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the shape of galaxies all the way down to 
sub-atomic particles. In living organisms, 
chirality is essential and constitutes an 
important feature of body shapes, organs, 
tissue and molecular configurations. In 
order to distinguish them, the two separate 
entities within a chiral pair are referred 
to as left-handed and right-handed; this is 
because the word “chirality” itself derives 
from a Greek word meaning “the hand”. 
Furthermore, for conciseness, “a pair of 
chiral molecules” is designated as “enanti-
omers”. Enantiomers have practically the 
same energy levels with only tiny differences 
that are due to an effect of the weak force; 
yet they can have widely different properties.

In living organisms, chirality is wide-
spread, often plays a significant role 
and, in some instances, it can be of vital 
importance. In the animal world, the col-
oration of several butterfly wings (e.g., 
of species Parides sesostris and Teino-
palpus imperialis)[2] and of beetle exoskel-
etons (Chrysina gloriosa)[3] is due to chiral 
photonic crystals. Among plants, the 
Pollia condensate fruit also owes its iri-

descent colors to chiral gyroid photonic crystals.[4] An amusing 
example of chirality is that, while one handedness of limonene 
smells of lemon, the other smells of oranges. Such differ-
ences in smell can have important consequences, as in the 
case of the fruit fly pheromone olean, where one handedness 
attracts females and the other attracts males.[5] Chirality is  
also crucial for pesticides. The molecules mecoprop and 
dichlorprop are components of many commercial weed killers, 
however only one handedness of each is the herbicide; the 
other handedness is inactive.[6] Moreover, for the pharmaceu-
tical industry, chirality can be vital. The drug Thalidomide has 
become tragically famous because one enantiomer is effective 
as relief medication for morning sickness in pregnant women, 
while the other causes severe birth defects.[7] Other exam-
ples include Naproxen, an effective anti-inflammatory drug, 
whose mirror image causes liver poisoning;[8] Levodopa, used 
to treat Parkinson’s disease, whose mirror image affects the 
blood and leads to chronic bacterial infection;[9] Penicillamine, 
used to treat arthritis, whose mirror image is a neurotoxic;[10] 
Ketamine, an active anaesthetic, whose mirror image causes 
hallucinations; Methorphan, a cough suppressant, whose 
mirror image is an opioid narcotic drug; Ethambutol, effec-
tive for treating tuberculosis, though its mirror image causes 

Throughout the 19th and 20th century, chirality has mostly been associated 
with chemistry. However, while chirality can be very useful for understanding 
molecules, molecules are not well suited for understanding chirality. Indeed, 
the size of atoms, the length of molecular bonds and the orientations of 
orbitals cannot be varied at will. It is therefore difficult to study the emer-
gence and evolution of chirality in molecules, as a function of geometrical 
parameters. By contrast, chiral metal nanostructures offer an unprecedented 
flexibility of design. Modern nanofabrication allows chiral metal nanopar-
ticles to tune the geometric and optical chirality parameters, which are key 
for properties such as negative refractive index and superchiral light. Chiral 
meta/nano-materials are promising for numerous technological applications, 
such as chiral molecular sensing, separation and synthesis, super-resolution 
imaging, nanorobotics, and ultra-thin broadband optical components for 
chiral light. This review covers some of the fundamentals and highlights 
recent trends. We begin by discussing linear chiroptical effects. We then 
survey the design of modern chiral materials. Next, the emergence and use of 
chirality parameters are summarized. In the following part, we cover the prop-
erties of nonlinear chiroptical materials. Finally, in the conclusion section, we 
point out current limitations and future directions of development.
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Chiral Nanomaterials

1. Introduction

Any pair of shapes, or any two arrangements of points, that are 
mirror images of each other but cannot be superimposed on each 
other are called “chiral”.[1] Chirality is ubiquitous throughout the 
universe and can be observed at widely different scales: from 
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blindness. In all of these cases, the importance of chirality can 
be traced down to a fundamental property of life itself. All the 
functional amino acids (building blocks for proteins) in living 
organism are chiral. Moreover, they all have the same chirality 
in humans, animals, plants and bacteria alike. The same is true 
for sugars, including deoxyribose, which gives its name to the 
deoxyribonucleic acid, also known as DNA. The difference is 
that while amino acids are all left-handed, sugars are all right-
handed. This tendency of life to have evolved on the basis of a 
single chirality is referred to as “homochirality”. Currently, the 
homochirality of life is regarded as a necessary mechanism for 
achieving efficient biochemistry of life; a mechanical equivalent 
would be the invention of a standard screw for the development 
of efficient manufacturing. However, the exact process by which 
homochirality evolved is still unclear and it is considered one of 
the most prominent scientific questions of all, since it is intrin-
sically linked to the very origin of life.[11] One of the most pro-
mising interactions that could have resulted in homochirality 
is the interaction between molecules and circularly polarized 
light in order to achieve enantiomeric excess.[12,13] Even a small 
enantiomeric excess could have been sufficient, if followed by 
auto-amplification.[14,15] In order to determine the likelihood of 
this mechanism, it is necessary to thoroughly understand the 
interaction between molecules and circularly polarized light.

Chiroptical (chiral-optical) effects were discovered in 1848, 
by Pasteur,[16] who studied two types of tartaric acid crystals 
“that look at each other in the mirror”. From the works of 
Aragot, Herschel and Biot, it was already known that such crys-
tals can rotate the direction of polarization of light in opposite 
directions. Pasteur observed the same to be true for dissolved 
crystals and deduced that the constitutive molecules must have 
the same property as the crystals, i.e. they are mirror images. 
In 1850, a commission headed by Biot confirmed Pasteur’s 
findings.[17] The observed phenomenon of optical rotation was 
said to occur in materials that are “optically active”. For historic 
reasons, “optical activity” is sometimes used synonymously 
with “optical rotation”, which can be confusing since optically 
active materials can exhibit other chiroptical effects and some-
times no optical rotation at all. In this review, we will use the 
term “chiroptical effects” synonymously with “optical activity” 
in the most general sense of the latter.

Nowadays, chiroptical effects are largely used to characterize 
the chirality of molecules. In particular, they serve to estimate 
the level of chiral purity of enantiomers for pharmaceuticals, 
agrochemicals, fragrances and food additives. In this review, we 
present an overview of several linear chiroptical effects, such 
as optical rotation, circular dichroism, Raman optical activity 
and vibrational optical activity. We also take a look at some of 
the second harmonic generation (SHG) chiroptical effects, such 
as SHG circular dichroism, SHG optical rotation and SHG 
linear difference. Nevertheless, it should be pointed out that 
there are other, higher order, chiroptical effects that are based, 
for instance, on sum/difference frequency generation, on third 
harmonic generation and on higher order harmonic genera-
tion. Here, we limit the discussion to SHG, because it is the 
first nonlinear optical term in the higher harmonic expansion 
and it is often the largest nonlinear optical effect.

Molecular chiroptical interactions are usually small, largely 
due to the difference in scale between the chiral pitch of 

molecules and the wavelength of light. Recently, plasmonics 
has enabled the confinement of light to the nanoscale, which 
has resulted in dramatically increased chiroptical interactions. 
The research field of plasmonics is based on the study of sur-
face plasmon resonances. The latter are coherent collective exci-
tations of free electrons that occur at the interface between two 
materials, where the real part of the permittivity changes sign. 
Typically, such resonances are observed at metal-dielectric inter-
faces. In metal nanoparticles (NPs), the electrons are confined 
and yield localized surface plasmon resonances; whereby free 
electrons at the surface of the NPs are displaced in response 
to the force from the electric field of light. Consequently, 
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the electron cloud oscillates at the frequency of light and, 
depending on the size of the NPs, their material and the sur-
rounding medium, a resonance can be achieved, see Figure 1a. 
At resonance, energy is stored in the NPs leading to strong 
enhancements of the local electromagnetic fields, which in turn 
can benefit molecules.

Figures 1 provides an intuitive understanding to the chirop-
tical interaction between light and chiral plasmonic nanopar-
ticles. Upon changing the polarization of incident light from 
linear to circular, the surface electrons on a spherical gold NP 
follow a helical path that is counter-propagating to that of the 
electric field of light, see Figure 1b. A chiral, helix-shaped NP 
of a matching handedness could accommodate the path of the 
electron helix, as in Figure 1c. However, as the unphysical illus-
tration of Figure 1d indicates, the chiral helix-shaped NP of 
opposite handedness would be mismatched with the would-be 
ideal electron helix. The difference in interactions, schematized 
in Figure 1c and Figure 1d, yields a circular dichroism effect.

Chiral metal NPs have attracted a lot of interest because they 
offer a range of potential applications to nanotechnology, in 
general, and to nanophotonics in particular. These applications 
include chiral sensing and catalysis,[18,19] nanorobotics,[20,21] 
and optical components. The latter comprise super- and meta-
lenses,[22] circularly polarized light polarizers and absorbers,[23] 
as well as miniaturized advanced optical components.[24] Such 
optical components would be useful for light processing using 
circularly polarized light, which could in turn find applications 
in spintronics[25] and quantum-optical computing.[26,27] Two key 
phenomena that have been associated with chiral metal NPs 
are negative refractive index and superchiral light. While the 
former derives from the possibility to tune the geometric chi-
rality parameter in these NPs, the latter derives from the pos-
sibility to tune the optical chirality parameter. Both phenomena 
are briefly presented in this review.

Chirality and chiroptical effects in metal nanostructures have 
attracted considerable interest in recent years, with many poten-
tial applications in diverse areas of industry. A major driving 
force for their development is the progress of nanofabrication. 
Modern nanofabrication allows chiral metal NPs to tune geo-
metric and optical chirality, which are key for negative refrac-
tive index materials and superchiral light. The field is growing 
quickly and has branched out into numerous noteworthy areas 
of research. There have been several recent reviews focusing on 
various aspects of ongoing exploration.[28–39] Our goal here is to 
outline four main areas of research interest, which are linear 

chiroptical effects, design of chiral materials, 
chirality parameters and nonlinear chirop-
tical effects. Within these areas, we then 
identify current trends that we believe are of 
particular promise. These trends are: surface-
enhanced Raman optical activity, nanopar-
ticle systems, planar chiral systems, multi-
layered chiral systems, three-dimensional 
chiral networks, helical materials, DNA 
materials, extrinsic chirality, magnetochiral 
materials, superchiral light, negative refrac-
tive index, chiral optical forces and nonlinear 
chiroptical materials. This list is not exhaus-
tive and other interesting research trends 

include, but are not limited to, toroidal chirality,[40,41] nanoro-
botics,[21,42–45] and quantum dot research.[46–48]

2. Linear Chiroptical Effects

2.1. Optical Activity

Optical activity (OA) is associated with all phenomena accom-
panying the difference in the interaction of a chiral medium 
with left circularly polarized (LCP) and right circularly polari zed 
(RCP) light.[49] The measured signal associated with OA is often 
referred to as a chiroptical (chiral optical) response. Molecular 
chirality is a fundamental property of molecules that is due to 
geometry. As chirality is due to the geometry of the sample, 
symmetry arguments can be applied to differentiate the chi-
rality.[50,51] Optical activity is further differentiated into the 
two “classical” types electronic OA (EOA) and vibrational OA 
(VOA).[49] EOA is associated with electronic transitions in the 
visible and ultraviolet (UV) spectrum,[51–53] while VOA refers 
to vibrational transitions, that occur in the infrared spectral 
region.[54,55]

2.2. Electronic Optical Activity

2.2.1. Optical Rotation

Optical rotation (OR) refers to a rotation of the plane of 
polari zed light due to an interaction with a chiral medium.[56–58] 
It is a phenomenon similar to linear birefringence. In the 
case of linear birefringence, a difference in the phase velocity 
of light can be observed along two crystallographic directions 
of propagation for linearly polarized light. In the case of OR, 
a difference in the phase velocity of light can be observed for 
left and right circularly polarized light, hence the effect is also 
referred to as circular birefringence.[56,58,59]

On the microscopic level, infinitesimal rotations of the plane 
of polarized light can be observed for both chiral and achiral 
materials, however in the achiral case the statistical net effect 
is zero. The reason for this is based on the symmetry of achiral 
media, as every infinitesimal rotation by symmetry has an 
associated anti-rotation. In a chiral medium, the symmetry is 
broken and therefore these small rotations accumulate and 
result in a measurable rotation of the plane of polarized light.

Adv. Optical Mater. 2017, 5, 1700182

Figure 1. a) Linearly polarized light causes localized resonant plasmon oscillations at the sur-
face of a metal nanosphere. b) For circularly polarized light the surface plasmons follow a 
helix. c) A chiral nanoparticle’s shape can accommodate the plasmonic helix generated by CPL, 
yielding strong chiroptical interaction. d) An unphysical mismatch between the shape of the 
nanostructure and the ideal plasmonic helix, by contrast, yields a weak chiroptical interaction. 
Adapted with permission.[344] Copyright 2016, Optical Society of America.
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Here, we can assume that the incident electromagnetic (EM) 
wave is linearly polarized and is transmitted by an optically 
active medium. In this case, we can represent linearly polar-
ized light as a combination of two circularly polarized waves. 
Furthermore, we assume that the optically active medium has a 
refractive index that is different for RCP and LCP light, but the 
extinction coefficient is the same for both. The refractive index 
can be described by n = c/vp, where c is the speed of light and 
vp is the phase velocity. Therefore, a difference in the refractive 
index for LCP and RCP light can only be due to a change in the 
phase velocity. While the phase for LCP and RCP light is dif-
ferent, the amplitude remains the same. The resulting wave is 
visualized in Figure 2a. Propagating through the optically active 
medium, LCP (σ−) and RCP (σ+) light have different angular 
velocities; here σ− is slower than σ+. The difference in angular 
velocity is called retardation and, upon exiting the material, 
the resulting wave is rotated by an angle φ with respect to the 
vertical direction. This angle measures the optical rotation in 
degrees or radians.[60,61]

Circularly polarized light can also be represented by a set of 
linear waves 
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where Ex and Ex are the x- and y-components of the electro-
magnetic wave, in a three dimensional coordinate system in 
which the wave is propagating in the z-direction, for left (−) and 
right (+) circular polarization, A is a constant amplitude, k is 
the wave number, z the direction of propagation, ω the angular 
frequency and time t.

The refractive index can be expressed as the average of the 
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light, so that 
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where φ is expressed in radians, λ is the wavelength of the EM 
wave, and l is the length of the medium travelled through by 
light.

