salts, CapA(C,Hs5CO;)g (A = Sr Pb, Ba), Ba exhibits only
a cubic structure at room temperature, suggesting a poten-
tial cubic-to-chiral phase transition, although it has not been
observed. A hypothetical transition driven by an X4 primary
symmetry mode and a tetragonal strain ( = c/a—+/2) could
enable the Sr displacements to flip, converting left- to right-
handed chirality. Specifically, the twin (0,1,1) planes’ separ-
ate domains, with opposite 4; and 43 screw symmetries, show
opposite optical powers. Applying deformation allows chiral-
ity control, with a critical stress that decreases as temperature
drops. Stress favors 4; domains, enabling simultaneous fer-
roelastic and ferrogyrotropic switching [293].

72.3. Coupling with magnetism. As discussed in
section 5.1.2, there can be an intimate link between mag-
netism and crystal chirality. Indeed, the structural chirality
can dictate the helicity of the spin structure (e.g. langas-
ite BazNbFe;Si;Oy4, section 5.1.4). The opposite scenario,
of a chiral spin structure emerging on an achiral structure,
is unusual but has been observed (e.g. Mn3Sn, CaMn;O;,
section 5.1.2). In this section, we discuss the coupling between
chirality and magnetism from the perspective of an order
parameter.

As discussed in section 7.2.1, chirality can arise from com-
bining axiality (properties described by an axial vector A)
and vector properties (such as polarization). In the context of
magnetic order, CuzNb,Og provides an interesting example in
which the paramagnetic crystal structure (of P1 symmetry)
supports an axial vector A, which allows a polarization P
to develop along A at the onset of chiral, helical magnetic
order [371]. Similarly in CaMn;0;, (with achiral but fer-
roaxial crystal structure), the helical spin order o breaks inver-
sion symmetry and induces a polarization P perpendicular to
spin rotation plane as a result of ferroaxial coupling [233].

72.4. Coupling with electronic degrees of freedom. A gen-
eral requirement for a quantity to be chiral is to be parity-odd
and time-reversal even, according to Kelvin and Barron [49,
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54, 372]. Since chirality is associated with the absence of
improper operations (not simply the lack of inversion sym-
metry), it is natural to seek time-reversal-even pseudoscalar
quantities as chiral objects. By studying the Fermi liquid
instabilities of spin-orbit-coupled metals, Fu [373] demon-
strated that the Ising parameter 3, k-s(k), where s is the
wavevector dependent spin and k its normalized momentum,
corresponds to a pseudoscalar order parameter when nonzero.
This occurs in an isotropic and gyrotropic liquid phase. This
peculiar order can be extracted from the (L,J) decomposition
of the electron-spin energy functional according to equation
(10) of [373], and specifically by a Pomeranchuk instability at
the (L=1, J=0) channel.

A gyrotropic order of electronic origin has been meas-
ured in the layered semimetal 1T-TiSe, [374]. In particu-
lar, near the critical temperature (~174 K), a circularly polar-
ized mid-infrared light can favor one chiral domain over the
other. The proposed energy invariant (0F), coupling matter
and electromagnetic chiralities, in this case takes the form
OF ~ ¢gyro[(E x O:E) - 2] where ¢gyy, is the gyrotropic order
parameter. However, due to the system’s metallic nature, a
gyrotropic switchable order cannot be detected via bulk optical
activity measurement due to light absorption. Thus, the cir-
cular photogalvanic current generated by (and parallel to) the
incident light perpendicular to the sample surface was used
to detect the chirality and its flipping in this metallic com-
pound. It is nevertheless important to realize that the meas-
urements in [374] do not show any observable hysteresis upon
thermal cycling, which means that the right-to-left/left-to-right
permanent flip is probably not realized in the sample. Finally,
while understanding the origin of the gyrotropic state requires
further analysis, two possible mechanisms have been theor-
ized: (i) the modulation of a charge density wave state (CDW)
and (ii) the realization of a Pomeranchuk instability in the p
channel [374]. Indeed, and since this material is layered, once
formed at Tcpw = 198 K, the CDW direction can orient chir-
ally for the propagation direction (e.g. perpendicular to each
layer). The proposed gyrotropic invariant thus describes the
interaction between the CDW’s chirality and that of the incom-
ing light. On the other hand, a chiral order generated by an
instability in the Fermi surface would be unrelated to the CDW
and coexist with it [374].

An equivalent to helical or helicoidal spin orders, but purely
structural, chiral phase transition from an achiral reference has
been identified in the doped BiMn;O1;, [375] compound. The
chirality, in this case, takes the form k - (u; X u;) where k is
the modulation vector of the low-temperature phase and u; is
an atomic displacement, and can be identified as a helical con-
figuration of electric dipoles, further stabilized by the compet-
ition between lone pairs and the orbital ordering, and with the
mixing of d-orbitals along the direction of propagation [375].

