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Chirality refers to the absence of a mirror image related symmetry in objects, materials and molecules.
As a consequence of the absence of these symmetry elements, chiral materials show a number of
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Introduction

Our ability to make new materials with tailored properties has
greatly improved. This raises the question of how we can
navigate the vast parameter and property space associated with
these new materials and their capabilities. From elementary
particle physics we can learn that symmetry is an effective tool
to classify the large number of sub-atomic particles that have
been discovered. For materials science one may hope that
consideration of symmetry can bring a similar level of insight.
In this contribution we review the relation between mirror
image related symmetry or chirality and optoelectronic properties
of materials. Apart from basics we will look at photon and electron
transport as well as molecular motion in out-of-equilibrium
systems.

Chirality is a geometrical property of certain objects. An
object is said to be chiral when it cannot be superimposed onto
its mirror image. A chiral object does not remain invariant
under symmetry operations that are improper, ie. symmetry
operations that are described by a transformation matrix with a
determinant equal to —1. The improper symmetry operations
are spatial inversion, reflections, and rotation-reflections.

A key example of a chiral molecular object is a helix, e.g. the
DNA double helix or the protein alpha helix. The static helical
structure of a rigid object, such as a screw, affects its motional
properties. In a screw, for instance, circular rotational motion is
coupled to linear translational motion. As we will discuss in
more detail later on, at the microscopic length scale in chiral
molecules, a similar coupling can occur e.g. between spin and
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momentum and between electric and magnetic transition
dipoles.

Materials can also be chiral. Here one usually does not refer
to the external shape but to the internal structure. Often
handedness is associated with a particular length scale.
For instance, in a twisted nematic liquid crystal, the helical
organization is obvious at the mesoscopic length scale but hardly
discernible at the molecular level. In crystalline materials chirality
may originate from the special manner in which achiral modules
are stacked together. This is for instance the case for monocrystal-
line chiral materials with a crystal point lattice that is intrinsically
chiral (22 out of the 230 crystallographic point groups, arranged in
11 enantiomeric pairs). Here the unit cells are stacked in a
helical manner but may themselves be achiral. The chirality of a
crystalline material may also originate from the chirality of its
constituent molecules. Here the point lattice itself is not chiral, yet
the lattice has only suitable symmetry elements that preserve
the chirality of e.g. a chiral molecule placed within the unit cell.
This latter type of chiral crystal is characteristic of 65 Sohncke
groups.”” Finally, in amorphous materials of chiral molecules,
there is a helical organization of atoms within the molecule but
practically no helical order at all larger length scales.

Fig. 1a illustrates another important aspect of chirality: also
motion can be chiral. An object moving in a certain direction
while simultaneously spinning in a certain rotational direction
around its axis of motion is chiral. This notion is key to
understanding the chirality of elementary particles such as
the photon and the electron as well as their interaction with
chiral molecules and materials.

Curiously, the definition of chirality is based on a negation.
Such definitions are very rare in natural sciences which usually
follow a positivist approach. Perhaps ‘‘dark matter” is the
only other exception. The negative definition of chirality has
three important consequences. First chirality cannot really be

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) A particle travelling along a helix undergoes coupled transla-
tional and rotational motion. (b) Stereocenters in organic chemistry that
may give rise to chirality. The carbon-based center is usually considered as
stable, while nitrogen based centers racemize very quickly via umbrella
inversion involving tunneling of the lone pair of electrons (:). The sulfoxides
(right) provide an intermediate case.

observed directly. Rather it is achirality that can be asserted
from an experiment showing some invariance within the limited
scope set by the experimental error margin. Second, chirality is
not a quantity. It cannot be enhanced, augmented or amplified.
One material cannot be more chiral than another. Lastly, chirality
should be assumed by default. Truly achiral objects are very rare
and may exist only as an abstraction. Many molecules which
would normally be considered achiral are on an individual basis
actually chiral due to e.g. accidental isotopic substitution or
temporary conformations that they might adopt. Based on our
current understanding of the nuclear forces, the universe as a
whole is chiral. In practice chirality is less clear cut than might be
expected. When dealing with real molecules or materials one
often narrows the view to particular time and length scales.

For instance, a carbon atom with four different substituents
is generally considered to be a stereocenter whose presence
may make a molecule chiral. A similar arrangement of four
different groups including one lone pair around a nitrogen
atom is usually not considered as a stereocenter because of the
fast umbrella inversion type motion resulting in very rapid
racemization on the sub ms timescale.® So even though the
tertiary amine is chiral, one cannot separate the enantiomeric
forms on the laboratory time scale and the compound appears
as a racemic mixture. When averaging over several molecular
length scales, effects of chirality cancel and, on longer length
scales, the material appears to be achiral. The sulfoxides
provide an interesting intermediate case where enantiomers
can be separated, but usually racemize in solution on the
timescale of minutes-hours.*

Attempts have been made to quantify manifestations of
chirality. Consider for example a molecular structure.””® Given
a chiral molecule, e.g. the amino acid t-alanine, one can devise
a specific measure to quantify how much it differs structurally
from its p-enantiomer. Once a measure has been put in place,
amplification can also be discussed.'® Such measures are
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perfectly valid, yet we would like to point out that such
quantities are specific to certain aspects of chirality and not
to chirality per se. For instance, in the example of alanine,
additional assumptions have to be made about what aspect of
the molecular structure one wants to evaluate: the distribution
of electron density in space or perhaps the position and relative
masses of the nuclei or alternatively the van der Waals surface
of the molecule. Even the focus on a static structure is already
restrictive. A moving object spinning around its direction of
motion is already chiral with a time invariant helicity even if the
object itself has an achiral static structure.