The refractive index of a medium is generally wavelength-
dependent, i.e. dispersive, and therefore the differential 
refractive index, i.e. n+ − n− is also wavelength-dependent. The 
wavelength-dependent change in OR (i.e., the OR spectrum) is 
defined as optical rotatory dispersion (ORD).[49,62]

2.2.2. Circular Dichroism

Whereas OR is sensitive to the geometric arrangement of the 
electromagnetic field, on the molecular or nanostructure level, 
CD is sensitive to chirality in energy transitions. The two effects 
are complementary.[49] In the case of OR spectra, the refractive 
index affects the phase velocity of LCP (σ−) and RCP (σ+) light 
differently, while the extinction coefficient is the same for both. 
For the case of CD, the phase velocities of LCP and RCP light 
are the same, while the extinction coefficient is different, as is 
shown in Figure 2b. The difference in the extinction coefficient 
leads to different amplitudes for LCP and RCP light. The result 
is that the electric field vector of light describes an ellipse in 
the plane perpendicular to the direction of propagation. The 

ellipticity θ representing the typical measure 
of CD is given in degrees. This is a result of 
unit conversion rather than direct measure-
ment, as commercial CD spectrometers usu-
ally do not measure the ellipticity directly.[49]

Mathematically, the ellipticity is given by 
the following relation 
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Most CD experiments measure differences 
in intensities, so Equation (5) must be rear-
ranged to be in terms of left (−) and right (+) 
circularly polarized light (CPL) intensities (I− 
and I+, respectively), which can be expressed as 
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Figure 2. Schematics of a) optical rotation with left (σ−) and right (σ+) circularly polarized light 
propagating with different phase velocities in the optically active medium. As a result, the plane 
of polarization of the transmitted wave is rotated by an angle Φ. In (b), the phenomenon of 
circular dichroism is shown. As within the chiral material, the extinction coefficient for LCP (σ−) 
and RCP (σ+) light are different, upon exiting the material, the electric field of the transmitted 
wave describes an ellipse (red), with an angle of ellipticity θ (blue). In the general case both 
optical rotation and circular dichroism happen simultaneously, which is shown in (c).
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In the small angle approximation, this reduces to 

I I
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(7)

OR and CD are both expressions of the optical activity of a 
material and both are routinely used in characterizing chiral 
materials.[50]

In the general case both the extinction coefficient and refrac-
tive index would be different for LCP and RCP light, which 
leads to the simultaneous occurrence of OR and CD. The 
resulting wave is schematically shown in Figure 2c. In the early 
1960s, Moscowitz found that OR and CD are strongly corre-
lated. This was later formalized in the Kramers-Kronig relation, 
as in Equation (8), owing to the fact that OR and CD relate to 
the real and imaginary parts of the complex refractive index, 
respectively:[49]
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where ω′ is the excitation frequency and PV denotes the Cauchy 
principal value of the integral.[62] Using these formula, it is pos-
sible to obtain the ORD from measuring the spectrum of CD 
and vice versa.

2.3. Localized Surface Plasmon Resonances

Surface plasmons are observed at the interface between a pair 
of materials where the real part of the permittivity changes 
sign across the interface.[63] Typically, such pairs are made of 
dielectrics (often air, water, various solvents, various polymers, 
etc.) and metals (often Au, Ag, Cu or Al). Metals are not always 
necessary though as graphene, semiconductors, and doped 
quantum dots can also support surface plasmons.[64] When the 
surface plasmons are confined within a nanoparticle of diam-
eter smaller than the wavelength of light, they are referred to as 
localized surface plasmons. The latter represent coherent oscil-
lations of the surface electrons that can be driven by the electric 
field of light. At a given wavelength, these oscillations can reach 
a resonance, depending on the size of the nanostructures, 
their material constitution, their geometry, their surroundings 
and their distance from each other. For noble metals, the reso-
nance is situated in or near the visible part of the electromag-
netic spectrum, which makes them attractive for color-changing 
applications. At resonance, the nanoparticles store energy in 
the form of strong electromagnetic near-fields; correspondingly 
strong absorption and scattering can be observed. In Mie’s 
theory, for a spherical nanoparticle this light-matter interaction 
is characterized by the extinction coefficient: 
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where R is the radius of the nanoparticle, such as R/λ ≪ 1 
(with λ wavelength of light). N is the electron density, εm is the 
dielectric constant (relative permittivity) of the surrounding 
medium and ε = εr + iεi is the complex permittivity of the bulk 
metal. It can be seen that, for a spherical nanoparticle, the reso-
nance condition is εr = −2εm, i.e., the permittivity changes sign 
across the interface.

The resonance condition is also clearly seen in the polariz-
ability of the nanoparticle at a given wavelength: 
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This polarizability is an expression of the idea that the sur-
face electrons are driven by the electric field of light. Because 
the permittivity is wavelength-dependent, the formula yields 
plasmonic and chiroptical spectra depending on the nanopar-
ticle geometry.

For non-spherical nanoparticles, the resonance condition 
becomes εr = −χεm, where χ is the shape factor, which is equal 
to 2 in the case of a sphere and increases with the aspect ratio. 
For chiral nanoparticles, the shape factor includes an achiral 
term χ  and chiral term δχR = −δχL corresponding to right 
(R) and left (L) handed nanostructures. For a spherical chiral 
plasmonic nanoparticle the extinction coefficient becomes 
then:[65]
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where + and − denote RCP and LCP, respectively, and the CD 
effect is proportional to C Cext ext−− + . Mie’s theory was extended 
by Bohren to calculate expressions for CD and OR in an opti-
cally active sphere.[66] Nowadays, these quantities are usu-
ally calculated with the help of Maxwell equations’ solvers, 
such as MAGMAS,[67,68] Lumerical,[69] MEEP,[70] RSoft’s Dif-
fractMOD,[71] etc.

Physically, in molecules, OR is related to the spatial variation 
of the electromagnetic fields of light at the length scale of the 
molecules. Due to the large difference between the wavelength 
of light and the chiral pitch of the molecules, molecular chirop-
tical effects are usually very weak. In the case of plasmonic nan-
oparticles though, light is effectively confined to the nanoscale, 
with the plasmon wavelength being much shorter than the 
wavelength of light. Consequently, the plasmonic chiroptical 
effects achieve a much better match between chiral pitch of the 
nanostructure and electromagnetic wavelength, which results 
in much stronger chiroptical effects. For similar reasons, we 
can intuitively understand that the confinement of light to plas-
monic nanostructures can also benefit the OR of molecules 
near plasmonic nanoparticles, though the actual molecule-nan-
oparticle interactions are significantly more complex.[30]

For its part, in molecules, CD is related to different absorp-
tion of LCP and RCP and it is most pronounced near molecular 
energy transition levels. As we have seen in Figure 1, the case 
of the plasmonic nanostructures is analogous, with strong CD 
often observed at the wavelength that satisfies the resonance 
condition.[72]

Adv. Optical Mater. 2017, 5, 1700182
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In the next section, we will see how other plasmonic 
effects, namely hybridization can lead to bisignate chiroptical 
responses.

2.4. Bisignate Nature of Optical Activity

Chiroptical effects change sign over the wavelength spectrum 
of incident light, often several times, frequently resulting in 
bisignate regions, where a negative peak is observed close to 
a positive peak.[73] For instance, close to excitation frequency 
resonances, where CD is usually strongest, it is observed that 
the optical rotation changes sign. This particular sign change 
is known as the Cotton effect.[74,75] It originates from the 
Kramers-Kronig relationship between CD and OR. For an intui-
tively appealing image, we can consider a driven mechanical 
oscillator near resonance. At the lower energy side of the reso-
nance, the oscillations are in phase with the driving force. At 
the higher energy side of the resonance, the oscillations are 
out of phase with the driving force. It can be seen that, at reso-
nance, the amplitude of the oscillations is large and the phase 
undergoes a sharp 180° transition. CD and OR can be seen as 
analogous to the amplitude and phase of the oscillator because 
CD is related to the extinction coefficient and OR is related to 
the phase velocity for circularly polarized light. It is therefore 
not surprising that when the CD is maximum, the OR under-
goes a sharp variation.

The bisignate nature of optical activity was highlighted in 
1930, when Kuhn stated a sum rule that requires the value of 
optical activity to be zero when integrated over the full spec-
trum of available resonances.[76] Kuhn considered a mechani cal 
model for molecular bonds, where two linear oscillators are 
positioned perpendicularly and on top of each other. When the 
resonators are coupled, each experiences a small force from 
the other. As a consequence, the resonances of both oscillators 
shift, due to the coupling term. For two oscillators of different 
frequency, the sign of the optical activity in the first oscillator 
depends on whether the resonant frequency of the second 
oscillator is higher or lower. Naturally though, from the point 
of view of the second oscillator coupling to the first one, the 
situation is opposite. It follows that at the two resonance fre-
quencies, the optical activities always have opposite sign. This 
principle can be extended to any number of coupled oscillators.

Bisignate CD is also observed in exciton-coupled chromo-
phores.[77] For two identical chromophores, the dipole 
transitions can couple, resulting in an energy splitting of 
the transitions: the more energetically favorable state is rep-
resented by a spectral resonance at lower energy and the 
more unfavorable state leads to a spectral resonance at higher 
energy. For each resonance, the electric dipole of one mole-
cule can couple to the magnetic dipole of the other molecule, 
which produces optical activity. For geometric reasons, the OA 
at both resonances are always opposite. As a consequence, 
the CD spectra of these exciton coupled chromophores are 
bisignate. Guerrero-Martinez et al.[78] pointed out that the 
bisignate line shape of the CD resulting from two coupled 
nanorods is strongly reminiscent of the exciton coupling 
response between two chromophores, albeit there is a differ-
ence in scale.

Fan and Govorov developed a model to explain the CD in 
plasmonic nanoparticles.[79] They studied various geometrical 
arrangements of plasmonic nanoparticles (NPs), such as a 
helices, tetramers, pyramids and tetrahedra. They remarked 
that the CD spectrum has both positive and negative bands 
(bisignate CD) and attributed this effect to the NP-NP Coulomb 
coupling in chiral nanoparticle assemblies. This coupling was 
thought to create preferentially left-handed collective plasmonic 
modes on one side of the plasmon resonance and right-handed 
modes on the other side.

Auguié et al. drew a parallel between exciton coupling in 
molecules and the coupling of two gold nanorods.[80] Their work 
extends the model proposed by Fan and Govorov by considering 
anisotropic NPs, i.e., nanorods. Each nanorod can then be ideal-
ized as a dipole, the couple forming a hybrid dimer. The hybridi-
zation results in an energy splitting of the two modes: parallel/
symmetric/bright mode and antiparallel/anti-symmetric/dark 
mode. Coulomb interactions place the former mode at higher 
energy and the latter mode at lower energy. The difference in 
direction of the induced plasmonic displacement currents 
within the nanorods, between the two modes, results in oppo-
site chiroptical behavior for the modes, i.e., bisignate CD.

2.5. Vibrational Optical Activity

Vibrational optical activity (VOA) is due to the differential 
response of a medium to LCP and RCP light at wavelengths 
corresponding to vibrational transitions, i.e., in the IR. Gener-
ally, there are two types of VOA, vibrational circular dichroism 
(VCD) and vibrational optical rotation. Although it is possible 
to use IR radiation to measure these effects, it is often more 
practical to make use of Raman optical activity (VROA or usu-
ally just ROA).[49] Vibrational transitions can be extremely 
complex depending on the molecule or molecular assembly in 
question. However, the principle of vibrational modes can be 
demonstrated with the methylene- end group (CH2), which 
is common in organic compounds. If the covalent bonds are 
assumed to behave like springs, described by Hooke’s Law, 
there are six possible vibrational modes, which are shown in 
Figure 3a.

VOA is sensitive to the vibrational modes of distinct groups, 
which are associated with the vibrational transition in the 
sample, providing three-dimensional structural information.

2.5.1. Vibrational Circular Dichroism

The VCD effect is based on different vibrational absorption for 
LCP and RCP electromagnetic waves. The excitation energy for 
vibrational transitions lies in the IR spectrum. In contrast to 
electronic CD, the photons are truly absorbed, causing non-
symmetric vibration, as shown in Figure 3a. This causes a non-
symmetric charge density distribution around the center, i.e., it 
induces a dipole moment of the sample. The VCD is therefore 
defined as the absorbance of LCP – RCP light for a molecule 
undergoing the transition from the zeroth (0) to the first (1) 
vibrational level of the ground electronic state g, such that the 
differential absorption ΔA is expressed as 
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In this definition, the total intensity of the vibrational transi-
tion with the label a (superscript) is measured. Experimentally, 
VCD is determined by measuring the differential absorption as 
a function of the radiation frequency, associated with each indi-
vidual vibrational transition.[49]

2.5.2. Raman Optical Activity

Raman optical activity (ROA) is defined as the difference in 
Raman scattering for RCP and LCP light. The different kinds 
of scattering are visualized in Figure 3b. When a photon is 
scattered from an atom, this scattering can either be elastic 
(unchanged kinetic energy, changed direction) or inelastic 
(changed kinetic energy, changed direction). In the scattering 
process, the atom’s vibrational state is excited by the absorption 
to a virtual energy state. If the re-emitted photon has the same 
energy, the photon is Rayleigh-scattered. In the much rarer case 
(every 1 out of 107 photons) the energy of this photon will be 
changed, as the molecule is undergoing a vibrational transi-
tion from the zeroth into the first vibrational state. This process 
is called Raman scattering. When the energy of the scattered 
photon is smaller than that of the incident photon, the process 

is called Stokes-scattering. When the energy of the scattered 
photon is larger than that of the incident photon, the process 
is called Anti-Stokes-scattering. The change in energy of the 
photon induces a vibrational transition, as shown in Figure 3a.

For ROA measurements the Stokes-scattering process is 
used, which leads to a red-shift of the scattered radiation. There 
are four types of ROA measurements, see Figure 3c. The initial 
and final states of the transitions are the same as for the VCD 
case, however there is a range of possible configurations. The 
original ROA measurement is called incident circular polari-
zation (ICP) ROA. ICP- ROA uses an input beam modulated 
between equal amounts of LCP and RCP light, and measures 
either the linear polarized or unpolarized Raman intensity. The 
second form is called scattered circular polarization (SCP) ROA, 
which uses linear or unpolarized incident light and measures 
the differential Raman intensity for LCP and RCP light. The 
third form is in-phase dual circular polarization (DCP1) ROA. 
Here both polarizations are switched simultaneously, i.e., for 
RCP light input, the Raman intensity for RCP light is meas-
ured. The fourth and last case is the out-of-phase dual circular 
polarization (DCP2) ROA, where the measured Raman intensity 
is of opposite handedness with respect to the input beam.[49]

ROA measurements are linearly proportional to the input 
beam intensity and the molar concentration, which is often 
used to find the molecular cross-section ROA measurement. 

Adv. Optical Mater. 2017, 5, 1700182

Figure 3. a) Vibrational modes of methylene group. b) Energy diagram showing the difference between Raman scattering and IR absorption. c) The 
four forms of Raman optical activity (ROA) measurements with CPL.
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Alternatively, in analogy to VCD the spectrum can be obtained 
by summing over all individual transitions.