72.5. Additional sources of chirality inversion through lasers.

While circularly polarized femtosecond laser-induced enanti-
oselectivity has been extensively used in solutions [376], this
has been recently achieved in a dry state of NaClO3; [377].
From a metastable P2; /a phase, circularly polarized light can
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achieve an enantiomeric excess of about 20%. More specific-
ally, while heating can locally reduce the energy gap between
achiral and chiral phases, a nonzero enantiomeric excess can
only be created if circularly polarized light is employed. It is
found that the transition proceeds in two steps, starting from
the P2, /a reference structure. More specifically, the sliding of
the unit cell by ¢/4 to form transient octahedral units occurs. As
the light momentum is transferred to this intermediate phase,
it determines the transition to either the right or left-handed
chiral structure via twisting of the octahedra. The force asso-
ciated with this twisting is proposed to result from combining a
photon scattering term and the circularly polarized light’s spin
angular momentum. While the electromagnetic spin angu-
lar momentum alone cannot induce the chiral deformation,
the occurrence of a spin-to-orbital conversion process [378,
379] generates an orbital angular momentum whose associ-
ated torque is likely to be responsible [377] for the observed
structural enantioselectivity in NaClOs. It is worth mentioning
that, when crystallized from an aqueous solution, Kondenpudi
et al [380] have reported that a quasi-full enantioselection can
be achieved by simply stirring the solution. This is an exper-
imental demonstration that an axial macroscopic rotation can
tune chirality during growth, and it would be interesting to test
the same effect in a fully solid state case during the achiral to
chiral phase transition [381].

Recent experiments performed on the previously discussed
Ba(TiO)Cuy(POy)4 crystal (sections 4 and 7.2) support the
idea that chiral domains can also be flipped by a laser
but via local heating and through handedness-independent
source [382]. A laser wavelength associated with a peak in the
material’s absorption coefficient induces local and radial heat-
ing. If the power density is sufficiently high, chiral domains
could be manipulated. Surprisingly, the switching process was
observed to be independent from the polarization of the elec-
tromagnetic field and dominated by local heating. Domain
reconstruction was explained in terms of domain boundary
minimization. It is found under laser scanning, where the laser
hitting point is moved from one domain to the other at con-
stant power, and laser cooling, where the hitting point does
not change but decreases the power step-wise.

8. Chirality measure and quantification

Whilst it is very tangible to consider chirality regarding the
non-superimposability of mirror images [4], this simplistic
approach fails to capture many subtleties and consequences.
This section addresses concerns regarding chirality and
its measure or quantification. Primarily, it is crucial to con-
sider the dimensionality of the ambient space, as chirality
may only occur in the lowest dimension in which the object
under study is embedded. Chiral objects in a given dimension n
will lose their chirality when placed in an (n + 1)-dimensional
framework since the n-dimensional hyperplane accommodat-
ing them becomes a mirror symmetry hyperplane [383]. In
figure 23, we show a schematic picture of this fact where a 1D
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Figure 23. Schematic view of a one-dimensional asymmetric
object. In 1D the object on the left is chiral since we cannot
superimpose it with its mirror image (on the right). However, in 2D
the additional (azimuthal) rotational symmetry allows the overlap of
the object with its reflected image as depicted in the top
transformation.

chiral object becomes achiral when considered in two dimen-
sions. We will limit our discussion to 3D spaces for this review
to avoid confusion.

Moreover, a binary chiral vs achiral classification some-
times proves inadequate, prompting significant efforts in the
literature to develop methods for continuously quantifying
chirality despite its inherent difficulty [384—386]. One would
anticipate that a reliable chirality measure, £, should function
to rank objects, denoted as x, within a given subset X" accord-
ing to their degree of chirality i.e. the extent that they differ
from an achiral analog. Additionally, as discussed in [384], it
is important to impose certain natural requirements: (i) £ is a
continuous function on X" as two sufficiently close objects x;
and x, are expected to show similar chiral responses; (ii) if an
object in & is achiral its degree of chirality should be zero.
Conversely, if the degree of chirality of an object is zero, then
it should be achiral; (iii) any two enantimorphic pairs x, x’
should have the same degree of chirality. Therefore, if £ is a
scalar function, £(x) = £(x’), and if £ is a pseudoscalar func-
tion, £(x) E(x).