Consequences of chirality on
optical properties

Films of chiral materials can show ‘optical activity’ in their
interaction with light. Here optical activity refers to an asymmetry
in the response to left and right circularly polarized light. Optical
activity includes two different types of optical effects. The first is
known as optical rotation. Here the plane of polarization of an
incident linearly polarized light beam is rotated upon transmission
through the material, either in the clockwise or anticlockwise
direction. Optical rotation in isotropic materials is the result of a
difference in the refractive index for left and right circularly
polarized light and results in a phase difference for left and right
waves upon transmission. Optical rotatory dispersion (ORD) refers
to measurement of the optical rotation as function of wavelength.
Optical activity can also show itself as a difference in the amplitude
of left and right polarized waves induced by passage through
the medium. Here one speaks of circular dichroism (CD). It is
important to note that ORD and CD are not independent. The two
phenomena are related via Kramers-Kronig transformation and are
both described by the same set of transition probabilities.

The different transition probabilities of a chiral molecule
with left and right circularly polarized light can be understood
intuitively by considering the motion of electrons in a chiral
molecule induced by the light, see Fig. 1. In the chiral molecule,
excitation of an electron involves a phase locked combination
of translation and rotational motion. The translation motion
corresponds to an oscillating electric dipole moment on the
molecule that couples with the electric field of the light while
the rotational component relates to an oscillating magnetic
dipole moment that interacts with the magnetic field of the
radiation. We recall that circularly polarized light is composed of
oscillating electric fields in the direction perpendicular to wave-
vector combined with oscillating magnetic field components
parallel in direction to the electric fields but with a phase
difference of +90°, depending on whether the light is left or
right circularly polarized. In a semiclassical picture, an electron
oscillating harmonically along a helical path will feature collinear
oscillating electric and magnetic dipole moments with a phase
difference of £90° depending on whether the helix is left or right-
handed.

When comparing the optical activity of isotropic solutions of
small molecules to that of materials, some crucial differences
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should be noted. For isotropic solutions of molecules, the
observation of optical rotation and/or circular dichroism
provides direct experimental evidence that the molecules are
chiral and that the solution has non-vanishing enantiomeric
purity. The left- and right-handed isomers of the chiral molecule
must be present in different concentrations. In materials, the
direct link between optical activity and chirality is broken; also
achiral materials can show differences in their response to left
and right circularly polarized light."'™* This can have several
reasons. In the case of solids, the optical setup of the experiment
may itself already be chiral.

If an incoming light beam approaches a flat surface of an
achiral material at an angle, the geometry of the beam and its
polarization relative to the crystal can be different for the
mirror image of the entire optical experiment including also
the source and the detector. Ellipsometry is a well-known
example, where an initially linearly polarized light beam
acquires a circular component upon specular reflection off
the surface of an achiral crystal, see Fig. 2. Second, even if
the macroscopic setup of the experiment is ‘achiral’, it has been
shown experimentally as well as theoretically that achiral
crystals of certain crystal classes (m, mm2, 4, and 42m) can
show genuine optical activity for a light incident in a specific
direction relative to the crystal. Key to understanding this
counterintuitive result is that there will be another direction
for which the crystal would show the exact opposite optical
activity so that in the isotropic average the optical activity will
cancel out. Intuitively, the definition of chirality demands that we
try all possible orientations to make sure that the two enantio-
meric forms cannot be brought to overlap. When measuring the
optical rotation of chiral molecules in an isotropic solution,
indeed all possible orientations of the molecule relative to the
light beam are sampled. In anisotropic condensed matter,
however, such comprehensive sampling does not occur naturally
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Fig. 2 In a typical ellipsometry experiment, the combination of the
polarization and propagation directions of the incident light results in an
asymmetry. The emergence of a partially circularly polarized light upon
reflection off the surface of an achiral material is the direct result of the
chirality of the total experiment. In the mirror imaged version of the
experiment the reflected light has the opposite circular component, as
shown in the lower half of the figure. o}, indicates the mirror plane.
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and is difficult to enforce. Consequentially, optical activity in
solids does not necessarily imply chirality.

Technically, optical activity requires non-zero elements in
the gyrotropic tensor, a second-rank axial tensor that describes the
coupling between electrical polarization and magnetization." Its
elements transform under symmetry operation, as the product of
one component of a vector (x, y or z) with one component of a
pseudovector (Ry, R, or R;). For a particular element (e.g. XR) to be
non-zero, it should transform under the symmetry operations of
its point group according to the totally symmetric representation.
For optical activity in solution there is a more stringent
requirement: the isotropic average of the gyrotropic tensor needs
to be totally symmetric, ie. the trace of the tensor xR, + JR, + zR,
should be symmetric. This latter requirement is only fulfilled in
chiral point groups.

The optical activity of materials can also manifest itself in
reflection of light. Yet here we have to be cautious. Even in
reflection experiments on achiral materials, circular polarization
effects are very common. A very well-known example is that of
ellipsometry on e.g. a silicon wafer. Here the reflection of light
under off normal incidence and with linear polarization in a
direction of 45° with the normal to the plane of incidence,
results in substantial circular polarization in the reflected beam
for wavelengths of light inside the absorption region. Here the
circular polarization ‘arises’ not from chirality in the reflecting
material but from the handedness of the complete optical
experiment in particular the direction of the incident beam in
combination with the direction of polarization. The mirror
image of the complete experiment yields the opposite circular
polarization component in the reflected light. A way to avoid
these contributions from the chiral optical geometry is to study
reflection under normal incidence.