2.5.3. Surface-Enhanced Raman Optical Activity

As early as 1983, Efrima showed how it is possible to com-
bine surface enhanced Raman scattering (SERS) with ROA to 
achieve surface enhanced Raman optical activity (SEROA) for 
chiral molecules adsorbed onto a metal surface. This gave sig-
nals of the circular intensity difference (CID) one order of mag-
nitude larger than regular Raman scattering. Mathematically 
CID is defined as 

CID
I I

I I
R L

R L

= −
+

,
 

(13)

where IR and IL are the scattering intensity for incident RCP 
and LCP light, respectively.[81,82]

More recently, experimental proof of the advantage of 
SEROA was given, for example by Kneipp et al. who demon-
strated improvement of signal-to-noise ratios upon measuring 
SEROA for adenine in a silver colloidal solution. The experi-
ment addressed the difference of SERS, which measures the 
sum of LCP and RCP light intensities, and SEROA, which is 
a measure of the difference of LCP and RCP light intensities. 
The resulting values were nearly one order of magnitude larger 
than typical ROA measurements, in agreement with the earlier 
theoretical work on SEROA.[83]

In another example, Ostovar Pour et al. used the two enan-
tiomers of ribose, forming a polyacrylic acid, to control colloid 
aggregation. They measured both enantiomers with ROA and 
SEROA and compared Raman and ROA spectra. According 
to the authors, this is the first experimental proof of SEROA, 
because the spectra for both enantiomers were recorded. It was 
also noted that control over the aggregation and various arte-
facts reduce the effect of plasmon resonance-induced changes 
in the CPL, which usually makes it difficult to interpret SEROA 
spectra.[84]

In order to reduce artefacts in the SEROA spectra, Sun et al. 
proposed remote excitation of ROA by illuminating Ag nano-
wires with laser light. The nanowires act as a waveguide and 
allow the light to be coupled into nearby nanoantennas, i.e., 
using an alternative method to achieve SEROA. The CID signal 
of the ROA was shown to be controllable by changing the input 
angle between the Ag nanowires.[85] This improvement method 
has further been addressed.[86]

Interest in SEROA is currently growing. Koktan et al. investi-
gated Ag nanoparticles attached to supramolecular cysteine and 
its derivatives. They probed the adsorption of three different 
chiral compounds by means of SEROA. The spectra were used 
to determine the concentration of adsorbed molecules.[87] Addi-
tionally, Ostovar Pour et al. examined the protein-ligand binding 
via SEROA spectra in the vicinity of a plasmon resonance 
from an achiral metallic nanostructure. The authors observe a 
“chirality transfer” whereby the stereochemical response of a 
chiral analyte is transmitted to an achiral dye molecule, in prox-
imity of an achiral metallic NP that is excited at the plasmon 
resonance. The authors probed different enantiomeric pairs 

with SEROA and observed the bisignate feature expected from 
OA behavior.[88]

3. Design of Chiral Materials

Although the variety of chiral designs that have been studied 
so far are very numerous, they have the common objective to 
exploit plasmonic enhancements of the chiroptical response. 
As described in Section 2.3, surface plasmons are collective 
excitations of the free electrons, commonly observed at metal-
dielectric interfaces.[63] Recently, plasmonics has attracted a 
lot of research interest, chiefly because of the associated large 
electromagnetic field enhancements at the surfaces of nano-
structures. Correspondingly, large chiroptical effects have been 
associated with plasmonic chiral nanostructures.[50] Although 
an ideal spherical nanoparticle is not chiral, real single nano-
particles can be chiral due to shape imperfections or crystalline 
order. In conjunction with chiral molecules, single plasmonic 
nanoparticles can exhibit enhanced chiroptical effects. In par-
ticular, these effects can be enlarged for chiral molecules upon 
bringing two plasmonic nanoparticles in close proximity; this 
results in concentrating the electromagnetic fields in the gap 
for an increased light-molecule interaction. Nanoparticles can 
both increase the chiroptical response of chiral molecules and 
yield an intrinsic chiroptical signal, for instance in the case of 
two plasmonically coupled nanorods. Similar intrinsic plas-
monic chirality can be observed in systems consisting of larger 
number of nanoparticles that are arranged in chiral patterns. 
The increasing complexity of design yields a plethora of chiral 
plasmonic systems, which will be outlined in the following sec-
tions of this review.

3.1. Nanoparticle Systems

The chiroptical response of most chiral molecules is very weak 
and difficult to measure. The measurement usually requires 
large quantities of the molecules, as in the case of commer-
cial CD spectrometers. An active area of research focuses on 
enhancing the natural chiroptical response of those molecules 
by combining them with nanoparticles (NPs), in various geo-
metric configurations. Exploiting the plasmonic nature of some 
metallic nanoparticles, such as gold or silver, it has been shown 
that large enhancements of the chiroptical effects are achiev-
able. Nanoparticle systems offer a variety of physical mecha-
nisms by which the chiroptical response of molecules can be 
enhanced. Furthermore, the nanoparticles themselves can 
show pronounced and useful chiroptical properties.

3.1.1. Single-Nanoparticle System

The minor shape variations in single metal nanoparticles 
(diameter >10 nm) produced by chemical methods, are gener-
ally not sufficient to exhibit a measurable chiroptical response. 
They are therefore considered achiral. However, chiral mole-
cules exhibit enhanced OA by benefiting from the plas-
monic resonances of the NPs. One example of this is shown 
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in Figure 4a, where Slocik et al. used peptide (FlgA3) as the 
chiral molecule (8.6 µM), combined it with gold nanospheres 
(1.14 × 1013 particles/mL), and investigated in the UV–vis 
spectral range.[53] In such a system, the resulting absorbance 
is greatly enhanced due to the gold NPs. The authors found 
that this leads to a decrease of the maximum CD signal at the 
characteristic frequency of the peptide. In contrast, close to res-
onance frequency of the gold NPs (525 nm), the CD is greatly 
enhanced. Such CD enhancements at plasmon resonance were 
also reported in silver NPs.[89]

The addition of plasmonic NPs into a chiral molecule’s envi-
ronment causes a shift in the characteristic peak in the CD 
signal of the isolated molecule. This is due to the chiral mole-
cules forming chiral nanocomposites with the nanospheres. 
The control of the molecule’s peak shift (either towards higher 
or lower frequencies) and of the plasmonic peak with respect to 
different degrees of chiral ordering was studied by Govorov’s 
group, and by Oh et al.[29,90,91]

Furthermore, the mechanisms that govern the change of the 
CD spectrum of chiral molecules, when combined with achiral 
metal NPs, were described by Govorov et al.[52] The authors 
used gold as well as silver NPs, in combination with chiral mol-
ecules, to investigate the difference in the plasmon-induced 
change in the CD spectrum. They identified two main mecha-
nisms responsible – the first is a plasmon-induced change of 
the electromagnetic field inside the chiral molecule. The second 
is due to the optical absorption of the NP-molecule complex, 
due to chiral currents inside the metal NP, which are induced 
by the dipole of the chiral molecule.

Fan and Govorov studied single nanocrystals (NCs) in var-
ious shapes. Their theoretical analysis was based on the Drude 
model with narrow plasmonic lines. The authors state that a 
large plasmonic damping constant leads to a merging of the 
plasmonic lines and the formation of the bisignate spectrum 
typical for chiroptical effects. This effect only appears for chiral 
shapes. This is physically explained by chiral surface distortions 
- the more distorted the shape the greater the splitting and the 
stronger the chiroptical effect.[92]

3.1.2. Two-Nanoparticle System

Often referred to as “dimers”, two-nanoparticle systems possess 
two main aspects that are relevant to chiroptical effects.

First, as shown in the left panel of Figure 4b, two nanorods 
can couple plasmonically to form a chiral entity. This is 
achieved when the nanorods are in close proximity and are 
rotated with respect to each other at an angle that is different 
from 0° (and multiples of 90°). Auguié et al.[80] demonstrated 
that the plasmonic interaction in such nanorod dimers is anal-
ogous to energy level hybridization and leads to a bisignate 
response (see Section 2.4). Wang et al.[93] also studied the effect 
experimentally and theoretically. The authors investigated cir-
cular differential scattering (CDS), which measures the differ-
ence in scattered light for LCP and RCP light, and CD using 
dark field microscopy. The dimers consisted of equally sized 
gold nanorods (homodimer) with varying twist angles. It should 
be noted that chirality can be introduced in another way, by 
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Figure 4. a) CD measurement for gold nanoparticle without (green) and with (red) chiral peptide in proximity, compared to just peptide (black) 
showing clear plasmonic enhancement of CD away from peak wavelength for peptide alone. Reproduced with permission.[53] Copyright 2011, American 
Chemical Society. b) Double-nanoparticle systems present two very significant aspects. In the left panel, a nanorod dimer is chiral and can yield 
plasmonic chiroptical effects. In the right panel, a nanoparticle dimer produces a strongly localized electromagnetic hotspot in the gap, where chiral 
molecules can experience enhanced interaction with light. (Left) Reproduced with permission.[80] Copyright 2011, American Chemical Society. (Right) 
Reproduced with permission.[94] Copyright 2011 American Chemical Society. c) (Top) Transmission electron micrographs of plasmonic nanoparticles 
in a trimer arrangement, with varying vertex angles. (Middle) Scattering intensity spectra for each vertex angle. (Bottom) Coupling of the plasmon 
modes between particles breaks the symmetry of the local electric field, resulting in a chiral system. Reproduced with permission.[97] Copyright 2011, 
American Chemical Society. d) Schematic representation (left) and SEM image (right) of tetramer chiral clusters. Reproduced with permission.[101] 
Copyright 2012, American Chemical Society.
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using a size-mismatch between nanorods (heterodimer). Both 
hetero- and homodimers yield a clear CD signal, although only 
heterodimers showed the conventional bisignate line shape 
described in Section 2.4.

Second, plasmonic dimers can efficiently concentrate the 
electromagnetic fields into the gap regions achieving local field 
enhancements that are orders of magnitude stronger than 
those of single-nanoparticles, see the right panel in Figure 4b. 
Govorov theoretically investigated the plasmon-induced CD 
of a chiral molecule in the proximity of metal nanocrystals. 
Figure 4b (right) shows the author’s findings using silver 
dimers with a chiral molecule in between them, varying the 
effect of the distance between the dimers. They found strong 
enhancements of the CD signal for inter-particle separations 
smaller than the wavelength of light. In this case, the dimer 
induces an enhancement of the CD based on the molecular 
transition and further produces a plasmon-induced CD peak at 
the resonance frequency of the silver NPs.[94]

A classical analogue to understand the mechanisms that lead 
to optical activity in dimers has been demonstrated by Yin et al. 
The authors state that the natural OA in chiral media can be 
understood using the Born-Kuhn model, explaining the occur-
rence of OA based on two identical vertically displaced coupled 
oscillators. In analogy, they explain the origin of OA in dimers 
based on two identical corner-stacked gold nanorods (NRs). 
Depending on the handedness of the circularly polarized light 
used for illumination, dipoles are induced in the rods. If the 
two rods are considered at the stacking points (points for which 
the rods are closest to each other) the dipolar charge can either 
be identical or opposite, which is known as antibonding and 
bonding mode respectively, based on hybridization theory. This 
approach was tested by experiment using NRs with 223 nm 
length, 40 nm height and 40 nm width and a separation of 
60 nm (and 120 nm) embedded in a dielectric. The spectral 
region was 1150–1500 nm with an absorption maximum at 
1300 nm, giving a maximum ORD of up to 40°. Other studies 
used dark field scattering microscopy to analyze NR dimers 
with similar results, validating this analogy.[61,95]

3.1.3. Three-Nanoparticle System

Also known as “trimers”, three-nanoparticle systems can 
exhibit strong chiroptical effects, as was shown, for instance, by 
Wang et al., in silver nanoparticle aggregates. The authors com-
pared dimer and trimer configurations with a particle radius of 
40 nm and an interparticle separation of 1 nm. For the trimer, 
the third NP is placed next to one of the other two, forming 
an L-shaped structure. For both of these systems the near-field 
response for LCP and RCP light was investigated numerically 
and, for the trimeric system, up to 1000 times larger enhance-
ments for LCP than for RCP light was found. The tunability of 
the chiroptical response was shown by changing both the rela-
tive angle and particle separation of the third NP relative to the 
dimer configuration.[96]

Chuntonov and Haran also studied the optical response 
of plasmonic trimers. They found that for three NPs that are 
arranged in the same plane forming a tringle, the plasmon 
mode splitting can be tuned by gradually opening the angle 

between the middle NP and the two corner NPs, called the 
vertex angle. This leads to a symmetry breaking. The authors 
demonstrated dipolar plasmon eigenmodes based on hybridi-
zation theory; bonding and antibonding modes were identified 
at different energies, see Figure 4c.[97] Somewhat similar emer-
gence of chirality due to the strength of electromagnetic cou-
pling has been observed at microwave frequencies.[98]

Additionally, Toroghi et al. numerically studied multi-mate-
rial trimers, made of gold nanoparticles surrounded by two 
silver nanoparticles, to measure the system as a function of 
NP size and interparticle spacing. The authors found that for 
specific sizes (80 nm Ag – 10 nm Au – 80 nm Ag) and sepa-
ration (20 nm edge-to-edge) of such a system, the Au optical 
field enhancement is about 12 times larger than for isolated Au 
nanoparticles.[99]

3.1.4. Four-Nanoparticle System

A four-nanoparticle system is the minimum geometric require-
ment for perfectly spherical nanoparticles, of identical size and 
independently from a substrate, to be chiral. In practice though, 
producing such identical tetramers (consisting of four NPs) 
and positioning them precisely is quite difficult. Ogier et al. 
studied macroscopic layers of chiral plasmonic NP trimers and 
tetramers using colloidal lithography. They used closely spaced 
Ag and Au nanodiscs of different heights. Bisignate CD was 
identified and CD values of up to 2° were found. The authors 
describe the fabrication method for producing large areas of 
chiral trimer and tetramer nanostructures. Individual elements 
that compose the respective designs can be fabricated from dif-
ferent materials, which allows a high degree of control over the 
field enhancement. These strong field enhancements are local-
ized in the gap between the discs.[100]

Another example of tetramers has been investigated by 
Hentschel et al., who studied 3D chiral plasmonic oligomers 
consisting of tetramers with two layers. The first layer comprises 
of three particles arranged in an L-shape, while the second layer 
contains a single disc, which is shown in Figure 4d. The posi-
tion of this disc determines the handedness of the structure. 
The incident light (800–1600 nm) excites real currents flowing 
in the discs and is coupled with displacement currents between 
the elements. At the resonant frequency, the associated dipole 
moments and currents are increased, resulting in a strong 
plasmon-induced circular optical response, which is highly 
tuneable, depending on the geometry of the metallic discs.[101]

Starting with tetramers and increasing the number of nano-
particles, it is possible to create arrangements of helical geom-
etry. This geometry is treated in Section 3.5.

There are numerous examples of studies involving higher 
number nanoparticles (>4). As an illustration, Layani et al. 
addressed the importance of the electromagnetic hotspots 
in the gap between silver nanoparticles within small aggre-
gates.[102] The NPs have chiral surfactant molecules and aggre-
gation was controlled by the pH, such that at larger pH values 
the nanoparticles separated. The authors observed a CD effect 
in the aggregated state only; upon separation of the nanoparti-
cles the strong hotspots disappeared and the effect vanished. 
Further control of the nanoparticle hotspots can be achieved 
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by varying their shape. For instance in the case of silver nano-
cubes, hotspots occur at the vertices.[103] Shape is key for planar 
chiral systems.