The most common case of scalar chiral measures typically
stems from distance functions relative to an achiral reference,
as discussed in [387]. Concrete famous examples in the liter-
ature include Hausdorff distances [28, 388] or the CCM [154].
The former is based on the supremum of the distances between
the atomic positions of the chiral and achiral structures, while
the latter relies on the mean square of such distances. Careful
definitions and examples can be found in [28]. As standard
scalar measures, they assign identical values to both enan-
tiomers, lacking the capacity to discern between them. Despite
their widespread use, they might be troublesome and have
been intensely debated [40, 385, 386, 389, 390]. This is due in
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part to the difficulty in determining the absolute chirality of an
object (see section 3.1): to determine whether an object is left
or right-handed requires a pre-established definition of what
we call left or right [2]. Nevertheless, determining an object’s
‘chiral strength’ or chiral amplitude is unclear unless one
pre-defines the reference to what is left or right-handedness.
Indeed, one would first need an achiral reference to know the
‘zero’ and quantify the amount of chirality from it. However,
defining a zero-reference may not be apparent depending on
the object, and applying this concept to a realistic physical
system would be hindered by the additional constraint of not
breaking the bonds unless the phase transition is reconstruct-
ive. And even though a continuous deformation to an achiral
reference may be possible in 3D, such transformation is often
likely to be physically impossible [391]. This shows that des-
pite its primary role in natural sciences, the chirality measure
has evaded researchers so far. Exploring this problem in exten-
ded solids adds another difficulty due to the periodic boundary
conditions [392].

Although almost unexplored in the context of structural
chirality quantification, another way to measure chirality is
through pseudoscalar functions. An example of a pseudo-
scalar measure could be the hydrodynamical helicity [393—
395], which quantifies the handedness of the streamlines in
a fluid and can be computed from the velocity field, v, as

H:/CPW- [ﬁxv}.

This definition has recently been extended to solids by
establishing the velocity field through the individual
atomic displacements that drive the system from the high-
symmetry phase to the low-symmetry chiral phase [396].
Moreover, it has recurrently been applied to quantify the
handedness of polar vector fields in ferroelectric/dielectric
superlattices [36, 41].

Another recent interesting example is based on the quan-
tification of the electric toroidal monopole [397-399]. As
a time-reversal even pseudoscalar (parity-odd) entity, it has
been shown to effectively indicate the chirality state of twis-
ted methane molecules [397]. The electric toroidal moments
exhibited a finite value when the symmetry of the CHg
molecule was reduced from 7, to D,, with their sign revers-
ing in accordance with the molecule’s handedness.

Although pseudoscalar functions can discriminate between
enantiomers, more fundamental problems arise when consid-
ering them as chirality measures due to the chiral connec-
tedness property [63, 383, 400, 401]. This property refers
to the fact that a sufficiently complex chiral object x can
be continuously transformed into its mirror image x’ while
being chiral throughout the entire transformation process as
schematized in figure 24. Therefore, we can define a con-
tinuous chiral path v such that y(0) = x and (1) =x’. As
elucidated in [383, 400, 401], this poses challenges since
our continuous pseudoscalar function ¢ changes sign along
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Figure 24. Continuous transformation of the initial chiral
configuration (a) to its enantiomer (f) avoiding any intermediate
achiral configuration. The achiral state is avoided as follows. First,
the right leg is rotated about the y-axis by 977 /40 (b). Note that we
stop just before the /4 which will create a symmetry plane in the
molecule making it achiral. Then, the furthest top sphere is shifted
by 50 nm along the negative direction of the y-axis (c) the
transparent blue sphere depicts the sphere’s position before the shift
(also enlarged in the top right corner). Note that this small
displacement is sufficient to break the 7 /4 mirror plane which
allows us to continue the rotation of the right leg without falling in
an achiral state. Then the right leg is rotated by an extra 27 /40 (d).
Afterward, the shifted top sphere is brought back to its initial
position (e), and finally, the right leg is rotated by the remaining
97 /40 onto the final configuration. All intermediate configurations
are chiral as we have avoided the critical 7 /4 rotation by slightly
moving the furthest top molecule and braking thus that mirror plane.
This can be seen in the corresponding insets containing zoomed-in
versions of the shadows of the right leg on the yz plane. In (b) and
(e), such shadow does not coincide with the reference diagonal,
breaking the mirror symmetry. Reproduced from [63]. © The
Author(s). Published by IOP Publishing Ltd. CC BY 4.0.

the segment, necessitating the presence of a zero within it.
Inevitably, ¢ will assign a zero value to a chiral structure, lead-
ing to the problem of the false zeros. This observation also sug-
gests the existence of chiral objects for which assigning a spe-
cific handedness may not be applicable, as pseudoscalar func-
tions fail to determine the handedness of some chiral objects.
A recent work [63], has addressed this problem by combin-
ing a pseudoscalar function with a scalar quantity as a phase
factor introduced into a complex exponential. This way, they
could distinguish between right-handed, left-handed, unhan-
ded chiral and non-chiral objects, avoiding the false-zeros
problem.