A key example of the influence of chirality on the reflection
of light under normal incidence is the circular selective reflection
of light by cholesteric liquid crystals.'® If the helical axis of the
cholesteric crystals is perpendicular to the reflecting surface and if
the wavelength of the light matches the helical pitch length of the
chiral nematic, then the circular polarization of light that has the
same handedness as the helical molecular arrangement is
reflected with unit efficiency while the light with opposite circular
polarization is fully transmitted. So, for a cholesteric material,
I;, # Ixg where I denotes the relative intensity of the reflected
light and the two subscript letters indicate the polarization of
incoming and reflected waves.

The special nature of this reflection process becomes apparent
when considering also the polarization of the reflected light.
The light reflected by a left-handed cholesteric material from a
left polarized incoming beam under normal incidence is also left
circularly polarized. In contrast, light reflected at the surface of an
achiral dielectric or metal switches polarization upon reflection
and here Iy, = Lg.

For a cholesteric material, the polarization conserving,
selective reflection is sensitive to the thickness of the film.
This indicates that the bulk of the material is involved in the
reflection. The process is often referred to as Bragg reflection,
as it relies on constructive interference of waves reflected at

© 2022 The Author(s). Published by the Royal Society of Chemistry
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periodic planes within the material.'”'® Even though the first
studies on the chiroptical properties of cholesteric liquid
crystals have appeared more than 100 years ago, research on
this topic is still very active. It has been recognized that uniform
selective reflection requires alignment over macroscopic
areas,'®' and thus circular selective reflection provides an
experimental tool to characterize long-range helical order in
materials.”>**

An interesting question now is whether for chiral materials
we can also have Iy;, # L. So far, our experiments on normal
refection off of cholesteric films (thermally annealed films of
fluorene type m-conjugated polymers on rubbed polyimide
alignment layers) have shown that the degree of circular
polarization (I.g — Igy)/(ILg + Iry) for this polarization inverting
reflection is more than an order of magnitude smaller than that
for the cholesteric type reflection (Iy — Igr)/(ILL + Izr).”">> The
latter, polarization conserving reflection is characterized by
degree of polarization on the order of unity.

A possible argument against the occurrence of selectivity in
the reflection of circularly polarized light with inversion of
polarization might be derived from time inversion symmetry.
Here one would argue that the reflection of a photon is
essentially an elastic collision so that the process should be
symmetric under time inversion. Then the equality Ix;, = Iir
should hold for the intensity of the reflected light. This would
preclude any circular selectivity in this type of reflection. Yet, as
can be seen in Fig. 3, if the reflection is not total, the presence of
the transmitted beam makes the original reflection experiment
and its time inverted analog actually quite different. In the time
inverted case, one has two incoming beams combining into a
single reflected wave representing the reversed incident beam i.
So, time inversion symmetry in the case of partial reflection does

Time inversion
i / r r \ i

Reciprocity

source detector detector  source

9/

\

Fig. 3 Time inversion and reciprocity in optical experiments. If time
inversion symmetry applies, then rays i’ and i” recombine to r’, i.e., the
reverse of the incoming beam amplitude and phases for i and r’ corre-
spond. Reciprocity relates r to r’.

r
t

7
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not provide a strict argument against circular selective polariza-
tion inverting reflection.

Another possible argument against circular selective polar-
ization inverting reflection might be based on the principle of
reciprocity. This we will discuss in the next section.

Optical reciprocity: broken by chirality?

In optics the principle of reciprocity may be phrased as follows.
Given a ray of light that has passed from a source through a
system and arrived at the detector with a certain intensity, then
the same intensity will be recorded after interchanging the
positions of the source and the detector.”® As a principle,
reciprocity is extremely wide in its scope and has been applied
to scattering, reflection and transmission.

Optical reciprocity has been found or predicted to break
down in some cases.?” The most widely known non-reciprocal
behaviour involves static magnetic fields. For instance, the
presence of a magnetic field collinear with a beam of light,
induces magneto-optical or Faraday rotation of the plane of
polarization of the light passing through an achiral
medium. Upon exchanging the source and the detector, or
alternatively changing the direction of the collinear magnetic
field, the sign of the optical rotation will invert. Note that
for natural optical activity, the sign will remain the same.
The breakdown of reciprocity induced by the magnetic
field has important practical applications in e.g. Faraday
isolators.”®

It has been predicted that also in the linear response of
non-centrosymmetric media, reciprocity may fail.">*°>" The
class of non-centrosymmetric materials, i.e. substances without
a center of spatial inversion symmetry, includes the class of
chiral materials. Surprisingly, there is only scant experimental
evidence supporting the predicted breakdown of reciprocity for
e.g. reflection of light by chiral materials.>*> Nevertheless, such
nonreciprocal behaviour in non-magnetic materials may have
enormous potential for practical application as it would obviate
the need for magnetic optical components.

In the section below we present an intuitive, geometrical
argument for deviation from reciprocity in the reflection of
chiral materials. First, we formulate the principle of reciprocity
in electromagnetism, also known as Lorentz reciprocity, more
precisely.'”**** Here one considers two dipole sources; P
located at point A and P’ at B, see Fig. 4a. Both P and P' radiate

resulting in, respectively, the radiation fields E and E'.
The Lorentz reciprocity theorem then holds that the component
of E' at point A in the direction of P equals to the component of £
at point B in the direction P/, in short: By-Ey = Pj-Ep.
Reciprocity can be related to symmetry.*® To illustrate this,
we place a vertical symmetry plane between the source and the
detector, see Fig. 4b. Given the mirror symmetry, we can now
decompose sources and fields into symmetric and antisym-
metric components. First, we look at a symmetric, vertically
oriented dipole and the associated vertically polarized radiation
field, see Fig. 4b, right. If we now take the mirror image of both

Mater. Adv., 2022, 3, 2324-2336 | 2327


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ma01053k

Open Access Article. Published on 25 January 2022. Downloaded on 1/14/2026 11:37:23 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

PointA PointB

(a)
Py E

V\/

Initial reflection
Reciprocal refl.