3.2. Planar Chiral Systems

With modern nanofabrication techniques, it is possible to 
endow planar chiral nanostructures with virtually any con-
ceivable symmetry. This results in a great variety of structure 
designs and possible orientations. Among the desirable proper-
ties of these materials are strong localized chiroptical enhance-
ments (chiroptical hotspots) and large continuous regions of 
chiroptical enhancements.

At first glance, the term “planar chiral” could seem an oxy-
moron, since the word “planar” implies that the nanostructures 
are two-dimensional, whereas chirality is a three-dimensional 
property. And indeed, initially, there was some confusion with 
2D chirality, which is the chirality of 2D objects placed in a 2D 
mathematical plane. These mathematical constructs would 
be truly chiral in a hypothetical 2D universe but are not truly 
chiral in our physical universe; the reason is that a 2D chiral 
shape in the x–y plane can be “picked up” and rotated, using 
the z-direction, to become superimposable on its mirror image. 
Nevertheless, because planar chiral nanostructures can be only 
a few nanometres thick, there was a question as to whether 
they might be considered two-dimensional with respect to their 
optical properties.

The question was first addressed by Kuwata-Gonokami et al. 
who investigated non-diffracting gratings consisting of chiral 
gold nanostructures, grown by electron beam lithography on a 
glass substrate, see Figure 5a. The dimensions are: pitch of the 
array = 500 nm, line width = 80 nm, Au thickness = 95 nm, 
followed by a Cr capping layer of 23 nm. Figure 5a shows 
three sample designs—two enantiomorphs and an achiral pat-
tern. For each of these designs, the angle of optical rotation Δ 
is shown upon azimuthal rotation of the sample, measured 
by the angle ϕ. The observable offset (θ) depends on the chi-
rality of the nanostructures and measures the chiroptical effect. 
Importantly, the chiroptical effects did not change sign upon 
flipping the sample, i.e., light incident from both the glass/Au 
interface and from the Cr/Au interface produced the same sign 
of chiroptical effect. This behavior is consistent with true 3D 
chirality. According to the authors, the three-dimensionality of 
the sample arises from the physical difference between the air-
sample and sample-substrate interfaces. The measured CD was 
of the order of 4° per mm, in the 400–900 nm spectral range, 
and showed strong frequency dependence, characteristic of sur-
face-plasmon enhancement.[104]

The OA in gammadion-shaped nanoparticle arrays was 
also studied theoretically by Bai et al.[105] The materials con-
sisted of metal and dielectric, diffracting, nanoparticle arrays. 
The authors used the effective-medium approach in order to 
investigate the effect of the arrays on the polarization of the 
diffracted light. It was shown, that giant polarization rota-
tions, up to tens of degrees, are achievable. According to the 
authors, their results were due to the circular birefringence 
(CB) of the nanostructures, which was enhanced by the plas-
monic resonance. In dielectrics, the enhancement is due to a 

guided-mode resonance, whereas in metals the enhancement 
is due to surface-plasmon resonances. The authors confirmed 
that the polarization effects in their materials are reciprocal and 
that they vanish for symmetrically layered structures, in agree-
ment with the paper from Kuwata-Gonokami.

Using again the gammadion shape, Arteaga et al.[106] consid-
ered more carefully the physical shape of the nanostructures 
and found that the fabrication procedure can play a very impor-
tant role. In Figure 5b, the scanning electron micrograph on 
the left does not reveal any 3D features, however the angled and 
zoomed in view on the right shows that the nanostructures are 
more rounded on the top than at the bottom. This breaks the 
symmetry along the axis of the sample normal and renders the 
nanostructures 3D, regardless of the nature of the substrate. 
This study is important because it is well-known that devia-
tions from optimal exposure during electron beam lithography 
can easily result in under- or over-etching. Even the slightest 
such deviations would be expected to produce 3D effects on the 
nanostructures.

Planar chiral nanostructures can yield chiroptical effects that 
are orders of magnitude larger than similar thickness mole-
cular films. A good example is the work from Wu et al.,[107] who 
studied silver films with perforated S-shaped holes, showing a 
tuneable optical rotation of up to 90° depending on the thick-
ness of the sample. The authors used experimental and numer-
ical simulations to show that a superposition of electromagnetic 
waves from localized surface plasmons (LSPs) and surface plas-
monic polaritons (SPPs) causes the large polarization rotation. 
The tunability is based on the fact that the metallic structures 
can be designed to supply specific electric field components 
through LSP resonances, while a phase retardation is controlled 
by the SPP wave, which allows for any desired optical rotation.

Planar chiral nanostructures can be positioned very precisely 
on the surface of the substrate, which allows them to benefit 
from lattice and Fano resonances in order to increase the chi-
roptical response. For instance, Zu et al.[108] prepared chiral 
planar heptamers made of gold, see Figure 5c. The authors 
systematically investigated the chiroptical response upon grad-
ually changing the inter-particle rotation angles and separa-
tion distance in order to tune into the Fano resonance. They 
achieved a maximum response of 30% for the normalized CD 
in scattered light. Similar geometries have been investigated 
theoretically.[109]

Another chief advantage of planar chiral nanostructures is 
that their optical near-fields are accessible to scanning probe 
techniques, which provide high resolution in experimental 
mapping. Near-field circular dichroism imaging,[110] pioneered 
by the Okamoto group, is based on scanning near-field optical 
microscopy (SNOM) using LCP and RCP light. The resolution 
is below the diffraction limit, as can be seen in the recent work 
from Narushima et al.,[60] see Figure 5d. The authors imaged 
achiral gold C-shaped nanostructures, as a function of separa-
tion distance, until a chiral S-shaped nanostructure was formed. 
The 35 nm thick structures were fabricated by electron beam 
lithography on a glass substrate, using a 2 nm thick chromium 
adhesion layer. The outer and inner diameters of the C-shaped 
particles were 750 and 375 nm, respectively and the combined 
S-shaped particle extended to 1300 nm along its longest dimen-
sion. In Figure 5d, the near-field CD image on the left was 
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obtained at the wavelength of 785 nm and the CD was evalu-
ated through the measured quantity ΔA, which corresponds 
to the difference in absorbance of LCP and RCP, not normal-
ized. Features that are smaller than 100 nm can be clearly 
distinguished. For the achiral particles, two opposite chiral hot-
spots can be distinguished at each end of the C-shape. Once 
combined into a chiral S-shape, the central hotspot becomes 
dominant, as illustrated in the right part of Figure 5d. In a sub-
sequent paper by Okamoto’s group, the authors attached addi-
tional C-shaped nanoparticles to the S-shaped ones and further 
confirmed that the dominant hotspots determine the far-field 
CD.[111] It should be pointed out that, Figure 5d constitutes a 
good illustration of several concepts that had been addressed 
previously by the Okamoto group. Indeed, it had already been 
established that opposite chiral hotspots can coexist within a 
single chiral enantiomorph.[112] Moreover, it had been reported 
that, for nanostructures with very small measured CD in the 

far-field, the near-field could exhibit chiral hotspots, where the 
CD effect is, locally, orders of magnitude larger than in the far-
field.[113] In the extreme case, it had also been shown that for 
achiral nanostructures, where the far-field CD is zero, there are 
strong chiral hotspots in the near-field, whose effects cancel in 
the far-field.[114] Another example of the interplay between near- 
and far-fields is metasurfaces.

Metasurfaces are very thin, artificially structured materials, 
whose dimensions are smaller than the wavelength of light. 
For the optical and near-infrared regimes, they are usually 
made from planar nanostructures. Metasurfaces can affect 
the polarization, phase, or direction of light and can serve as 
ultra-thin optical components. Chiral metasurfaces make use 
of the chiroptical effects. Because metals exhibit high loss, 
metasurfaces tend to be constructed from dielectrics. How-
ever, combining dielectrics and metals can sometimes provide 
a significant improvement to the desired functionality. Such 
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Figure 5. a) Planar chirality relies on the substrate achieve three-dimensionality. For each micrograph of the sample arrays, the optical rotation (Δ) as 
a function of sample rotation angle is shown. The observable offset (θ) measures the chiroptical effect. Reproduced with permission.[104] Copyright 
2005, American Physical Society. b) Three-dimensionality of planar chiral nanostructures can originate from asymmetric fabrication. In the left panel, 
a zoomed-out view, from the direction of the normal shows no 3D features. In the right panel, a zoomed in, tilted view reveals that the top of the 
structures is more rounded than the bottom. Adapted with permission.[106] Copyright 2016, Optical Society of America. c) Strong control over position 
of neighboring structures gives access to lattice and/or Fano resonances to enhance the chiroptical signal. In these gold heptamers, the angle and 
separation distance have been tuned to the Fano resonance, in order to optimize the CD in scattered light. Adapted with permission.[108] Copyright 
2016. The Royal Society of Chemistry. d) Planar chirality is convenient for experimentally mapping chiral hotspots with high resolution using surface 
probe techniques. Here, near-field circular dichroism imaging, at 785 nm, reveals chiral hotspots in achiral and chiral gold nanostructures. Adapted 
with permission.[60] Copyright 2014, American Chemical Society. e) Chiral metasurfaces could lead to ultra-thin optical components. Here, the optical 
rotation (Δ) of a dielectric, chiral metasurface is significantly enhanced upon embedding plasmonic gold nanorods within the long arm of the L-shaped 
nanostructures. Adapted with permission.[115] Copyright 2014, American Chemical Society.
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improvements are demonstrated by Alali et al.,[115] and are 
shown in Figure 5e. The authors investigated numerically a 
chiral metasurface of dielectric L-shaped nanostructures with 
gold nanorod inclusions. The dielectric had a refractive index 
on 1.6, consistent with conventional negative photoresist SU8. 
The L-shaped nanostructures were 200 nm thick, with a wire 
width of 300 nm. The long arm of the L measured 350 nm in 
length and the short arm 180 nm. The nanorods were 200 nm 
long and 80 nm wide. As the spectra in Figure 5e demonstrate, 
the plasmonic inclusions yielded much larger polarization 
rotation (Δ) than the corresponding purely dielectric chiral 
metasurface.

3.3. Multilayered Chiral Systems

For all their advantages, planar chiral nanostructures 
(see Section 3.2) exhibit limited chiroptical effects in the far-
field. This limitation is in part due to the small thickness of 

material involved in the light-matter interaction. Another, more 
important, reason is that whereas chirality is a three-dimensional 
property, the three-dimensionality of planar nanostructures is 
intrinsically limited. It is very straightforward to conceive that by 
stacking multiple layers of chiral nanostructures, the thickness 
can be increased, and the chirality of the material would become 
more pronounced. In practice though, these multi-layered chiral 
systems often require advanced nanofabrication techniques.

Figure 6a shows an early example of a chiral double-layer, 
with sub-wavelength dimensions for the optical part of the 
spectrum. Decker et al,[116] prepared these gold crosses, where 
the lines are 56 nm wide, 315 nm long and 25 nm thick. Within 
each layer, the crosses are disposed in a square lattice, whose 
constant is 500 nm. An individual cross is not chiral, however 
when it is placed on top of another cross and tilted at an angle 
different from 0° (and multiples of 90°), chirality develops 
along the direction normal to the sample surface. This super-
position was achieved by two-step electron-beam lithography, 
where the alignment of the materials for both steps was key. 
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Figure 6. a) A pioneering double-layer chiral system that consists of two gold crosses, twisted at an angle with respect to each other. Adapted with 
permission.[116] Optical Society of America. b) Double-layer of U-shaped gold nanostructures whose electric and magnetic dipole resonance determine 
the chiroptical effects. Adapted with permission.[117] Copyright 2009, Nature Publishing Group. c) Schematic diagram and SEM image of a four-fold 
rotationally symmetric double-layer, composed of U-shaped gold nanostructures. Adapted with permission.[59] Copyright 2010, Optical Society of 
America. d) A double-layer of gold discs and disc-shaped voids in a gold film uses Babinet’s principle to achieve chiroptical effects. Adapted with 
permission.[120] Copyright 2013, American Chemical Society. e) A gammadion-shaped gold nanostructure with a similarly shaped void directly above it 
form the unit cell of this double-layer chiral system. Babinet’s principle is employed here to enhance optical chirality. Adapted under the terms of the 
Creative Commons Attribution 4.0 License.[121] f) An ingenious double-layer chiral system based on Moiré patterns. The angle between the two golden 
thin-films with circular voids determines the handedness. Reproduced with permission.[124] Copyright 2017, John Wiley and Sons. g) SEM view of a 
four-layer stack of gold nanorods prepared by conventional lithography techniques. The gold nanorods in each subsequent layer are rotated at 60° with 
respect to the layer underneath. Reproduced with permission.[125] Copyright 2012, Nature Publishing Group.
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This chiral double-layer achieved an optical rotation of 4° at the 
wavelength of 1.36 µm.

Similarly, U-shaped nanostructures are not chiral on their 
own, yet, when placed on top of each other, at an angle dif-
ferent from 0° (and multiples of 180°), they become chiral, 
see Figure 6b. Liu et al.[117] prepared these U-shaped nano-
structures using gold, with thickness 50 nm, length and width 
250 nm, wire width 90 nm and vertical separation 50 nm. The 
fabrication involved electron-beam lithography and ion-beam 
etching. The U-shaped geometry is also referred to as split-ring 
resonators (SRRs). This is because light can cause electric cur-
rents in the metal loop, which acts as an inductor (L). Further-
more, the electric currents are stopped at the ends of the loop, 
where charge accumulates, as in a capacitor (C). This minia-
ture electric LC circuit can resonate at a particular frequency 
of light. When two such resonators are in close proximity, as in 
Figure 6b, their electric and magnetic dipoles can experience 
plasmonic coupling, which leads to hybridization. Depending 
on the twist angle between the SRR layers, the orientation of 
these electric and magnetic dipoles tunes the chiroptical effects. 
This very powerful idea has been used in subsequent works 
and has been elaborated upon.