A notable exception to the false-zeros problem occurs in
sets where enantiomorphs are connected only through achiral
states. An illustrative example, particularly relevant to this
review, is the set of helices with variable pitch, as discussed in
[402]. In such cases, pseudoscalar functions exclusively yield
zero values for achiral objects, making them suitable chir-
ality measures. Consequently, as presented in table 1, enan-
tiomorphic space groups are unaffected by this issue and
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can be classified according to their handedness. Conversely,
non-enantiomorphic space groups exhibit chiral connected-
ness, making the presence of chiral non-handed configurations
inevitable.

Another obvious problem related to the insofar proposed
measures, such as the CCM [154], is that the quantification of
chirality is tackled from a geometrical and symmetry point of
view only, without a clear connection with a physical picture.
Indeed, part of this reason is the apparent lack of a conjugate
field associated with handedness or chirality. This is not at all
what happens in the case of, e.g. electric polarization and mag-
netization, which are not just measurements of the breaking of
an inversion or time-reversal symmetry but also well-defined
system properties and linearly coupled with the electromag-
netic field. Hence, it is not surprising that most of the exper-
imental work aiming at detecting chirality in crystals focuses
on the optical activity and dichroism, even though these prop-
erties can be non-zero in certain achiral systems as well (see
section 3). Examples taking the NOA as the order parameter
are known [126, 153, 403]. Nevertheless, these cases always
assume a phenomenological relation between the gyrotropic
tensor and, for instance, the electric polarization or the strain.
It can be proven [289] that the first derivative of the dielectric
tensor concerning a wave-vector ¢ produces no contribution
to the free energy expansion, which means that the onset of an
eventual ‘gyrotropic’ order is always a byproduct of a differ-
ent order produced by an instability. These approaches do not,
however, tackle per se the issue of defining a physically mean-
ingful measure of chirality, nor its emergence from an achiral
reference.

9. Discussion and perspectives

Chirality in inorganic solids is fruitful area of study due to
the unique optical and electronic properties these materials
can exhibit. Before concluding, let us explore additional chal-
lenges and perspectives. Regarding the question of whether
chirality can be a new ferroic order parameter, a similar ques-
tion has been raised for magnetic toroidal moments, i.e. if
a magnetic toroidal moment can be a primary order para-
meter with its ferroic phase transition or if it is conditional
on the magnetic order [204, 344, 404—408]. This question has
been clarified with the demonstration that the toroidal moment
can be defined as a ferroic order [407] and is, hence, the 4th
ferroic order, i.e. ferrotoroidicity [344]. This has also been
associated with a microscopic Berry phase theory of toroid-
ization [409], showing that the quantification of the toroidal
moment is a Berry phase problem as the polarization of ferro-
electric is [410]. If we consider possible analogies with chir-
ality, we can question whether the quantification of structural
chirality would also be a Berry phase problem. There are paral-
lels between the history of quantifying chirality [385], and the
development of methods to quantify the polarization of ferro-
electrics which have led to the modern theory of polarization
[410]. The problem is that we do not have a mathematical for-
mulation for quantifying chirality, and the attempts to date
involve in one way or another the position operator (like the
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CCM [154], or the Hausdorff distances [28]), which would
require a Berry phase treatment in periodic boundary condi-
tions. The fact that some crystals can exhibit a displacive (or
order-disorder) phase transition (i.e. not reconstructive) from
an achiral to a chiral structural phase (e.g. K3NiO,, CsCuCls
or MgTi,O4 discussed at the beginning of this review) sug-
gests that there is probably a way to quantify it through the
amplitude of the distortion mode that describes the achiral-
chiral phase transition if one has a precise formula. This sug-
gestion that chirality can be quantified can be pursued further,
the electrotoridal monopole could also give some hints regard-
ing this problem. It also means that we should be able to define
linear responses from it, like the change of chirality concern-
ing a strain perturbation would drive piezochirality or elast-
ochirality and hence being more general than the piezogyra-
tion or elastogyration effect [126]. Another physical property
that could be defined is the notion of dynamical chiral effective
charges, i.e. how much an atom motion changes the chirality of
a crystal structure, i.e. similarly to the Born effective charges
(reflecting the change of polarization of an atom motion) or the
magnetic effective charges (reflecting the change of magnet-
ization associated to an atom motion) [411]. This would also
directly define phonon mode chiral effective charge (or oscil-
lator strength), expressing how much chirality a phonon mode
carries [156].

While no known conjugate field is associated with chir-
ality in crystals to tune it, polarized light still could be of
interest. Light intensity is presently insufficient to switch large
domains as the magnetic field component of the light interacts
weakly with the crystal and, hence, impedes the possibility of
controlling structural chirality [412-414]. Despite this weak
interaction, it would be possible to have a poling effect at dis-
placive (or order-disorder) chiral phase transitions, i.e. doing
a polarized light field cooling poling effect as reported in
NaClO; [377]. Indeed, while the system is nearing a chiral
phase transition, illuminating the sample with polarized light
should favor the formation of one chiral domain over the other.
Instead of switching chirality, this could selectively choose
one of the two enantiomorphic phases, which is of primary
interest for applications and fundamental research. Some the-
oretical solutions using the electric part of the light have been
proposed through ultrafast laser excitation that could do the
job at a more local level and short time [412, 413, 415]. As we
have discussed in section 7, other regular fields like magnetic
or electric field or strain should also be explored further.