P, -E',=P'y-Ey

LI
B

.4
174 \ia

L-source R-reflection (b)
sET T3
(= eve. el 5
5 I | gl
= a @
Pya H Exs
- —
I/:\-I Py iEys
o, Oy
Initial reflection
Reciprocal refl.
4 : P
EIX'A/:\EX‘E
L-reflection  R-source | -~

Fig. 4 (a) Lorentz reciprocity applied to the reflection of light off the
surface of a material. (b) Lorentz reciprocity in the case where the
reflecting material as well as the points A and B obey vertical mirror image
symmetry (a,). Here we can separately deal with vertically and horizontally
polarized sources, e.g. P x o and Py 5 The mirror image symmetry precludes
a contribution of vertically polarized sources to horizontally polarized
fields and vice versa. By combining a horizontal and a vertically
polarized source with appropriate phase difference one obtains a circularly
polarized source. In the case of normal reflection and equal reflectivities
for horizontally and vertically polarized light the circularly polarized
sources result in reflected waves with opposite circular polarization
and reciprocity is confirmed so for mirror image symmetric materials
gL = ILr holds.

the source and the field, we arrive at the reciprocal reflection.
Using a similar symmetry argument, also the reciprocity for the
antisymmetric horizontal components can be established. We
note that upon reflection, the s and p components experience a
different geometric phase shift. Now by combining a dipole
oscillator in the x-direction with an oscillator in the y-direction
with a 90° phase difference, we get a source for circularly
polarized light. The left polarized source produces a right
polarized reflected wave if the refection amplitudes for s and
p are equal as would be expected for an isotropic material
under normal incidence. Considering now also the corres-
ponding mirror imaged reflection process, one predicts Iy, =
Lr so that reciprocity is obeyed also for the circular polariza-
tion. Yet, this reciprocity is predicated on the presence of the
mirror image symmetry and is thus no longer ensured for chiral
materials that lack the mirror plane. As mentioned above,
experiments on the reflection of light by cholesteric films
indeed indicate deviation from reciprocity in their polarization
inverting reflection.

2328 | Mater. Adv., 2022, 3, 2324-2336
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Strong coupling between circularly
polarized light and chiral matter

In the sections above we have considered the traditional
approach for the manipulation of molecules with circularly
polarized light. Here illumination with a circularly polarized
light leads to a difference in the population of the excited states
of two enantiomeric forms of a chiral molecule. Recent
advances in experimental studies of the interaction between
light and matter have shown that under specific conditions, the
coupling between light and matter can become so strong that
the energies of the excited states of molecules can be changed
significantly through interaction with light.*® If dye molecules
are placed in a resonant optical cavity, the conversion of a
photon into an exciton and vice versa can become such frequent
and coherent processes that the quantum states for the photon
and the exciton hybridize to form a new quasi-particle called
polariton.>”*° The polariton formation strongly depends on
the quality of the optical cavity. Highly reflective, perfectly
aligned mirrors lead to better confinement of the photon that
is then forced to interact very often with the material in the
cavity.

Notably when putting molecules in resonant cavities, even
the zero-point fluctuations of the electromagnetic fields in the
cavity that are present in the absence of any illumination, can
cause a significant shift of excited state energies.*’ By tuning
cavity resonances to molecular vibrational absorption bands
the reactivity of molecules under dark conditions can be
altered.™

We may now imagine an optical cavity with left-handed
cholesteric mirrors, see Fig. 5. Such a cavity would support
only left circularly polarized waves, provided that the wave-
length of the resonant cavity modes and the wavelength of
selective reflection by the mirrors are carefully tuned. Although
perhaps not impossible, building such a cavity is technically
highly challenging. The presence of molecules or molecular
materials with dipole allowed transitions at frequencies near

a)
Upper polariton

branch pliton

exciton

Energy

Lower polariton
branch

Wavevector

L-CPL

Fig. 5 (a) Coupling between exciton and photon states leading to the
formation of polaritons. (b) A hypothetical optical cavity supporting exclusively
left circularly polarized light with left-handed cholesteric liquid crystals as
mirrors.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the cavity resonance may now induce the formation of chiral
polaritons. If the molecular material is chiral, there may now be
a difference in the excited state energy for the two mirror-image
related forms. This chiral discrimination could potentially
alter the reaction rates such that chiral products with a net
enantiomeric excess can be obtained from achiral precursors.
The chiral cavity might also lead to chiral symmetry breaking
in nematic liquid crystals favoring cholesteric order of one
particular handedness.*?

Coupling the spin and orbital angular
momentum of light.

If we confine light to a small space, it can reveal new optical
phenomena which are not observable for extended plane waves.
As an example, we mention the Goos-Hénchen and Fedorov-
Imbert shifts, both referring to displacements of the center of
an optical beam upon reflection away from the path predicted
by geometrical optics.*® When light is focused, it acquires some
longitudinal polarization components. Furthermore, if the
phase front of the focused wave is manipulated such that it is
no longer constant across the beam, the light can acquire an
additional angular momentum, also known as orbital angular
momentum.** Circularly polarized photons in a regular, plane
wave can only have two values for the spin quantum number:
+1 2 and —1 A. In a focused light beam with an angular
momentum, the photon can also occupy states with quantum
number for the angular momentum other than +1 7 or —1 7.
For confined light also a coupling between the spin and orbital
angular momentum is possible. Now for these confined beams,
the spin state of the photon may affect the orbital path the
photon choses to follow through a coupling of the spin and
orbital components of the angular momentum. This photon
spin-orbit coupling can lead to the so-called optical spin Hall
effect in analogy to the spin hall effect for spin polarized
electrons.”™” The optical magnus effect’® and Feodorov-
Imbert shift>>* are closely related phenomena.’® In later
sections we will explore the analogy between photon spin and
electron spin in more detail. In this section we illustrate the
spin-orbit coupling for the photon with a simple elementary
example.