SRRs can also be oriented in a chiral pattern within a single 
layer. Decker et al.[59] prepared an array of SRRs, where the unit 
cell is made of 4 SRRs, each rotated at 90° with respect to its 
neighbors. Consequently, the unit cells are chiral and propeller-
shaped. Moreover, a second layer of SRRs is placed on top of 
the first one, in such a way that each top SRR is rotated at 90° 
with respect to the SRR underneath it. The result can be seen 
in Figure 6c. The fabrication procedure was similar to that in 
reference,[116] using two-step electron-beam lithography. The 
SRRs were made of gold, with length 380 nm, width 350 nm, 
wire width 115 nm and thickness 60 nm. The spacer layer was 
85 nm thick and the lattice constant in each layer was 885 nm. 
It should be pointed out that the purpose of the propeller-
shaped unit cells was neither to increase the chiroptical effect 
by using this additional chirality, nor to benefit from side-by-
side coupling of the SRRs. Instead, the aim was to achieve 
four-fold rotational symmetry, as it was recognised that the 
arrangement in Figure 6b leads to strong linear birefringence 
that complicates the chiroptical response. Optical rotation of 
30° was achieved at the wavelength of 3 µm. Similar geometries 
where used to construct devices for longer wavelengths.[118,119]

Besides SRRs, another efficient way to affect the interplay 
between electric and magnetic dipoles is by using Babinet’s 
principle. Whereas the electromagnetic properties of solid 
nanostructures (such as gold discs on a substrate) are conveni-
ently described in terms of electric dipoles, for inverted struc-
tures (such as disc-shaped holes in a continuous gold thin-film) 
the description is more convenient in terms of magnetic 
dipoles. A superposition of discs on top of a layer with disc-
shaped holes would therefore present a convenient playground 
for the interactions between electric and magnetic dipoles. 
Hentschel et al.[120] introduce such solid-inverse structures 
made of gold, see Figure 6d. A two-step electron beam exposure 
was used and the inverse layer was fabricated by argon milling. 
Each structure (hole or disc) had a 200 nm diameter, a thickness 
of 40 nm and the interparticle spacing was 20 nm. The vertical 
separation was 30 nm. Just as in the previous paragraph, the 

structure has a C4 symmetry to suppress linear birefringence. 
A small but measurable bisignate CD response was observed in 
the region from 1 to 1.7 µm.

A much more explicit interplay between electric and mag-
netic dipoles through Babinet’s principle was achieved by 
Jack et al.,[121] see Figure 6e. Contrary to the fabrication 
methods discussed before, the process here is much more 
cost-effective and yields a large-scale material; it is based on a 
technique for Blu-Ray manufacturing.[122] The material is pro-
duced by indenting a polymer substrate with the shape of the 
nanostructures. The dimensions of the structures are shown 
in Figure 6c and the gammadions are disposed in a square 
array with periodicity 900 nm. Subsequently, 100 nm thick Au 
layer is deposited on top of the indented substrate, covering the 
film and filling in the indented regions. The result is a hybrid 
solid-inversed double-layer, with solid nanostructure and an 
identically shaped void directly above it. It follows that the sym-
metry equivalent electric and magnetic modes of the solid and 
inverse structures are in the immediate neighborhood of each 
other and can couple, yielding strong chiroptical effects. One 
way to look at the interaction is to consider that such coupling 
can lead to increased optical chirality (i.e., achieve superchiral 
light, see Section 4.3), where collinear electric and magnetic 
fields are necessary. For longer wavelengths, Hannam et al. 
added another degree of freedom to this kind of solid-inverted 
double-layers, by rotating the solid structure with respect to the 
underlying inverted one.[123] As the metamaterial studied had 
C4 symmetry, the authors were able to extract effective param-
eters including the chirality parameter (see Section 4.1).

Another example where a double-layer achieves super-
chiral light is shown in Figure 6f. Wu and Zheng[124] made an 
ingenious use of Moiré patterns upon combining two iden-
tical achiral gold nanohole arrays. This fabrication process 
also produces large-scale nanostructuring and is cost-effective. 
Using nanosphere lithography, individual achiral free-floating 
films were prepared and were subsequently placed on top of 
each other, at an angle to one another, through a wet-transfer 
method. The handedness of the double-layer depends on 
the value of the angle. When single layers are illuminated, 
numerical simulations reveal electromagnetic hotspots at the 
edge of the holes. Due to the relative displacement between 
the holes in each individual layer, some of the holes in the 
double-layer are strongly reduced in size, which causes a 
dramatic enhancement of the hotspots and leads to locally 
enhanced optical chirality. The principle of coupling one layer 
to the next in order to achieve chirality can be extended well 
beyond double-layers.

Zhao et al.[125] constructed a four-layer stack of gold 
nanorods, where each layer was rotated at 60° with respect to 
the one underneath it, see Figure 6g. The authors made use of 
conventional lithographic techniques to prepare the nanorods 
that were 250 nm long, 60 nm wide 5 nm thick. A CD was 
measured in the spectral region 600 nm to 1200 nm.

We have seen that a variety of multi-layered chiral systems are 
emerging, with a focus on manipulating the interplay between 
electric and magnetic dipoles in the nanostructures. These sys-
tems face important challenges for their fabrication. Electron 
beam lithography is a prime tool in this context, with several 
examples reported in the literature[126,127] requiring two[59,116] 
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and more[57] steps. Fine alignment is required between the 
steps and the addition of layers can cause issues with the focus 
of the electron beam.[118] Electron beam alignment is crucial 
for obtaining nanostructures with straight vertical sides, which 
are necessary to avoid creating accidental chirality due to the 
fabrication process (see Section 3.2). However, less sophisti-
cated fabrication processes are also emerging and are making 
successful use of techniques, such as templated substrates 
and conventional lithography. Other fabrication methods are 
focusing at directly producing extended 3D networks.

3.4. Three-Dimensional Chiral Networks

Three-dimensional chiral designs offer the opportunity to create 
large, periodic, self-standing chiral systems without requiring 
a substrate. A prominent aspect of these networks is the 
large volume of light-matter interactions, compared to planar 
chiral or multi-layered systems. An important factor to con-
sider though is that the extra dimension adds complexity; for 
instance, within the same material competing chiral arrange-
ments can form. Although the present fascinating shapes, 3D 
chiral networks are challenging to fabricate and understand. 
Different fabrication methods for plasmonic and dielectric 
chiral networks have been reviewed by Hossain and Gu.[128]

A self-assembled chiral optical metamaterial with 3D-struc-
ture, was presented by Vignolini et al., see Figure 7a. The 
authors used electrodeposition of gold and self-assembly to 
create a gyroid with features on the 10-nm length scale. The 
experimentally tested sample was 200 nm thick and formed 
domains with sizes varying between 10–100 µm. The anisot-
ropy was demonstrated by illuminating the gyroids with lin-
early polarized light, resulting in clear color changes across 
different domains, due to the birefringence of the sample. In 
order to investigate the chiroptical behavior, the gyroids were 
tilted by 35° and rotated around the [110] surface normal. By 
illuminating with LCP and RCP light the spectral regions with 
the least spectral variations were indicated and averaged. Plot-
ting the resulting gyrotropic transmission over the sample rota-
tion yields two maxima for the sample rotation angles of 0° and 
180°, indicating optical activity.[129]

A different approach was taken by Radke et al., who used 
direct laser writing and electroless silver plating to produce the 
bichiral crystals shown in Figure 7b. The resulting structure is 
reported to be highly isotropic, which has been proven by dem-
onstrating only a weak dependence on the angle of incident 
light for the measured transmission spectrum. A large differ-
ence in the transmittance of LCP and RCP light was shown in 
the mid-infrared (3–5 µm) with a difference in the transmission 
of LCP/RCP with a relative bandwidth Δλ/λ = 29%.[130]

A similar method was used by Kenanakis et al. creating 
a three-dimensional network based on two perpendicular 
split-cube resonators. The authors demonstrate strong asym-
metric transmission in the infrared spectrum with up to 90° 
optical rotation. Further, it was shown that the design was also 
scalable to provide asymmetric transmission in the optical 
region.[131]

Unfortunately, electron beam lithography and laser writing 
are rather expensive fabrication methods to produce chiral 

designs. Ibbotson et al. suggested a different approach based 
on multiple stacking of gold nanowires to form woodpile 
photonic crystals. The authors imprinted gratings into a sacrifi-
cial poly mer layer. At a glancing angle, gold was deposited onto 
the polymer layer forming nanowires with a width of 50 nm, 
thickness of 30 nm and multiple cm in length. After transfer-
ring the nanowire-grating onto a different polymer, the authors 
were able to stack multiple layers on top of each other. Every 
second layer was rotated by either 45° (see Figure 7c (left)) 
or 90° to form plasmonic gratings. The result is a large scale 
single-domain 3D optically active medium, yielding a CD of 
about 25% for the chiral arrangement (45° rotation of every 
second layer), which can be seen in the spectrum shown in 
Figure 7c (right).[132]

Three-dimensional chiral networks are still at a very early 
stage of their development as plasmonic materials. By contrast, 
the research into helical materials, which are also pronouncedly 
three-dimensional, is much more advanced.
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Figure 7. a) Schematic showing a chiral self-assembled gold gyroids 
optical metamaterial. The spirals in the light path depend on the angle of 
incidence (top). SEM image of the gyroids (bottom). Adapted with per-
mission.[129] Copyright 2011, John Wiley and Sons. b) (Top) SEM image 
(top view) of bichiral crystals fabricated by using direct laser writing and 
silver plating. (Bottom) cross-section of the network. Adapted with per-
mission.[130] Copyright 2011, John Wiley and Sons. c) (Left) Schematic of 
chiral gold nanowire woodpile stacking. (Right) Resulting spectrum of 
CD vs. wavelength for the chiral (red) and achiral (black) arrangement 
of gold nanowires. The dashed line represents the simulated results, 
while the solid line denotes the experimental result. The inset displays a 
reflection image and the dashed circle outlines the 50 µm collection spot. 
Adapted under the Creative Commons Attribution License.[132]
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3.5. Helical Materials

The helix is the archetypal chiral geometry and, not surpris-
ingly, it attracts considerable attention. Helices can be made, 
for instance, from continuous metal wire, from continuous 
helical grooves on a metal cylinder or from individual particles 
that are disposed in a helical arrangement. The helical geom-
etry offers considerable freedom of design, as it is possible to 
vary the material, the wire diameter, the loop diameter, the 
pitch, the number of pitches or the lattice parameters, as well 
as to intertwine multiple helices and to change the handed-
ness of the helix within the same structure. These variations 
in design allow fine tuning of both geometrical and optical chi-
rality (see Section 4).

The electromagnetic properties of metallic helices have 
attracted interest at various length scales and wavelengths 
of radiation. In the later 1940s, Kraus invented the helical 
antenna,[133] which is widely used today (for instance, in Wi-Fi 
networks). He considered that the helix is a fundamental shape, 
of which the straight line and the loop are extreme cases. Cor-
respondingly, he described two separate radiation modes: the 
normal radiation mode, where the maximum radiation is 
normal to the helix, and which occurs for helices much smaller 
than the wavelength, and the beam radiation mode, where the 
maximum radiation is in the direction of the helix axis, and 
which occurs for helices whose diameter is comparable to the 
wavelength. This importance of the size of the helices com-
pared to the wavelength of radiation is significant throughout 
the electromagnetic spectrum. Another feature of the helical 
antenna, highlighted by Kraus, is that it is very broadband. This 
is again true throughout the electromagnetic spectrum; for 
instance, whereas most chiral plasmonic nanostructures exhibit 
enhanced chiroptical effects near resonances, nanohelices have 
much larger operation bandwidth.

Tinoco and Freemann[135] studied oriented arrays of mac-
roscopic copper helices with microwaves, as a function of 
the wavelength. Their hope was that this model system could 
provide insight into the interaction between light and chiral 
molecules. They addressed birefringence, scattering effects 
and diffraction, all of which could contribute apparent optical 
rotation that is not directly related to chirality. The data were 
discussed in terms of the Drude equation, which fitted well 
the measurement results. In the same year, the linear optical 
response of metallic helices was described by Kauzmann within 
a classical model as a one-electron system, bound to a helix.[136] 
A few years later, Tinoco and Woody used a somewhat similar 
model:[137] one electron free to move on a helix. The model 
starts with the coordinates of a particle on a helical path and 
proceeds to calculate the kinetic energy in order to obtain the 
Hamiltonian for a particle in a one-dimensional box, with the 
arc length along the helix as the coordinate. This model pre-
dicts that the optical rotation will be positive, for the longest 
wavelengths, in right-handed molecules or helices. Although 
the model could be applied to both conjugated molecules and 
metal helices, it assumes that the helices are much smaller 
than the wavelength of light. It is only in 1980 that the model 
was extended to include helices that are large compared to the 
wavelength,[138] i.e., a case that is comparable to the original 
experimental work with microwaves.

It is worth noting that the above-mentioned one-electron on 
a helix models can be seen as special cases of the one-electron 
model proposed by Condon et al.[139] The latter constitutes a 
seminal work because, whereas previous models saw optical 
activity as emerging from the dynamic coupling between 
several electronic oscillators, in the one-electron model, optical 
activity results from a single electron moving in an asymmetric 
field. Such fields can be observed, for instance, around asym-
metric carbon atoms, where the field causes a helical torsion on 
the electron cloud, leading to a chiroptical response.

Plasmonic nanohelices typically exhibit chiroptical effects 
in the IR and visible part of the spectrum and they are said 
to enter the metamaterial regime when their dimensions are 
significantly smaller than the wavelength of light. Despite the 
small size involved, it became possible to visualize the regions 
of local electromagnetic enhancements within metal helices, 
with the help of numerical simulation tools. A good example 
is the work by Zhang and Zhao, where such enhancements are 
investigated as function of the geometry of the helices and as a 
function of polarization of the incident light.[140] Interestingly, 
these tools seem to bring about a return to the coupled elec-
tron oscillator models. For instance, Zhang and Zhao proposed 
a periodic effective dipole model to explain the chiroptical 
behavior of Ag nanohelices, where the dipoles are situated 
along the wire.[141] Similarly, Li et al. proposed a plasmon 
hybridization model, where the electric dipoles are situated 
along the wire and extend along half a pitch of the helix.[142] 
Nevertheless, attempts have also been made to evaluate analyti-
cally the chirality parameters in helical structures.[143]

In the nonlinear regime, a classical model for the second 
harmonic generation response has been proposed by including 
an anharmonic term to the classic oscillator.[144] A similar SHG 
model later highlighted the importance of magnetic terms in 
the SHG chiroptical response.[137] Furthermore, the one-elec-
tron on a helix system has also been treated quantum mechani-
cally.[145] Until recently though, helical structures have been 
very challenging to produce at the nanoscale.