On the other hand, there is a compelling need to intensify
efforts to establish a more nuanced correlation between optical
activity, chiral crystal purity, and CD [416-418]. These phe-
nomena are not merely of academic interest but hold sub-
stantial promise for various applications, including enantio-
meric sensing [419], chiral photonics [112], and the innova-
tion of groundbreaking optical devices [420, 421]. A concer-
ted push towards developing experimental methodologies is
essential to unlocking potential applications of chiral materi-
als [422-424]. This effort entails refining the techniques for
measuring and quantifying these effects and devising new
approaches for synthesizing materials with high enantiomeric
purity and controlled optical properties. Advancements in this
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area could lead to significant breakthroughs, enabling the pre-
cise manipulation of light and the creation of susceptible enan-
tiomeric detection systems. Furthermore, by deepening our
understanding of the interplay between enantiomeric purity
and optical behavior, researchers can tailor materials to spe-
cific applications, enhancing the performance and efficiency
of chiral photonic devices [425, 426]. Moreover, this endeavor
will require a multidisciplinary approach, drawing on mater-
ials science, chemistry, physics, and engineering expertise.
Collaborative research efforts that bridge these diverse fields
can foster innovation and lead to the discovery of novel phys-
ics, materials, or fabrication techniques. For example, Romao
et al recently proposed detecting dark matter through chiral
phonons [316]. Additionally, integrating computational mod-
eling with experimental research can expedite the design and
testing of new chiral materials and predict their properties with
greater accuracy and efficiency.

Exploring the intersection between chirality and various
material properties represents a fertile ground for future
research, offering a pathway to uncover novel phenomena
and applications. In this review, we have delineated the cur-
rent understanding of several couplings, such as gyroelectri-
city or magnetochirality, which illustrate the intricate inter-
play between chirality and material properties under the influ-
ence of external electric or magnetic fields. However, the
scope for investigation extends far beyond these initial stud-
ies, with several other possible couplings to be explored. The
concept of coupling external fields to chiral materials’ elec-
tronic and structural response opens up a vast landscape for
scientific inquiry. These couplings can manifest in myriad
ways, potentially leading to new classes of responsive materi-
als that exhibit unprecedented behaviors. For instance, apply-
ing electric or magnetic fields could induce or modulate chir-
ality in materials, leading to reversible changes in their optical,
magnetic, or electronic properties. This responsiveness deep-
ens our fundamental understanding of chirality and paves the
way for innovative applications, such as tunable optical fil-
ters [427, 428], switchable catalysts [429, 430], or data stor-
age devices [431, 432] that leverage chiral materials’ unique
properties. To harness these opportunities, focused research is
needed to systematically explore how different external fields
can interact with chiral materials’ electronic and structural
aspects. High-resolution imaging, spectroscopic techniques,
and advanced microscopy methods will allow for the direct
observation and manipulation of chiral structures at the nano-
scale, providing invaluable insights into their behavior under
external stimuli.

Exploring hybrid materials presents an exciting frontier for
future research in chiral materials [433—435]. This approach
strategically integrates inorganic chiral structures with organic
components or other inorganic elements to forge hybrid
materials [38, 433]. The essence of this strategy lies in its
potential to amalgamate the superior qualities of both inor-
ganic and organic worlds, thereby designing materials that
exhibit enhanced or entirely novel properties [433, 436, 437].
Combining different materials could create a synergy that
leads to breakthroughs in material properties such as increased
mechanical strength, enhanced electrical conductivity, or
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improved thermal stability, each tailored for specific applica-
tion needs. Concurrently, we must advance our computational
methods and machine learning capabilities. These technolo-
gical tools are set to play a pivotal role in the future of chiral
materials research. By harnessing the power of computational
simulations and machine learning algorithms, researchers can
leapfrog the conventional trial-and-error approach, enabling
the rapid prediction and identification of new chiral inorganic
structures. Moreover, integrating computational models with
experimental research is anticipated to tighten the correlation
between theoretical definitions of chirality and their experi-
mental counterparts. This harmonization is crucial for advan-
cing our theoretical frameworks of chirality, ensuring that they
are robust, predictive, and reflective of observable phenomena.
By enhancing the dialogue between theory and experiment,
researchers can achieve a more comprehensive understanding
of chirality, which, in turn, will inform the design and syn-
thesis of novel chiral materials with precision and purpose.