Suppose we take a flat (partially) reflecting surface of a
material. Then by taking four exact copies of this reflecting
surface, we can bend the path of a light beam, see Fig. 6. Here
the reflection under 45° incidence is repeated three times
resulting in a light path that is either square planar if the
momentum of the ray in the z direction is zero or helicoidal if
there is a finite momentum along the vertical. The polarization
of the incident and the four times reflected rays can now be
analyzed using the same reference frame. For every possible
polarization state of the departing beam, the closed optical
trajectory now yields a polarization for the returning beam. The
Poincare sphere of all possible polarizations for the incoming
beam is mapped onto the Poincare sphere for returning polar-
izations. Then, according to the Brouwer fixed point theorem,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Confining light by four identical reflecting surfaces. (b) Character

table for the C4 point group. (c) Helicoidal optical path within the reflective
geometry shown in (a). (d) Chiral metasurface for separating different
polarization components of partially polarized incoming light.

there should always be at least one polarization which is
mapped onto itself. We refer to such an invariant polarization
as an eigen polarization. To find the eigenpolarizations we
make use of the fourfold rotational symmetry of the problem.
According to the group table for the C, point group, there
are two eigenpolarizations, one parallel to z and the other in
the x, y plane corresponding to s and p polarized light.
Note that the p polarization acquires a net 360° degree geo-
metrical phase shift while the s wave retains the same phase
upon completing a full round trip. A sufficient condition for
the existence of such a closed optical trajectory is the presence
of a horizontal mirror (x, y) symmetry plane. If we now however
take the reflecting material to be chiral, the reflection will
mix the s and p components of the incoming light. As a result,
a perfectly square planar reflection geometry is no longer
allowed, and the light must follow a helicoidal path, see
Fig. 6¢c. This staircase like trajectory now has macroscopic
helicity. The chirality of the material dictates both the
macroscopic helicity as well as the circular polarization com-
ponent. The orbital and spin angular momenta have become
coupled.

The optical spin Hall effect allows for new optical compo-
nents that can separate the circular polarization components of
an unpolarized or a partially polarized incoming beam, see
Fig. 6d. Here it has been shown that surfaces decorated with
metal nanostructures in a two dimensional (2-D) chiral pattern
can deflect the left and right circular components of an
incoming beam in different directions.>® We note that the
reflecting surface with its 2-D chiral pattern is in fact a 3-D
chiral object.
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Steering a photoexcitation with
circular polarization

Chirality can influence the direction of motion of objects. We
recall the screw for which rotational and translational motion
are coupled. Similarly, one might expect that upon creating
an electronic excitation with angular momentum in a chiral
material, the particle will move preferentially in a particular
direction set by the helicity of the material, see Fig. 7a. Such an
effect has indeed been confirmed in recent decades.”*>* Here
the angular momentum of circularly polarized light is used to
create quasi-particles in a material with a particular spin
polarization. Depending then on whether left or right circularly
polarized light is used, the particle will move either up or down,
see Fig. 7b. This effect is closely related to the optical spin Hall
effect discussed in the preceding section. The effect is not
exclusive to chiral materials but can also be observed in achiral
materials provided that the geometry of the optical experiment
itself is chiral.>

Interesting from an application perspective is that the effect
occurs in systems where helicity can be engineered such as
metamaterials®®>” and bilayer graphene®®*® and may allow for
new and unconventional optical elements for manipulating the
polarization of light.®!

Chiral particles other than the photon
to probe chirality?

So far, we have seen that circularly polarized light with its chiral
photons is a useful and convenient tool to probe the handedness
of materials. Are there any other (elementary) particles that may
be used to sense the (a)chirality of molecules or condensed
matter? In principle any particle with spin might do. Consider

) Preferred Excitation
4 direction with angular
of motion momentum

(0

b) LCP photon RCP photon
s
$ S
excitation excitation
(polariton) (polariton)
Pra—

—

Fig. 7 (a) Coupling between linear and angular momentum for photo-
excitations confined to a helical path in a chiral material. (b) Steering the
direction in which a photon excitation moves through a chiral material via
the circular polarization of light.
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for instance the electron: an electron with spin aligned parallel
to its direction of motion has right-handed helicity while an
electron with spin and momentum in opposite directions has
left-handed helicity. A moving electron has a handedness and its
transport may be affected by the chirality of the materials
through which it is moving.

There is however a catch. While a photon has zero rest mass
and will travel at the speed of light for any observer, the
electron has a finite rest mass and different observers may
not agree on the direction and magnitude of the velocity of a
moving electron. As a result, the two observers may assign
opposite helicities to a moving electron. Helicity is not Lorentz
invariant, even though helicity is a constant of motion.
In contrast, a particle moving at the speed of light has the
same helicity for every observer. The helicity of a photon is
absolute and describes its chirality. A moving electron obeys
the Dirac equation and is described by a Dirac spinor, a wave
with four components. When analyzed in more detail, the Dirac
spinor always combines a solution having left-handed chirality
with a solution of right-handed chirality. The chirality of these
two contributions, also known as Weyl spinors, is Lorentz
invariant. An electron at rest is a perfect 50-50% mixture of
two enantiomeric forms. For a moving electron with say positive
helicity, the left-handed component has a higher weight that the
right-handed one.