Nowadays, there are several examples of chiral plasmonic 
and nano/meta-materials. Famously, gold helices have been 
proposed as broadband circular polarizers. The helices were 
made by direct laser writing, they measured several microns 
and chiroptical effects were demonstrated in the range 3.5 to 
6.5 microns.[146] Further optimization was discussed in terms 
of loop radius, wire radius, pitch, number of pitches and lattice 
constant. Helical antenna behavior was also described in terms 
of emission of CPL and in terms of CPL conversion.[23]

As we mentioned in Section 2.4, Fan and Govorov studied 
theoretically a helical assembly of nanoparticles with the aim 
to optimize the CD response of the system.[79] The influence of 
helical pitch, major radius of the helix and minor radius (size 
of the nanostructures) was discussed. It was also found that the 
chiroptical response is very stable against defects in the arrange-
ments, such as missing nanoparticles in the helical arrange-
ment[147] Extinction ratio is also improved upon switching from 
a cylindrical helix to a conical one.[148] Furthermore, the extinc-
tion ratio and the bandwidth could be enhanced simultaneously 
by tapering the helix radius along the helix axis.[149] Experi-
mentally, such helical assemblies were realized using dielectric 
scaffolds, such as twisted fibers[78] and peptides.[150] A different 
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methods, using glancing angle deposition, was adapted by the 
Ghosh group.[151–153]

Several authors have investigated the effects of increasing 
complexity of the helices. For example, implementing a double 
helix geometry was predicted to broaden the bandwidth of cir-
cular polarizers by 50%.[154] Song et al. used peptide-directed 
assembly to construct a double helix superstructure of electro-
magnetically coupled (mainly dipole-dipole) gold nanoparticles. 
The observed CD was of the order of 40 mdeg. in the visible 
spectrum. As expected, the chiroptical response was found 
to be tuneable depending on the structural parameters of the 
double helix.[155] Triple interlocked helices were fabricated by 
Esposito et al. using focused ion beam-induced deposition. The 
composition of the helices was expected to be 40% platinum 
and 60% carbon. The device demonstrated up to 37% CD in 
the spectral range 500 nm to 1 µm. An optical rotation of 8° 
was also reported.[134] Later, the same group reported triple 
nanohelices with higher platinum content and compared their 
chiroptical properties to those of purely dielectric phenanthrene 
(C14H10) triple helices. The effect of wire length on single hel-
ices was also investigated.[156] Kaschke et al. examined a design 
of four intertwined helices within the context of a circular 
polarizer and reported that CPL conversion in both reflection 
and transmission is completely eliminated. However, in such 
quadruple helices, metal losses are required to preserve the 
behavior of the CPL polarizer effect, which limits the frequen-
cies of application.[157]

Plasmonic helical nanostructures can also naturally give rise 
to large regions of high optical chirality, in which chiroptical 
interactions are enhanced due to parallel electric and magnetic 
field components (see Section 4.2). These regions are situated 
in the space inside the helix (Figure 8a), and it has been shown 
that better confinement of the fields inside the helix can be 
obtained by interlocking multiple helices.[158] Nair et al.[142] cal-
culated a very strong optical chirality in helices made of SiO2 

and decorated with Au (8 m) and Ag (15 nm) nanoparticles. 
The authors studied the effects of coupling between the nano-
structures and in particular the transition from purely dipolar 
interactions to a regime where multipolar contributions play an 
important role. This transition was observed at r/a = 2.3, where 
r is the center-to-center distance between nanoparticles and a 
is the nanoparticle radius. It was found that the strength of the 
chiroptical interaction increases almost exponentially as the 
nanoparticles where brought closer together, which also caused 
a shift and a broadening of the CD spectrum. Two-photon-
induced photo-luminescence CD was also reported from this 
kind of systems.[159]

Helical nanostructures typically result in CD spectra in the 
visible and NIR regions, where the plasmon resonances are 
situated. For instance, Esposito et al. made use of focussed ion 
and electron beam induced deposition to prepare platinum 
helices with up to 22% CD in the visible spectrum. These tech-
niques allow very fine control over the dimensions of the struc-
tures and highly ordered arrays of helices, within small arrays 
(Figure 8b).[160] In the same year, the same group reported near 
40% of CD in the NIR region.[161] He et al. obtained contin-
uous helices by helically stacking plasmonic layers. This was 
achieved with glancing angle deposition (GLAD), starting with 
polystyrene spheres (diameters 200, 350 and 500 nm). Then 
Ag and SiO2 vapours were deposited as alternating layers 
(nominal thickness of 30 nm) at different rotation angles to 
the polystyrene spheres, resulting in an overall helical struc-
ture. The process allows tuning independently the helix pitch 
and diameter, and was demonstrated to tune the CD in the 
visible and NIR regions.[162] The Zhao group made use of var-
ious shadowing deposition growth methods to fabricate helical 
composite Ti/Ag thin films,[163] metal composite (Ti/Ag) and 
metal/dielectric composite materials (Ag/MgF2) nanoscale 
helices,[164] and titanium-doped silver chiral nanorod arrays.[165] 
Although the individual structures were not very well resolved, 
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Figure 8. a) Schematic diagrams of left- and right-handed helices. An electric field (E), parallel to the axis of the helices causes charge splitting. The 
induced current give rise to magnetic fields, whose direction depends on the handedness of the helix. Reproduced with permission.[158] Copyright 2014, 
American Chemical Society. b) Platinum helices produced by focused ion and electron beam deposition. Reproduced with permission.[160] Copyright 
2015, American Chemical Society. c) Energy-filtered TEM (EF TEM) chemical mapping of a metal, Ag–Cu 50:50 alloy, nanohelix. The false color repre-
sentations of the Ag and Cu are shown as a mixture (top-right) and independently (bottom-left and bottom–right, respectively). The scale bar measures 
20 nm. Reproduced from[167] with permission of The Royal Society of Chemistry. d) Heterochiral helices, with reversing handedness half-way along the 
structure. Reproduced with permission.[171] Copyright 2015, John Wiley and Sons. e) Helically grooved metal wire waveguides, conceived for studies at 
the THz frequency. Reproduced with permission.[174] Copyright 2015, Elsevier.



www.advancedsciencenews.com

1700182 (18 of 46)

www.advopticalmat.de

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the large-scale continuity of the films allowed for characteriza-
tion with ellipsometry, which is very useful in order to separate 
the various anisotropic contributions from the actual chiral 
response. Combining good fabrication resolution of individual 
helices and large area production, the continuous metal nano-
helices manufactured in Fischer’s group are currently among 
the most interesting chiroptical materials (Figure 8c).[43,166,167] 
Crucial for the success of this method is that the shadow 
growth proceeds from seed elements that are disposed in a 
regular lattice. As a consequence, the helices can be well sepa-
rated from their neighbors. This method yields both chiral 
thin films[21,43,167,168] and metal nanohelical suspensions in 
liquids.[21,43,45,169] The nanohelices can be produced from 
various materials, including noble metals,[45,65,167,168] magnetic 
materials,[21,169] and, most recently, magnesium[170] which has 
promising UV properties.

A “heterochiral” helical structure was proposed by Wegener’s 
group. This structure consists of a helix that changes handed-
ness halfway along the helix axis. At first look, such a design 
appears to be achiral overall, assuming cancelation from the 
opposite handedness in the upper and lower parts of the helix 
(Figure 8d). In practice though, CPL interacts selectively with 
either the upper or the lower part. The physical connection 
between the two parts breaks the symmetry, because it allows 
more current to flow in the “forbidden” part depending on rela-
tive position. This dissymmetry allows the structure to function 
as a broadband polarization converter.[171] Deng et al. also inves-
tigated heterochiral helices. They started by using GLAD to 
construct Ag nanohelices with a pitch of 200 nm. These nano-
helices exhibit a bisignate CD response, with one clear peak in 
the UV (around 375 nm) and anther in the visible part of the 
spectrum.[73] The CD effect in the UV was attributed to absorp-
tion and that in the visible part of the spectrum was attributed 
to scattering. Heterochiral helices were then produced and it 
was shown that the CD was very different, depending on the 
number of turns in the helices and depending on the length of 
the wire (varied in the range below one full pitch).[172]

Yao and Zhong investigated numerically an original helical 
geometry—they studied helically grooved metal wire wave-
guides and characterized their response at THz frequencies. 
It was reported that a linear Gaussian beam of light, incident 
on the structure, gives rise to a surface plasmon wave whose 
chirality is determined by the helicity of the groove. It was 
reported that a circularly polarized electromagnetic wave can 
emerge from this structure (Figure 8e).[173,174] Another inter-
esting aspect of helices is that they constitute a mechanical 
spring. This was explored by Slobozhanyuk et al. at GHz fre-
quencies (1 GHz is λ ≈ 30 cm) showing an interesting interplay 
between elastic and electromagnetic properties.[175]

Helical arrangement is also observed for molecules in 
liquid crystals and it is possible to benefit from this order in 
constructing chiral plasmonic nanomaterials. Wang et al. con-
structed a system consisting of Au nanorods dispersed within 
liquid crystals. Due to the photothermal effect, heating of the 
nanorods, with IR light, at plasmon resonance, was shown 
to reverse the chirality of the liquid crystal assembly. Upon 
cooling the liquid crystal switched to its initial chiral state. This 
study demonstrated a strong CD effect in the visible that is due 
the switching of the liquid crystal’s chirality.[176]

Another example of a helical structure is the DNA molecule 
that is treated in the next section.

3.6. DNA Materials

The DNA molecule is one of the best known helical struc-
tures and it has been associated with chiral plasmonic mate-
rials in a variety of manners. For instance, DNA strands can 
serve as building blocks for assembling chiral architectures at 
the nanoscale, such as pyramids, nanohelices, nanorod dimers, 
trimers, twisted strings, etc. In each of these cases, DNA allows 
very precise positioning of the nanoparticles, which improves 
control and tuneability of the chiroptical properties. DNA has 
also been used as a template for plasmonic nanoparticles, 
upon which a chiral shell of a different plasmonic material 
can be grown. This building mechanism allows the chiroptical 
response to be tuned between the plasmon resonances of the 
two materials. Furthermore, plasmonic nanoparticles have been 
used to strongly enhance the chiroptical properties of DNA, 
significantly lowering the limits of DNA detection. Addition-
ally, the plasmon enhanced chiroptical response of DNA can be 
instrumental for monitoring the actuation of nanorobots. All of 
these examples are treated in this section.

In an early work, a double-stranded DNA scaffold was used 
as template on which Ag nanoparticles (≈10 nm) were grown. 
A large CD was reported at the wavelength of the Ag nanopar-
ticle resonance.[177] In the same year, DNA origami was pro-
posed as a method for assembling arbitrary geometrical shapes 
at the nanoscale. The methods consist of weaving a thread of 
single strand DNA into the desired pattern. The pattern is then 
held in place by selecting appropriate complementary strands 
(the staples). The method allows control of assembly at the sub 
40 nm scale, which is hard to access with top-down techniques. 
No chiral designs were included in the initial publication on 
the subject.[178]

Sharma et al. proposed to assemble four rectangular tiles, 
made of DNA, into a sheet that was subsequently rolled into a 
tube. Some of the DNA tiles carried Au nanoparticles (5 nm). 
Depending on the way the tube was rolled, it was possible to 
achieve helical arrangements of the nanoparticles in single, 
double or nested helical geometries. The authors did not pre-
sent a strict characterization of the chiroptical response of their 
structures.[179]

Chiral nanostructures were also assembled by building a 
DNA pyramid with Au nanoparticles of different size at each 
tip. The nanoparticles were 5 nm, 10 nm, 15 nm, and 20 nm in 
size. The pyramid was assembled with single strand DNA run-
ning through all sides of a triangle, tracing a single face of the 
pyramid. By this method, it is possible to choose the chirality 
of the structure simply by switching the position of Au nano-
particles of different size, depending on the linker molecules 
on the surface of the NPs. No remarkable chiroptical behavior 
was reported, likely due to lack of plasmonic coupling, since the 
nanoparticles were far apart (Figure 9a).[180]

Much more rigid tetramers were assembled by Shen et al. 
using a DNA origami sheet, with dimensions 90 nm × 60 nm × 
2 nm. The Au nanoparticles were all of the same size (20 nm) 
and their position was precisely determined on the DNA sheets, 
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using helper and binder single strand DNA. Three nanoparticles 
were positioned on the same side of the sheet and the forth was 
situated on the opposite side. A strong CD was demonstrated in 
the spectra for both enantiomorphs, with a peak or a dip posi-
tioned at the wavelength of plasmon resonance, depending on 
the enantiomorph (Figure 9b).[181] In another work by the same 
authors, similar rectangular DNA origami sheets were used. On 
the surface of each sheet, the authors designed 15 binding cites 
that ran in two parallel lines diagonally to the sheet. Then they 
functionalized Au nanoparticles (10 nm and 13 nm in diameter) 
with complementary DNA, which allowed the nanoparticles to 
bind precisely at their designated locations on the DNA origami 
sheet. Finally, they stapled the edges of the DNA sheets to form 
tubes. The result was a well-organized helix of Au nanoparticles 
that exhibited maximum CD at a wavelength corresponding to 
the plasmonic resonance of the nanoparticles.[182] Significantly 
smaller DNA origami tubes have recently been produced by 
Cecconello et al.[183]

In 2012, Kuzyk et al. reported on a DNA origami scaffold 
designed to hold Au nanoparticles (10 nm) into a tight helical 
structure, where direct plasmon coupling was enabled. The 
nanostructures exhibited a bisignate CD with the positive peak 
corresponding to the plasmon resonance. The negative dip was 
attributed to the isotropic arrangement of the helices, whereby 
the longitudinal and transverse plasmon modes are both 
excited. Longitudinal and transverse modes were reported as 
typically exhibiting opposite chirality.[184] In a subsequent work, 
the selective excitation of either the longitudinal or transvers 
modes of the nanohelices was enabled resulting in switchable 
CD. The procedure involved emptying and filling up a quartz 

cuvette, where the nanohelices were attached to the walls, in 
order to achieve switching. Clearly, this was not the most prac-
tical switching mechanism but the group reported that the 
dimensions of the nanohelices were remarkably small: helical 
pitch 57 nm, diameter 34 nm, and overall length 79 nm.[185] 
A more practical method of switching was proposed by 
Kuzyk et al. based on an X-shaped gold nanorod dimer. Each 
nanorod (38 nm × 10 nm) was placed on a DNA origami bundle 
(80 nm × 16 nm × 8 nm). The relative angle between the bun-
dles and hence the chirality of the dimer could be switched with 
DNA locks, which resulted in switchable CD.[186]

Plasmonic resonances can also be used to detect the chi-
rality of DNA. Upon functionalizing gold nanorods (aspect 
ratio of 3) with single strand DNA, it was demonstrated that 
DNA assembling into double strands aggregated the nanorods. 
This resulted in strong near-field hotspots, which in turn lead 
to strong CD at the plasmonic resonance wavelengths. The pro-
cess was reversible, depending on temperature and a detection 
limit of 75 nM was reported for DNA.[187]

An interesting interplay between the chirality of DNA and 
that of the nanostructures was demonstrated by Lan et al. Au 
nanorods (11 nm × 37 nm) were assembled into dimers using 
bifacial DNA origami. The DNA sheets had a rectangular shape 
with dimensions 90 nm × 60 nm × 2 nm. A nanorod was pre-
cisely positioned on each side of the DNA sheet, in a way that 
allowed the position of one nanorod to be tuned with respect 
to the other. Tuning the relative positions of the nanorods 
within the dimers lead to clear differences in the CD spectral 
response. Interestingly, the authors demonstrated bisignate CD 
spectra, which were predominantly due to the chirality of DNA 
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Figure 9. a) (Left) schematic diagram and (right) TEM of a DNA nanocrystal pyramid. Reproduced with permission.[180] Copyright 2009, American 
Chemical Society. b) A DNA origami template is used to precisely assemble a pyramid from four gold nanoparticles (diameter 20 nm). The experi-
mental and calculated CD spectra show a clear CD that depends on the handedness of the structures. Reproduced with permission.[181] Copyright 
2013, American Chemical Society. c) Two gold nanorods are positioned precisely with respect to each other using a DNA origami template. The CD 
spectra for orientations X1, X2 and T1 demonstrate chiroptical response originating from the DNA molecules and being transferred to the surface 
plasmon of the nanorods via dipole-plasmon Coulomb interaction. The CD spectra for orientation L1, T2 and L2 demonstrate chiroptical response 
originating from the nanorods dimer, i.e., plasmon-plasmon interaction due to the chiral geometry. Reproduced with permission.[188] Copyright 2013, 
American Chemical Society.
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(in X-shaped nanodimers) and to the chirality of the NR geom-
etry (in L-shaped nanostructures) (Figure 9c).[188] Using slightly 
different Au nanorods (12 nm × 40 nm), on a similarly sized 
DNA sheet (90 nm × 60 nm × 2 nm), Shen et al.[189] suggested a 
physical origin for the sign change in the bisignate CD between 
L-shaped enantiomorphs. Drawing a parallel with Kuhn’s clas-
sical oscillator mode, they invoked a physical mechanism based 
on symmetric and antisymmetric hybrid modes, which was 
found to be in good agreement with the experimental results. 
Furthermore, they demonstrated a CD response due to a single 
gold NR on the DNA origami sheet and showed that the CD 
reverses depending on whether the NR was parallel or perpen-
dicular to the DNA molecules.