10. Conclusion

This review article provides a comprehensive overview of the
enantiomorphic crystal structural chirality observed in peri-
odic inorganic solids and the associated properties arising
from their structural characteristics. Given the promising
potential of these materials, the review aims to stimulate fur-
ther research efforts in this domain. Specifically, it encour-
ages experimental studies focused on the synthesis, discovery,
and characterization of new chiral inorganic solids and com-
putational investigations employing high-throughput machine
learning techniques for materials discovery and theoretical
approaches to understand and quantify the coupled properties
arising from structural chirality. We also reviewed the differ-
ent definitions of crystal chirality and in particular, we make
a distinction between chiral axis and absolute chirality that
has been sometimes incorrectly identified in some publica-
tions. We noted the need for more significant efforts to provide
a unique method that defines crystal chirality. While the lit-
erature on chiral crystals continues to grow, our discussion
primarily focuses on existing studies examining crystal phase
transitions within this domain. We observed that only a lim-
ited number of systems have been thoroughly characterized,
underscoring a significant gap in our understanding of how
these transitions occur and how they relate across enantiomer
subgroups to the supergroup. This observation highlights the
need for a concerted effort to expand our understanding of
chirality control by external fields. The review delves into
established phenomena like optical activity, electrogyration,
and magnetochirality and emerging fields such as chiral phon-
ons and altermagnetism, which remain largely unexplored in
enantiomorphic chiral crystals. These nascent areas hint at
novel behaviors awaiting thorough investigation, emphasiz-
ing the need to discover new chiral materials that could host
these intriguing properties and phenomena. Hence, chirality
in extended solids is a rich and fruitful research area with high
potential for new fundamental studies (topology, quantifica-
tion problems, new ferroic order and related order parameter
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and conjugate field) and new technological applications (tun-
ing optical activity from external means for, e.g. photonics and
other chiroptical applications [112, 353, 438, 439] or exciting
and controlling chiral phonons for phononics [304, 440]). Our
review is also an invitation/appeal for further studies of chir-
ality in periodic crystals to design and find new properties of
matter.
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Appendix A. Chirality in polar nanostructures

Although this review is focused on bulk systems, it is inter-
esting to mention some recent work investigating the realiza-
tion of chiral structures in nano- and heterostructures because
some of these results could be extended/exploited at the
bulk level. The observation of polar vortices rotating both
clockwise and anticlockwise and antivortices has recently
been reported in oxide superlattices SrTiO3/PbTiO3 [41, 441,
442]. The coexistence between polar and toroidal order was
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observed in this system [443], and the chirality of the vor-
texes was shown to be controllable with an electric field [444].
A recent theoretical analysis [445] has further proven that
this chiral state undergoes a double phase transition as the
temperature increases, from a regular crystal-like state com-
posed by alternating clockwise/counterclockwise vortexes—
with a definite handedness—to a state where the vortexes
form a handed liquid structure deprived of its long-range
order, to, finally, a non-handed state. It is essential to real-
ize that the symmetry-based definition of chirality is also ful-
filled by objects such as p-(V xp)=p-g (p and g being
a local dipole and a local toroidal field, respectively) and a
net and electric-field switchable chirality has been detected
via SHGs in tri-layers superlattice oxides [444] and ferro-
electric nanodots [446]. In such cases, the switching via an
electric field naturally stems from the local polar-axial coup-
ling in these systems. An intriguing development in chiral
switching involves altering the sense of rotation of vortices
using twisted light as explored in [447], where the interaction
between polar skyrmions and a non-zero electric field curl is
simulated.

Inrecent years, there has also been a great deal of interest in
understanding electro-toroidal orders, mainly at the interface
between insulators and ferroelectrics and nano-systems [448—
450]. In these scenarios, the control of the electro-toroidal
order is numerically simulated via coupling with a polar
state [448] and/or a torque [449]. At the same time, the issue of
having a nonzero electric field curl can be circumvented with
non-homogeneous electric fields [450]. The effect of a homo-
geneous field is instead that of favoring a polar state and to
suppress any dipole-vortexes, with AG, ~ —E? as realized in
Pb(Zr,Ti)O3; nanoparticles [451]. In this case, the role of the
vortex states in nucleating the polarization is also significant.
Incipient phase transitions have also been analyzed in KTaO3
nanodots, where the G-order is suppressed at low-temperature
by fluctuations [452]. Furthermore, the electro-toroidal order
is shown to couple to the stress, thus producing a new kind
of electro-mechanical interaction [453]. V x E-induced sus-
ceptibilities are also discussed and numerically analyzed via
second-principles Hamiltonians [452, 453]. A comprehensive
review on these dipole vortexes in nanosystems, mimicking
their magnetic equivalent, is given in [454].