For the electron, chirality is not a constant of motion. At a
deeper level it has been argued that an electron is subject to
‘Zitterbewegung’ and oscillates very rapidly between a left-
handed form and a right-handed form.®>** The associated
chiral oscillation frequency for a slow electron is predicted to
be very high: v, = 2 me ¢*/h = 2 x 10?° s. The chiral oscillation
frequency may be related to a wavelength via 1 = c/ve, i.e. half
the Compton wavelength Ac = A/me.c = 2.4 pm. Ac/2 may be
interpreted as the length over which a slow electron keeps the
same chirality. For electrons moving at a higher speed, oscillation
frequency will appear reduced (time dilation) and the electron will
retain the same chirality over a longer distance. We note that
other elementary particles show similar oscillations in chirality.
The chiral oscillations of the neutrino have been confirmed
experimentally.®®

Wavefunctions should be interpreted in terms of probability
according to the Copenhagen interpretation of quantum
mechanics. Also the Dirac spinor describing the rapid chirality
oscillations can be interpreted probabilistically as representing
the chance to find the electron in its left or right chiral form.
Thus in a sense, the Dirac spinor describes the enantiomeric
excess of an electron. The absolute magnitude of the enantiomeric
excess of an electron in a certain helicity state depends on its
speed, see Fig. 8b. An electron at rest is a racemic mixture, while
an individual electron moving at a speed very close to the speed of
light has a very high enantiomeric purity approaching that of a
circularly polarized photon.

So, in summary also massive particles such as electrons have
a handedness, yet only at relativistic speeds will the spin states for an
electron feature the persistent chirality that is characteristic of and
unique to that of the photon. From an experimental point of view,
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Fig. 8 (a) Handedness for an electron, spin polarized parallel to the direction

of its motion. p and S indicate the momentum and spin of the electron.
(b) Absolute value of the enantiomeric excess of an electron spin polarized in
the direction of motion as a function of its speed v divided by the speed of
light ¢, based on the Dirac equation for an electron in an empty space.

one would thus expect that moving electrons with longitudinal
spin polarization would interact differently with left and right
circularly polarized light, i.e. electrons with preferred helicity
should show optical activity. Such an experiment has recently
indeed been proposed®® but as far as we know has not been
carried out yet. Incidentally, the above analysis also makes clear
that for electromagnetic waves travelling at less than the speed
of light in vacuum, for instance visible light travelling though
glass, the circular polarization cannot be as perfect as for the
photon in vacuum.

Chiral molecules in the gas phase indeed show different
cross sections for scattering of electrons with left- and right-
handed helicity.” Experimental studies pioneered by Farago®®
on various molecules®*””* have shown asymmetries of the order
of 107 or less and have indicated the importance of heavy
atoms in the chiral molecules. The asymmetry roughly scales as
Z” with Z as the atomic number of the heaviest element in the
molecules. The dependence on Z supports the notion that
relativistic effects are important. Also the interaction of chiral
molecules with the antiparticle of the electron, or positron, has
been investigated.”*’> Radioactive decay can yield electrons or
positrons of essentially one helicity and experimental evidence
has been put forward that these ‘naturally’ spin-polarized
positrons or electrons can induce asymmetric synthesis.”®

In the past decade, attention has shifted from chiral molecules
in the gas phase to chiral semiconducting materials. Selectivity in
transport of electrons with left or right-handed helicity has
become an area of very active research.””””® It has been reported
that a layer of chiral organic molecules acts as an effective spin
filter for electrons when current is passed through the layer.*>*'
The effect is referred to as chiral induced spin selectivity (CISS).
Selectivities exceeding 85% for left vs right helical electrons have
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been reported.®” Qualitatively the spin selectivity in the transport of
spin polarized electrons is understandable in terms of the chirality
of a moving electron. Quantitatively, however, the reported CISS
effects pose an interesting puzzle. For the low energy transport
measurements involving molecular materials with only light atoms,
one does not expect that the speed v of the electrons approaches
relativistic values, so v/c < 0.1. The relatively low speeds imply only
a modest enantiomeric excess of the electrons: e.e. < 20%, see
Fig. 8b. Supposing that the chiral material will discriminate based
primarily on the chirality and enantiomeric excess of the electron,
then one might wonder: how can the selectivity of the chiral
material for one of the spin polarizations of the electrons can be
so high, in some cases exceeding 80%?

The CISS effect has also been reported for materials with
heavy atoms, e.g. lead halide based perovskites.*> Here the
relativistic behavior of the electron and the associated strong
spin-orbit coupling are more pronounced than in the case of
lighter, carbon based materials.

The chiral induced spin selectivity discussed above does, in
principle, not require a magnetic field, although in practice
magnetic materials are used to polarize the spins of the
electrons. In the presence of static magnetic fields, the chirality
of a material can influence electrical transport. This is known
as electrical magnetochiral anisotropy.**> Here the electrical
resistance of the material shows a dependence on the strength
of the magnetic field. Next to the normal magnetoresistance
that varies quadratically with the strength of the magnetic field,
chiral materials can feature a contribution that is linear to the
strength of the magnetic field with a sign that depends on the
handedness of the substance. While the first studies focused on
metallic wires with macroscopic helicity, later studies have
found evidence for the effect in chiral carbon nanotubes.®

Also an inverse magneto chiral anisotropy effect has been
investigated. Here the transport of an electric charge through a
chiral material conductor induces a magnetic field that is either
parallel or antiparallel to the direction of the current depending
on the chirality of the material.*” Recently experimental evi-
dence for the genesis of such a magnetic field has been
reported for electrical current through single crystals of the
non-magnetic elemental semiconductor tellurium with the
chiral, trigonal crystal structure.®®

The electrical magnetochiral anisotropy and the CISS effect
are described by axial tensors with probably the same symmetry
properties.?® For the effects to be non-zero in the isotropic
average a necessary and sufficient condition may be chirality.”
Yet in the anisotropic condensed phase, the effects may not be
exclusively limited to chiral systems and might even show up in
systems with higher symmetry for specific orientations in a way
similar to optical activity as discussed above.