Plasmonic nanostructures can thus be employed to detect 
the chirality of DNA. Ma et al. investigated the chiroptical 
response from Au nanorods (62 nm length, 22 nm diameter), 
side-by-side assembled with DNA. It was shown that the DNA 
caused a twist between adjacent nanorods, which produced a 
strong bisignate CD in the plasmonic part of the spectrum. The 
reported limit of DNA detection in this manner was 3.7 aM. 
This scheme worked only for short chains of nanorods and 
upon increasing the number of nanorods above 20, the CD 
disappeared.[190]

Wu et al. covered Au NPs (20 nm and 15 nm) with DNA and 
then grew a silver shell on the Au NPs by adding silver ions 
(Ag+) that attached to the DNA. This DNA templating of the Ag 
shell resulted in a thickness of up to 8 nm for the shell and a 
strong CD was observed at ∼400 nm, i.e., close to the plasmon 
frequency of Ag.[191]

Urban et al.[20] demonstrated an example of nanorobotics, 
where two plasmonic walkers (Au NRs of 35 nm × 10 nm) 
positioned on a DNA origami sheet (58 nm × 42 nm × 7 nm). 
On the opposite side of the DNA, a third Au NR (the stator) 
was positioned perpendicularly to the previous two. The trimer 
was thus initially H-shaped and achiral (only a small CD was 
observed, likely due to the DNA molecules of the origami 
sheet). However, once one walker took a step towards the other, 
the trimer becomes chiral and this gave rise to a significant CD 
(40 mdeg.). Depending on which walker took the first step, the 
sign of the CD changed. Here the chiroptical response of the 
walkers was instrumental for measuring their performance.

3.7. Extrinsic Chirality

It is possible to obtain a chiroptical response in plasmonic 
nanostructures that exhibit neither 3D nor 2D chirality. Instead, 
chirality is introduced by the geometry of the experiment itself; 
the wave-vector, the surface normal and the direction of curva-
ture on the sample form a chiral triad. Plum et al. measured 
a chiroptical response from achiral split-ring structures in the 
microwave and optical regimes (Figure 10a top and bottom 
respectively).[192] These structures were shown to exhibit both 
circular dichroism and circular birefringence when illumi-
nated at oblique incidence. At normal incidence, no signifi-
cant optical activity was measured for either structure. The 
circular birefringence resulted in rotation of linear polarization 
exceeding 60° for microwaves. For the visible part of the spec-
trum, rotation of 1° was measured, which is larger than that of 

many intrinsically chiral structures. Later observations, directly 
comparing extrinsic and intrinsic chirality, confirmed that the 
former can yield significantly stronger response.[193]

More generally, it was shown that extrinsic optical activity 
effects can be observed from any lossy, periodically struc-
tured surface that is illuminated at an oblique angle.[194] The 
fundamental mechanism for this optical activity is shown in 
Figure 10b. When illuminated at normal incidence, the struc-
ture geometry remains unchanged when projected onto the 
transverse plane of the incident light, see Figure 10b left. How-
ever, when the sample is illuminated at an oblique angle the 
projection of the structure geometry onto the transverse plane 
of incident light becomes distorted. Under inversion, the struc-
ture’s projection can no longer be superimposed onto itself, and 
is therefore chiral, as shown in Figure 10b right. Plum et al. 
showed that asymmetric transmission (circular difference) can 
occur in any array of nanostructures whose projection onto the 
transverse plane of incident light is 2-dimensionally chiral and 
anisotropic. It is therefore possible to achieve chiroptical effects 
utilizing simpler structures than those that are intrinsically 
chiral; the latter being limited by the fabrication complexity.

Cao et al. demonstrated, experimentally and numerically, 
strong circular dichroism in the mid-IR region (∼2.4 µm), 
resulting from extrinsic chirality in achiral nanostructures.[195] 
The structures consisted of a rectangular array of thin gold 
squares, separated by a dielectric layer (GaAs) atop a con-
tinuous gold film (Figure 10c). They demonstrated that both 
enantiomers of the structure can be obtained by tilting the 
sample at opposite angles. This fact, it is suggested, can be uti-
lized to simplify experiments requiring both enantiomers of a 
nanostructure, by removing the need to fabricate two separate 
structures.

In order to better understand the mechanism behind the 
previously observed extrinsic chiroptical response, Hu et al. 
performed a numerical analysis of “nanorice heterodimers” 
(Figure 10d). It was found that pairs of parallel “nanorices” 
made of different materials exhibit circular dichroism when 
illuminated at oblique angles.[196] The authors show that the 
structures exhibit Fano resonances due to coupling between 
the nanorices, the spectral positions of which can be varied by 
changing the structure’s dimensions and materials. Around the 
Fano resonances, strong CD is observed. Changing geometric 
properties of the heterodimers causes both the Fano spectral 
profile and the CD spectrum to change correspondingly. Struc-
tures showing large Fano asymmetry also exhibit the strongest 
CD signal. It is therefore proposed that the Fano resonance 
causes an enhancement in the CD.

Further work by Hu et al. aimed to analytically describe 
extrinsic chirality in plasmonic nanostructures.[197] An achiral 
split-ring structure was numerically analyzed to demonstrate 
that, at oblique angles, such an achiral structure will exhibit 
large CD at NIR wavelengths. By analyzing the simulated sur-
face charge distributions, it was shown that, at oblique angles, 
the circular current within the split-ring caused the ring to 
behave like a magnetic dipole around resonant modes. These 
magnetic modes interact with the electric plasmonic modes 
resulting in a mixed magneto-electric polarizability and hence 
non-zero chirality. This mixing of magnetic and electric dipoles 
is then responsible for the large CD. Recently, Belardini et al. 
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have demonstrated strong chiroptical effects at optical wave-
lengths from a surface of tilted nanowires (Figure 10e).[198] 
The extrinsic chirality was measured using a combination of 
optical reflectance and photoacoustic absorbance. While optical 
reflectance measurements served to demonstrate the linear 
dichroism resulting from the anisotropic structure geometry, 
circular dichroism measurements relied upon a photoacoustic 
technique. In this technique, the heat produced and transferred 
to the structure surroundings is measured in order to directly 
probe the material absorption of incident light; scattered light 
does not affect the signal as only absorbed energy is measured. 
Upon rotating the sample by 180°, the measured extrinsic chi-
rality reverses. The selective absorbance of circularly polarized 
light can therefore be controlled by varying the structure ori-
entation relative to the incident beam. The CD measurements 
were found to correspond well to optical rotation measure-
ments, with the same reversal being demonstrated.

The same work also reported that extrinsic chirality affects 
nonlinear optical measurements. By continuously varying the 
orientation of a quarter wave plate acting on 800 nm linearly 
polarized light, the second harmonic generation CD (SHG-CD), 
at 400 nm, was measured for various sample orientations. The 
SHG-CD was also measured as a function of the angle of inci-
dence of light, for opposite orientations of the nanowires. As 
expected, the opposite orientations resulted in a reversal of the 
SHG-CD, and an optimal value for the angle of incidence was 
found at around 50°. Additional work showed the same depend-
ency of the SHG-CD on the angle of incidence of pump light, 
demonstrating that extrinsic chirality is induced by the relative 
angle between the light and the surface normal.[199] A theo-
retical analysis of the effective nonlinear susceptibility tensor 
describing the system showed that different tensor compo-
nents become non-zero depending on the wire orientation, but 
reversing the wire orientation by rotating through 180° caused 
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Figure 10. a) Achiral split ring resonator structures used to demonstrate extrinsic chirality at microwave (top) and optical (bottom) frequencies. 
Reproduced with permission.[192] Copyright 2009, American Physical Society. b) Schematic representation of extrinsic chirality in an achiral structure.  
c) Rectangular array of achiral gold nanostructures separated from a gold film by a dielectric layer. Adapted with permission.[195] Copyright 2014, Mac-
millan Publshers. d) In these two “nanorice” dimers the nanorods are parallel and lack intrinsic geometric chirality. Chirality is introduced by a combina-
tion of the arrangement of materials within the dimers (schematically Au, blue; Ag, red) and through extrinsic chirality due to an oblique angle of incidence 
of light. Adapted under the Creative Commons Attribution License from[196] e) 3D model (top left) and SEM images of a surface of tilted gold nanowires. 
The tilt of the wires causes extrinsic chirality, depending on the illumination direction. Adapted under the Creative Commons Attribution License from[198] 
f) AFM morphology images of curved (left) and straight (right) nanowire surfaces. The curved wires were shown to exhibit strong extrinsic chirality, 
whereas the straight wire surface gave no significant chiral response. Reproduced with permission.[200] Copyright 2011, American Physical Society.
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the tensor components responsible for the chiroptical response 
to reverse sign. Importantly, the authors found that the CD 
measured in the nonlinear case was around 50 times larger 
than the linear measurements. Previous work by Belardini et al. 
had demonstrated similar results in an array of curved nanow-
ires (Figure 10f).[200] In an array of similarly fabricated nanow-
ires without a curve, inversion symmetry holds even at oblique 
angles of incidence. However, when curved, extrinsic chirality 
results in a measurable CD signal. Linear optical measure-
ments were taken and again found to be significantly weaker 
than their nonlinear counterparts.

For applications requiring manipulation of light polarization, 
such as optical rotation or circular dichroism, it may be pos-
sible to use extrinsic instead of intrinsic chirality. The relative 
simplicity of fabrication for achiral nanostructures could open 
the field to more readily available and easier to mass-produce 
geometries. The key here would be to consider the experi-
mental geometry as a whole.

3.8. Magnetochiral Materials

In the previous sections, it has been discussed how chirality 
breaks inversion symmetry and leads to optical activity. How-
ever, it is possible to rotate the polarization of light without chi-
rality. Applying a magnetic field to a transparent dielectric, such 
as glass, causes the plane of polarization of transmitted light to 
be rotated. This phenomenon is known as the Faraday effect. 
In general, magneto-optical and chiro-optical effects are dis-
tinct and separate. However, it is possible to couple magnetism 
and chirality in the linear optical regime. This is achieved by 
breaking both time-reversal and inversion symmetry simulta-
neously with the application of a magnetic field onto a chiral 
medium which leads to a higher order optical response, termed 
magnetochirality.[201]

The magnetochiral term can be seen in the dielectric tensor 
of a homogeneous chiral medium under an applied mag-
netic field, B, by expanding out to first order in wave vector 
k and B,[202]

k BL R
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L R
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0
, ,
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Here, the superscripts L and R indicate the handedness of 
the medium, ± indicates the eigenmodes for RCP and LCP 
light. In general, the material parameters ε0, α, β, and γ are 
complex. The term kNCD

L Rα ω( ),  is the contribution from natural 
circular dichroism (NCD) with no applied magnetic field. The 
term βMCD(ω)B is the contribution from magnetic circular 
dichroism (MCD). The cross term MChD

L R kk BBγ ω ×( ),  describes the 
magnetochiral response, which has three key features. Firstly, it 
depends on the relative orientation between the wave vector k 
and magnetic field B. Secondly, it depends on the handedness 
of the material. Thirdly, it is independent of the polarization of 
incident light meaning magnetochiral effects occur for unpo-
larized light. This gives rise to magnetochiral birefringence in 
refraction.[203] In absorption, it manifests as a magnetochiral 
dichroism (MChD), where unpolarized light is preferen-
tially transmitted in one direction. The differential absorption 

due to each of these effects is quantified by the following 
equations:[204,205]
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where A in the final equation for MChD is the absorbance of 
unpolarized light, A = (ARCP + ALCP)/2. The terms A(k↑↑B) and 
A(k↑↓B) denote the absorbance when k and B are parallel or 
anti-parallel, respectively. It is also useful to compute anisot-
ropy factors for all these effects such that they are normalized 
to the total absorbance:[206]
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Detection schemes for magnetochiral effects have been dem-
onstrated utilizing an alternating magnetic field and phase 
sensitive detection methods to measure changes in absorbance 
as a function of varying applied magnetic field. By also meas-
uring the total absorbance of unpolarized light, in the absence 
of an applied magnetic field, the anisotropy factor, gMChD, can 
be calculated. An experimental configuration for the detection 
of magnetochiral effects is shown in Figure 11a (left). An alter-
nating magnetic field is directed either parallel or antiparallel 
to the direction of propagation of the light. Transmitted light 
is then phase sensitively detected with respect to the frequency 
of the alternating magnetic field. Designs for a magnetochiral 
spectrometer have also recently been put forward in order to 
promote the investigation of MChD.[207] There are two major 
contributions to magnetochiral effects probed by these detec-
tion schemes. The first is from the imaginary part of the 
material parameter γ and is termed the pure magnetochiral 
contribution. The second contribution stems from an interplay 
between the imaginary parts of the parameters α and β and is 
known as the cascaded contribution.[203]

The promise of engineering meta/nanostructures with 
magnetochiral responses has already been anticipated.[208] 
MChD has been observed in natural materials such as mul-
tiferroic chiral-lattice magnets.[209] It has also been demon-
strated that chiral meta-molecules can exhibit MChD in the 
microwave region of the spectrum.[210] The first experimental 
demonstration of MChD in the visible spectrum with sub-
stantially subwavelength (λ < 10) metallic nanostructures was 
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provided by Eslami et al.[206] Experiments were conducted on 
a film consisting of an array of nickel nanohelices ∼100 nm 
in length. The geometric constraint of Ni nanomagnets helps 
to suppress the formation of multiple domains and leads to 
local surface plasmon resonances. Measurements of the NCD, 
MCD and gMChD were performed on both enantiomorphs, 
that is arrays of left- and right-handed nanohelices. To first 
order, the anisotropy factors for NCD, MCD, and MChD are 
related by gMChD ≈ 1/2gNCDgMCD and can be used to predict the 
strength of a magnetochiral response where cascaded contri-
butions are expected to dominate.[202] The calculated estimate 
and experimentally determined values of gMChD for the Ni 
nanohelices are shown in Figure 11a (right). The estimated 
and experimental values do not match, suggesting the main 

contribution to the MChD is due to pure rather than cascaded 
effects.