These polar vortexes share many features with their mag-
netic counterparts, skyrmions [25, 26]. Thus, exploring their
origin, stability, and topological properties comes naturally
[213]. Skyrmions of electric origin and with a topological
invariant given by q = ;-u- (0,u x d,u) have been theoret-
ically studied [455] and experimentally observed [456] (u is a
normalized local dipole moment) and while from early studies,
it seemed that their stability was the result of geometry con-
finement and dipolar interaction (due to the apparent lack of a
(chiral) DMI as it happens in the magnetic case), the existence
of an electric equivalent of the DMI (eDMI) ~ Dy’ (u; X u;)
has recently been established [457—459]. It has been further
shown that this electric DMI is an electronic effect associated
with a hopping process (induced by local inversion breaking)
and related to the anti-symmetric part of the interatomic force
constants [460]. The aforementioned literature and examples
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concerning chiral order parameters focus on dipole vortices
in low-dimensional systems, and thus, the control of chiral-
ity stems from a polar-axial coupling. A similar mechanism,
also based on the ferroaxial AP coupling (where o repres-
ents a time-even structural or spin chirality and A is an axial,
not necessarily electro-toroidal, degree of freedom), has been
observed in bulk systems as well (see section 7.2.3).

Appendix B. Chirality in twisted bilayers

The realization of a chiral degree of freedom in materials
may also be achieved by stacking 2D layers—interacting via
Van Der Waals forces—on top of each other. The chirality
and associated gyrotropic properties would be controlled by
changing the twisting angle. It has been recently shown in
Crl; [46] through density functional theory and tight-binding
calculations, that the activation, magnitude and sign of both
the ferroelectric polarization and magneto-optical Kerr effect
depend on the twisting angle between two stacked monolay-
ers and that an interplay between the ‘global’ chirality and the
so called ‘octahedral chirality’ (associated with each mono-
layer) occurs. Finally, while chirality in stacked layers is not
the focus of this review, we mention the recent appearances of
an editorial [461] and of a perspective [462] article which may
likely spark a future research interest on this subject.

Appendix C. Toroidal Monopole and other potential
chirality order parameter

As we have discussed in this review and in particular in
section 8, a proper measurement of chirality has not been
yet established. Though several efforts have been proposed,
we will discuss the most convenient one introduced in this
appendix and some additional symmetry vectorlike quantities
that can be used for such a purpose.

C.1. Multipole expansion and electric toroidal monopole

In this section, we discuss some relevant literature to describe
wave function descriptors of chirality, notably drawing from
the referenced works [49, 346]. Our framework is struc-
tured around the foundational concept of electronic multi-
poles, serving as a pivotal instrument for delineating the dif-
ferentiation between chiral and other point groups. The dis-
tinction between chiral and non-chiral point groups is inher-
ently reflected in the distinctive attributes of their respect-
ive wave functions and associated electronic degrees of free-
dom. Flucidating the specific nature of the wave function in
these frameworks proves invaluable in representing electronic
degrees of freedom using a comprehensive symmetry-adapted
basis set encompassing multipole components.

The concept of electronic multipoles, encompassing elec-
tric, magnetic, electric toroidal, and magnetic toroidal mono-
poles, offers a comprehensive framework for scrutinizing the
electronic structure of materials, as well as it can also be used
for other properties. We need to include the electric toroidal
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and magnetic toroidal in the multipole description because the
electric dipole is even under time reversal but odd with spa-
tial inversion. In contrast, the magnetic dipole is odd under
time reversal and even under spatial inversion. Therefore, there
is a need for two additional multipoles that expand all pos-
sible combinations of dependence concerning parity and time
reversal, in particular, even under both or odd under both
transformations. Of particular intrigue are the electric toroidal
and magnetic toroidal multipoles, representing axial (pseudo)
and polar (true) tensors, respectively, acting as counterparts
to the conventional electric and magnetic multipoles concern-
ing parity. It is important to note that the main mathematical
difference between ‘pseudo’ and ‘true’ tensors comes when
a unitary transformation U is performed. True and pseudo
tensors transform as Tog.. = UyiUg;... Ty, and PTp.. =
det(U)Uq;iUg; ... Ty... respectively. Each multipole is distin-
guished by its rank, designated as k, where the monopole cor-
responds to k =0, the dipole to k = 1, the quadrupole to k =2,
and so forth. Notably, the polar (true) tensor exhibits parity
(—1), while the axial (pseudo) tensor demonstrates parity
(—1)**! under inversion operations. Consequently, multipole
tensors with even ranks exhibit even parity, while those with
odd ranks showcase odd parity. It is imperative to underscore
that these four distinct multipoles constitute a complete basis
set, enabling them to comprehensively depict any symmetry-
adapted electronic state that characterizes materials’ electronic
behavior across diverse symmetry scenarios. This approach
has been used in other contexts, such as exploring the elec-
tronic landscape of materials [463], and classifying magneto-
electricity in topological magnetic structures such as skyrmi-
ons [464].