Steering an electron: the circular
photogalvanic effect

In the previous sections we have discussed the handedness of
materials, photons and electrons. We are now at a stage where
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Fig. 9 The circular photogalvanic effect; j indicates the direction of
photogenerated current.

we explore how these three different types of helicities can
interact. Using circularly polarized light and making use of
chirality (either in the material or in the wider geometry of the
experiment) it has also proven to be possible to control the
direction in which photogenerated charge carriers move.”' ™
This is known as the circular photogalvanic effect.
Ilumination of a chiral material with left or right circularly
polarized light at an appropriate angle of incidence, results in
a net photocurrent either in the forward or reverse lateral
direction depending on the circular polarization of the incident
light, see Fig. 9. The effect is analogous to the photonic spin
hall effect discussed in the previous section. The circular
galvanic effect may be understood qualitatively in terms of
strong spin orbit coupling®®®® of photogenerated carriers in a
non-centrosymmetric material.”®

94,95

Chirality and time

Chirality was introduced as primarily a purely geometrical
property of objects in three-dimensional space. Yet when trying
to probe chirality in molecules and molecular materials, one
involuntarily introduces time as an additional parameter.
Furthermore, according to special relativity, time should in many
respects be treated on a similar footing as the other three spatial
coordinates. This indicates that chirality might be regarded as part
of an extended concept associated with handedness in four-
dimensional Minkowski space."® Assuming that objects, and more
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Table 1 The Klein four-group of space—time symmetries
vV I P T PT
@ +1 +1 +1 +1 ‘Symm.’ Rod EE,BB N
c +1 -1 +1 -1 ‘Spaceodd’ Screw E ny-Ng
b +1 +1 -1 -1 ‘Timeodd’ Rot. B _ K
e 1 -1 -1 +1 ‘PTsymm. Transl. E-B,B,E X B Ki—kp

general processes, are either symmetric or antisymmetric under
space inversion (parity, P) and time inversion (7), we can draw up a
character table showing all the possible characters, see Table 1.
Static objects are time invariant and must have character +1
under T and so, looking at Table 1, static objects transform
according to the representation a or c. A circularly polarized
photon is a combination of rotational motion (spin, (b)) and
translational motion (momentum (e)) and transforms as b x e =c.
The group table for the Klein-four group can be used to
classify chiroptical phenomena in four dimensions. To see how
this works we first consider the time-domain response function
G(¢) for a material, i.e. the response of a substance to a sharply
peaked, delta function-like perturbation at ¢ = 0. We assume the
response to be linear in the perturbation. The principle of
causality demands that a material does not respond before it
is perturbed (‘the system does not squeak before it is squeezed’)
and thus requires G(t) = 0 for ¢t < 0. The time domain response
function can then be expressed as the sum of a time-even part
and a time-odd part with Gewen(t) = (G(|¢]) + G(|—t]))/2 and
Goad(t) = (G(|t]) — G(]—t|))/2, see Fig. 10. By means of Fourier
transformation the time-domain response function G(¢) can be
converted to the frequency domain. The frequency domain
response function will in general be complex: 7i(w) = n(w) +
ik(w), with the real part n(w) deriving from the time-even
response Geven(?) and the imaginary part ik(w) from the time-
odd part of the linear response of a material to a pulse of light.

G(t)

time

Geven (t)

’ Goqa (t)

6{t)

0ift<0 )
= ——+sign(t)
G@)if t20 2

= Ge\‘en(r) + Gadd (f)

Fig. 10 A time-domain, linear response function G(t) should obey caus-
ality and can be decomposed into a time-even component and a time-
odd component.
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Now because n(w) and x(w) contain essentially the same
information, i.e. the non-zero time domain response G(t) with
t > 0, they must be related. It can be shown, with relatively little
effort,'® that this relation involves an integral transformation
known as the Kramers-Kronig transform or the closely related
Hilbert transform. We note that the time-odd part of the
response is related to dissipation of energy and corresponds
to absorption of light. When absorbing light, the system is out-
of-equilibrium and assumed to adopt a stationary state.

The linear optical response of an isotropic, achiral material
can thus be characterized by a complex refractive index
containing as real part n(m) the time-even or elastic part of
the response in combination with an absorption index x(®)
covering the time-odd or dissipative part of the response.
Looking at the character table of the Klein group, we find that
n transforms according to the irreducible representation a, while
the absorption x transforms as b. For a chiral isotropic material,
it then follows that the circular differential refractive index n;, —
nyg expressing the optical rotation of the plane of polarization of
linearly polarized light transforms as c, i.e. the product of the
symmetry character for the chiral material (c) and the character
for the refractive index (a). For the circular differential
absorption we get symmetry character e (= ¢ x b).

Using the character table for the four-group one can now
systematically search for ‘new’ phenomena specific to chiral
materials. For instance, if a chiral material shows selectivity in the
inelastic transport of electrons with opposite helicity, then one
might also expect a rotation of the plane of transverse spin
polarization for electrons when passing through a layer of chiral
material. Polarimetry for electrons,'®® positrons, protons'®® or
neutrons’® is known but so far, no report on the rotation of
the polarization by chiral compounds seems to have appeared.
As a second example, we note that the resistive and capacitive
response of a material to an alternating electric field corresponds
to respectively the time-odd and time-even part of the response to
the applied electric field. Now if the electrical resistance of a
substance shows electrical magnetochiral anisotropy as discussed
above, one should also expect a corresponding magnetochiral
capacitive effect. The latter effect would involve the influence of a
magnetic field on the electrical polarizability of a chiral material.
Such a magnetoelectric effect involving coupling between magne-
tization and electrical polarization has recently indeed been
reported for chiral materials.'®>"%

The character table for the Klein group is also useful when
looking for methods to induce enantioselectivity in the synthesis
of molecules and materials. A chiral, molecular reaction product
in the static, chiral environment provided by e.g resolved
cyclodextrin molecules leads to a time-invariant diastereomeric
energy difference for the two mirror image related forms of the
reactant in the host: ¢ x ¢ = a. A chemical reaction resulting in
the formation of the chiral product under thermodynamic
control can now yield a net enantiomeric access of one of the
mirror image related forms. This corresponds to the ‘true’ chiral
influence by the cyclodextrin as discussed by Barron.'?”'*®
In contrast, a reaction under a ‘false’ chiral influence such as
exerted by e.g: static collinear magnetic and electric field (symmetry
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character ¢) symmetry only yields a net enantiomeric excess if the
reaction is carried out under kinetic control because the time
reversed reaction will favor the opposite product (¢ x e = b).

‘False’ chirality is highly relevant for modern materials
science. Here one of the major challenges is the development
of magnetoelectric multiferroic materials, i.e. materials that
can be magnetized by application of an electric field and
electrically polarized by a magnetic field."*™""" This magneto-
electric coupling is described by the same tensor that governs
the optical activity discussed earlier. Yet while optical activity is
a response to alternating electromagnetic waves, the magneto-
electric effect describes the effect of static electric and magnetic
fields. The magneto-electric effect is a static property
of a material under equilibrium conditions and thus time-
invariant (+1 under 7)."** Yet the polarization and magnetization
that are related by the tensor elements describing the effect have
opposite symmetries under time inversion. Therefore, the
magneto-electric effect can only occur in materials with a broken
time symmetry. The presence of permanent magnetic dipoles
in a material, viz. unpaired electrons, suffices to meet this
requirement. Furthermore, polarization and magnetization also
have opposite spatial inversion symmetry and so the effect only
occurs in materials lacking inversion symmetry. Chiral materials
satisfy this second requirement but also materials that are
‘falsely’ chiral do. A material will be falsely chiral if it has a
nuclear geometry and electron density distribution that is achiral
and if it is not superimposable on its mirror image via spatial
symmetry operations because of the opposite orientation of
magnetic moments on sites related via symmetry operations
but does convert to its enantiomeric form under time inversion
operation. The magnetic point group of the material should not
contain inversion as a symmetry element.

Unidirectional motion in molecular
machines and chirality

In the previous section we have explored the connection
between chirality and time. A further illustration of this
connection is the possibility to control the directionality of
molecular motion through the chirality of the molecules
involved. This brings us to the field of molecular machines.
In one of his many illuminating lectures, Feynman considered
a machine that can convert random thermal molecular move-
ments into unidirectional rotational motion that may do useful
work; the well-known ratchet and pawl machine, see Fig. 11.
As can be seen, Feynman’s machine is chiral and will work when
placed in a temperature gradient. Collisions of molecules with the
turbine blades on the high temperature side will set the axle in a
unidirectional rotational motion and a small weight may be lifted.
The machine is able to do useful work as long as the temperature
on the ratchet side is lower than that on the turbine side. If such a
temperature difference is present, high energy molecular colli-
sions on the turbine side powering the rotation are more likely
than molecular collision on the ratchet side that may temporarily
relieve the pawl, causing the rope to unwind again. If the
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Fig. 11 Ratchet and pawl machine as considered by Feynman '

temperature gradient is not maintained externally, eventually
frictional motion on the side of the pawl and loss of kinetic
energy of the molecules on the turbine side will cause a gradually
equilibration of the temperatures on the two sides causing the
machine to stop turning. Thus, effectively, the machine is able to
deliver work because of the flow of heat from a higher to lower
temperature. Using now the symmetry analysis discussed in the
previous section, the flow of heat (symmetry character e) in
combination with the structural chirality of the machine (c)
results in unidirectional rotation (b) because e x ¢ = b.

The use of chirality’'*™'® to control the direction of rotational
motion in molecular machines is, now, well established."”2° The
question is whether 3D chirality is needed or whether just chirality
in two dimensions suffices to achieve unidirectionality."*"
Interesting directions in this lively research field concern the
possible dependence of the mechanical viscoelastic response of
chiral materials on the direction of twist motion."* For a macro-
scopic twined rope one indeed expects a different mechanical
response for the clockwise and anticlockwise twisting of the rope.
For molecular systems one might also expect such a directional
dependence, provided that the material shows helicity on a length
scale similar to that of the mechanical experiment. Finally, can the
direction of rotation in molecular system be controlled directly
by the circular polarization of the light that is used to drive the
motion? Materials with chiral nematic ordering and photo-
isomerizable groups indicate that the circular polarization of the
illumination has an effect on the initial direction of motion. Yet no
continuous rotation under illumination has been accomplished; to
complete one full period also a thermal step has to be included
next to the illumination stages.'>

Conclusions

Introducing chirality in a molecule or material is a sure way to
engineer a combined responsivity to perturbations of different
spatial symmetry types or to provoke a response to a perturbation
of an opposite spatial symmetry. In this review we have mainly
focussed on electric and magnetic fields with optical activity as a
key example of a joint responsivity to alternating electric and
magnetic fields. In chiral materials, electrons are forced to move
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along a helical path by internal organization. This introduces
a coupling between electrical polarization and magnetization,
facilitating new types of functionality. Chirality refers primarily
to spatial symmetry. Yet as a tool to understand the response
dynamics of materials it is most effective when considered
together with time-based symmetries.
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