The derivation of the multipole expansion can be found
in several electromagnetic references such as [355, 356]. In
conventional treatments commonly found in textbooks, elec-
tromagnetic field scalar and vector components are typically
expanded using Cartesian coordinates. However, this tradi-
tional method overlooks the existence of electric and mag-
netic toroidal terms, limiting its relevance in specific contexts.
Two alternative methodologies have been proposed to address
or work around these limitations. The first approach, which
upholds Cartesian coordinates, is grounded on the principle
that physically significant multipole moments should exhibit
proper behavior under parity and rotations. This approach
necessitates that such moments be symmetric and traceless.
While this method effectively tackles issues related to non-
traceless tensors, it is restricted by the need for spatially con-
fined sources. Nevertheless, it presents a viable solution within
its defined scope, making it particularly useful in practical
scenarios where spatial confinement is feasible. Conversely,
based on spherical coordinates, the second approach offers
a different perspective. It decomposes the current density
in momentum space, making it viable to compute multipole
moments based on angular momentum eigenstates. With its
focus on spherical symmetry or momentum-space consider-
ations, this approach provides a unique advantage in scen-
arios where these factors are pertinent, enhancing its appeal to
researchers. While some literature discusses the effect of each
approach, here we only present the main results obtained using
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the expansion spherical coordinates and discuss the implica-
tions on chirality.

First, let us define the quantity Oy, = \/47/(2 + 1)/'Y;, (F),
where I is the unitary vector position, Y}, is the complex con-
jugate of the Im spherical harmonics and where [ and m are
the azimuthal and magnetic quantum numbers, respectively.
Therefore, the multipole expansions would have the form:

Om = /drP (I‘) -VOin (I‘) , (C1
Min = / drM (r) - VO (1), ©2)
T = /dl’T (r)- VO (r), (C3)
G = /dl‘G (r)- VO (r), (C4)

where Q;, are the electric multipoles, M}, are the magnetic
multipoles and T}, are the magnetic toroidal multipoles and
Gy, is the electric toroidal multipoles, that corresponds to a
time-reversal-even axial tensor. These quantities are given as
functions of P, the electric polarization, M, magnetization, T
magnetic toroidalization (related to the magnetization as M =
V x T and G, the electric toroidalization and that is related to
the electric polarization as P =V x G. Equations (C1)—(C4)
were taken from [465], where a detailed discussion on how
these equations are obtained can be found.

For chiral materials, the difference between chiral and other
point groups must be reflected in the character of their wave
functions and associated electronic degrees of freedom. To
extract the specific character of the wave function, it is help-
ful to express any electronic degrees of freedom in terms
of the complete symmetry-adapted (multipole) basis set. For
instance, an electric dipole moment distinguishes a polar wave
function from a non-polar one. Using four types of multipoles
(monopole, dipole, quadrupole, and octupole), all point groups
can be uniquely classified by the active multipole moments. In
the language of group theory, any active moments belong to
the symmetric (identity) irreducible representations, and they
are so-called order parameters in Landau’s theory of phase
transitions. Notably, in [345], it is shown that the monopole
moment (Gy) captures the manifestation of chirality. The sign
of the monopole represents the two possible handednesses.

While the electric toroidal monopole captures chirality in
an electronic system, other possible vectorlike quantities can
be used similarly. This is detailed in [346]. This paper dis-
cusses the symmetry properties of various vectorlike physical
quantities under the non-relativistic space-time rotation group.
The author discussed eight symmetrically distinct classes of
stationary physical quantities defined by a magnitude, an axis
or direction, and a geometric sign (+ or —). These classes are
specified by their transformation properties under the opera-
tions of the group O(3) x {1,1’} (where 1’ is the time-reversal
operation) and are represented by 1D irreducible represent-
ations of this group. The eight classes include two kinds of
polar vectors (e.g. electric dipole moment P, magnetic toroidal
moment T), two kinds of axial vectors (e.g. magnetization M,
electric toroidal moment G), two chiral ‘bidirectors’ (C and F
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associated with true and false chirality respectively), and two
achiral bidirectors (N and L). The symmetry properties distin-
guish these quantities from the conventional polar and axial
vectors. For example, C and F describe chiral objects without
mirror symmetry. The paper provides the geometric meaning
of the parity signs for these quantities. It examines the possib-
ilities of extending algebraic operations to vectors and direct-
ors. This classification is potentially helpful for symmetry ana-
lysis in various areas like multiferroics, chiral systems, topolo-
gical defects in vector fields, and long-wavelength excitations
in crystals. Therefore, they represent an extension of what has
been discussed in this review that needs to be explored.
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