Suspensions of randomly orientated helices made from 
magnetic nanoparticles coiled around a gold rod, as shown 
in Figure 11b (left), have been investigated theoretically.[204] 
Freestanding helices of magnetic nanoparticles (magnetite 
and cobalt) were considered first. The effect of inserting a 
gold nanorod into the center of the freestanding helix is then 
studied. The surface plasmon resonance supported by the gold 
nanorod increases all differential absorptions, NCD, MCD, and 
especially MChD. Unexpectedly, the MChD of the magnetite-
gold helix is higher than the cobalt-gold helix. This cannot be 
explained by a cascaded effect associated with the product of 
NCD and MCD. The inability of a cascaded effect to explain 

Adv. Optical Mater. 2017, 5, 1700182

Figure 11. a) Left, diagram of an experimental configuration for measuring magnetochiral dichroism. Right, the magnetochiral dichroism anisotropy 
factor, gMChD, for the left-handed (red) and right-handed (black) nanohelix suspensions. Scattered solid circles correspond to the approximation of 
gMChD using NCD×MCD at 0.16 T. Reproduced with permission.[206] Copyright 2014, American Chemical Society. b) Left, schematic diagram of a dilute 
suspension of magnetoplasmonic nanohelices formed of magnetic nanoparticles coiled around gold nanorods. Right, comparison of NCD×MCD with 
MChD for magnetite (black) and cobalt (red) nanohelices. Reproduced with permission.[204] Copyright 2015, American Chemical Society. c) Left, A 
cluster of magnetite nanoparticles alongside a tetramer of clusters. Middle, MChD for magnetite NP clusters with a proportion of NPs substituted with 
Au NPs. Right, same as middle with a tetramer of clusters. Reproduced with permission.[205] Copyright 2015, Elsevier.
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the discrepancy is demonstrated in Figure 11b (right), where 
NCD×MCD is contrasted against the MChD for magnetite and 
cobalt nanohelices. The calculated estimate of MChD for cobalt 
is stronger or at least on par with magnetite, however this is not 
reflected in the measured MChD. In addition to pure magne-
tochiral contributions to the MChD, a toroidal moment induced 
change in the dielectric function is proposed to also contribute 
to the non-reciprocal propagation of light. The toroidal moment 
in the nanohelix system is defined as T = prod × mhel where prod 
is the electric dipole moment of the gold rod and mhel is the 
magnetic dipole moment of the helix formed by the NPs. This 
toroidal moment induces a change in the dielectric function 
of the form toroid

L R kk TTε η ω∆ = ⋅( ),  which, similarly to the magne-
tochiral term, depends on the direction of propagation of light. 
In turn, this contributes to the non-reciprocal propagation of 
light through the nanohelix suspension. The authors also point 
out that suspensions similar to the ones studied have already 
been fabricated using bottom up approaches such as supra-
molecular self-assembly, peptide- and DNA-assisted self-asse
mbly.[53,179,182,184,211,212]

Clusters of magnetite nanoparticles (NPs) interspersed 
with gold nanoparticles, shown in Figure 11c (left), have also 
been studied theoretically.[205] Initially, single clusters of mag-
netite NPs are modelled, their MChD response is given by the 
black line in Figure 11c (middle). The single clusters demon-
strate an increased MChD compared to single magnetite NPs 
due to interparticle interactions. Substituting a portion of the 
magnetite NPs for gold NPs in the cluster further increases 
the MChD and the other types of differential absorption, NCD, 
and MCD. This is explained by the local field enhancements 
provided by the Au-NPs. The MChD responses of clusters 
with different proportions of Au-NPs are shown in Figure 11c 
(middle) and suggest that the proportion of Au-NP substitu-
tion provides a degree of tuneability to the MChD. Larger scale 
structural chirality is introduced into the system by arranging 
four magnetite-gold NP clusters into a tetramer. This has the 
effect of, again, increasing all types of differential absorption, 
NCD, MCD, and MChD. The MChD of tetramer structures 
with different proportions of Au-NPs is shown in Figure 11c 
(right). It is also mentioned by the author that clusters resem-
bling the ones studied have been fabricated by bottom up 
self-assembly.[213]

4. Chirality Parameters

4.1. Structural Chirality Parameters

In the simple case of a linear, isotropic medium with no magne-
toelectric coupling, the macroscopic electromagnetic response 
of the material is described by the constitutive relations given 
in Equation (22). These relate the material’s internal electric dis-
placement field �DD and magnetic field strength �DD to the driving 
electric and magnetic fields �EE  and �BB. Here, ε and µ are com-
plex (denoted by a tilde) scalars and correspond to the isotropic 
electric permittivity and magnetic permeability of the material. 

� � �
� � �
DD EE
BB HH

ε
µ

=
=  

(22)

In the general case however, we cannot assume isotropy and a 
lack of magnetoelectric coupling. For a bi-anisotropic medium, 
the constitutive relations take the form of Equation (23).[214,215] 
Here, �ε , �µ , �ξ  and �ζ  are 3 × 3 matrices due to the anisotropy 
of the material, and the second-order tensors �ξ  and �ζ  describe 
the magnetoelectric cross-coupling. 
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In the case of a non-gyrotropic material (one in which inver-
sion symmetry holds due to an absence of any gyrotropic cur-
rents), Equation (23) has the additional constraints given in 
Equation (24).[215]
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The expressions shown in Equation (22) are a special case 
of Equation (23), where no magnetoelectric cross-coupling is 
present, so � � 0ξ ζ= =  and due to isotropy, the dyads �ε  and �µ 
become scalars. In the case of an achiral anisotropic material, 
� � 0ξ ζ= =  however �ε  and �µ remain as matrices. Most relevant 
in this discussion however is the special case of an isotropic 
chiral (bi-isotropic) medium. In this case, the matrix compo-
nents relating �DD and �BB to �EE  and �HH reduce to complex scalars, 
but all four components remain. The constraints given in Equa-
tion (24) apply, and thus � �ξ ζ= − . There are several ways to write 
the remaining relations for a reciprocal bi-isotropic medium, 
including Post’s relations,[214] the Drude-Born-Fedorov (DBF) 
relations,[216,217] and Tellegen’s relations[214,218,219] as given in 
Equation (25). 
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Tellegen’s relations appear most widely used when dis-
cussing chiral metamaterials, and so this form will be adopted 
here, however the various forms are still equivalent. Here, �rε  
and �rµ  are the relative permittivity and permeability of the 
material, respectively, and �κ  is known as the chirality param-
eter. This chirality parameter is key when considering effects 
such as negative refractive index. Solving Maxwell’s equations 
for a monochromatic plane wave propagating in the z-direction 
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through the chiral medium results in two eigenwaves with 
wavenumbers given by Equation (26),[220,221] where k0 is the 
wavenumber in vacuum. In a chiral medium, these eigenwaves 
of wavenumber k+ and k− correspond to right and left circularly 
polarized waves respectively. 

� � � � �k k r rµ ε κ( )= ±± 0
 

(26)

From this, the refractive indices for LCP and RCP light are 
given by Equation (27).[50,214,221]

� � � �n r rµ ε κ= ±±  
(27)

Like the refractive index ñ, the chirality parameter �κ  is a 
complex quantity. In the case of refractive index, the real part 
corresponds to the phase velocity of propagating light, and the 
imaginary part describes the attenuation of propagating light 
(the extinction coefficient). It follows from Equation (27) that 
the real part �κRe( ) describes the difference in phase velocity 
between LCP and RCP light, and the imaginary part �κIm( ) 
describes the difference in attenuation of LCP and RCP light. 
The complex nature of �κ  thus leads to two directly measur-
able effects: a non-zero real part results in optical rotation (cir-
cular birefringence), and a non-zero imaginary part results in 
circular dichroism.

Additionally, Equation (27) shows that within an isotropic 
chiral medium, if the chirality parameter �κ  is large enough 
(specifically when | | r rκ µ ε>� � � ), the refractive index for either 
LCP or RCP light can become negative. However, both cannot 
be simultaneously negative in this case.

We now consider the induced electric and magnetic dipoles 
�pp  and �mm  within an anisotropic chiral (bi-anisotropic) meta-
material. In the general case of a bi-anisotropic material, the 
induced dipole moments on each metamaterial unit cell or 
inclusion are given by 
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Here, � eeα  and �mmα  are the electric polarizability and mag-
netic susceptibility respectively, and � emα , �meα  relate to the mixed 
magnetoelectric polarizability. In the case of an isotropic chiral 
medium the matrix components become scalars, and this 
reduces to Equation (29). The mixed magnetoelectric polariz-
ability � emα  is highly dependent on the chirality parameter; if 
�κ = 0 then the material is achiral and � emα = 0, when �κ  changes 
sign � emα  also changes sign.[220]
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Due to the complexity in quantifying the chirality param-
eter from structural properties, analytical models are relatively 
scarce. A common prototypical model of a chiral medium is 
an isotropic (randomly oriented) and homogenous material of 
omega inclusions (Figure 12a).[222]

In Tellegen’s relations, the chirality parameter �κ  of such a 
medium can be found by solving Maxwell’s equations for the 
particle, and is given by Oh and Hess[223] as: 

i
c AN
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κ ω ω
ω ω ωγ
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ω

= Ω
− −

Ω =

0

0
2 2

0 0

0 0  

(30)

The particle has a resonant frequency ω0 and is driven by a 
field of frequency ω, with the speed of light in vacuum given 
by c0. Here, the system acts as a damped harmonic oscillator 
where γ is the dissipation constant, α = l/L, L is the inductance, 
l is the length of wire above and below the loop, and A is the 
cross-sectional area of loop, V0 is the volume of the unit cell, 
and N is the number of inclusions per unit cell. This formalism 
is based on the work of Jaggard et al, in which the constitutive 
relations of such a medium were analytically investigated.[224] 
Similar work by Tretyakov et al. discussed such a medium in 
the context of analytically analyzing the αem and αme chirality 
parameters linking the induced dipole moments to the incident 
field (Equation (28)).[222]

Analytical expressions have also been derived for a material 
consisting of randomly oriented single-loop metallic helix struc-
tures (Figure 12b). It was found that for all such helix struc-
tures, the chirality parameter depends strongly on the radius 
and pitch of the helix. The work by Ge et al.[143] is based on the 
constitutive relation arrangement: 

1
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i

DD EE BB

HH BB EE

ε ξ
µ ξ

= +
= −−

 
(31)

They show that, in this model, the chirality parameter is 
given by 

NV C NV

L
ξ ω

ω
= =

4 4  
(32)

Here, the material contains N inclusions per unit volume, V 
is the volume enclosed by the loop (given by πa2p where a is the 
radius of the loop and p is the pitch), and C and L are the inclu-
sion capacitance and inductance respectively. Interestingly, they 
find that for such a structure, the maximum chirality is achieved 
when the ratio a p π= ≈/ 1/ 2 0.23, allowing for the design of 
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Figure 12. a) Schematic of a chiral “omega” structure. A material con-
sisting of randomly oriented omega structures can be used as a proto-
typical chiral isotropic medium. b) Schematic of a chiral single-loop helix 
structure. The ratio between pitch p and radius a can be used to provide 
a value for the optimal chirality parameter of the effective medium.
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chiral nanostructures based on helices to be optimized, in cases 
where this model acts as an accurate approximation.

4.2. Optical Chirality Parameters

The interaction between a chiral molecule and a chiral electro-
magnetic field is expected to exhibit a dissymmetry, in that each 
“handedness” of a chiral field should interact differently with a 
chiral molecule or nanostructure. A field with a shorter chiral 
pitch in the local EM field will exhibit a stronger interaction dis-
symmetry than a less twisted field. It had long been thought 
that the maximum possible chiral dissymmetry is obtained 
for a perfectly circularly polarized monochromatic field, how-
ever in 2010 Tang and Cohen proposed a setup in which the 
dissymmetry exceeds that of CPL (referred to as “superchiral 
light”) at the nodes of a chiral standing wave.[225] The strength 
of the field chirality can be quantified by Lipkin’s 00-zilch den-
sity,[226] referred to by Tang and Cohen[225] as the “optical chi-
rality” C as given in Equation (33), or rewritten in the form of 
Equation (34). 

C EE EE BB BB
ε

µ
= ⋅ ∇ × + ⋅ ∇ ×

2
( )

1

2
( ),

 
(33)

which can be rewritten as: 

� �C EE rr BB rr
ε ω= − ⋅

2
Im[ ( ) ( )],0

 
(34)

where �EE  and �BB  denote the complex field amplitudes.
This quantity describes the angular momentum of the curl 

of the optical field[227] and is a conserved property of the field. 
The authors showed that the enantioselectivity of optical excita-
tion of a molecule is highly dependent on C, and so it stands 
that such a superchiral field can lead to significant enhance-
ment of the enantioselective excitation of chiral molecules.

The general response of a chiral molecule to a monochro-
matic electromagnetic field is described by an internal elec-
tric dipole moment �pp  and magnetic dipole moment �mm  as in 
Equation (29). For clarity, we rewrite this as in Equation (35). 
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Here, � eeα  and �mmα  correspond to �α  and �χ  in refer-
ences[225] and,[228] αee is the electric polarizability, αmm is the 
magnetic susceptibility, and � emα  is the mixed electric-magnetic 
polarizability. Physical quantities are obtained from the real 
parts of Equation (35). For an incident � � e i tEE EE= ω−

0  and � � e i tBB BB= ω−
0  

the rate of excitation of a molecule from right (+) and left (−) 
CPL is given by Equation (36).[225,228]
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Substituting Equation (35) into Equation (36) leads 
to Equation (37), which can be rewritten in terms of the 

generalized optical chirality C to give Equation (38).[228] Again, 
here � �Im( )em emα α′′ = . 
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The time-averaged electric and magnetic energy densities 

�UE t EE
ε〈 〉 =
4

| |2 and �UB t BB
µ

〈 〉 = 1

4
| |2 can be introduced here, and 

substituted into Equation (38) to give the rate of excitation in 
terms of energy density as in Equation (39). 
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We can now define the dissymmetry factor g of the chirop-
tical interaction by Equation (40). 

g
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In Tang and Cohens paper,[225] the magnetic energy den-
sity was disregarded as negligible. Under this assumption, the 
dissymmetry factor is found to be 

2
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α ω

= − ′′
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(41)

Note that here, under this approximation, the dissymmetry 
factor splits into properties of the molecule only ( /em eeα α′′ ′′) and 
properties of the field only (2C/ω〈UE〉t), however in the general 
case the dissymmetry factor cannot be separated in this way 
and is significantly more complex.[228]

The full expression accounting for magnetic energy density 
can be simplified by assuming a small dissymmetry factor such 
that n+ ≈ n−, to give Equation (42).[228] The limitation in chirop-
tical enhancement is now clear: at regions of low electric energy 
density, the magnetic energy density is maximized and should 
not be considered negligible. The γ term in Equation (42) is 
then the key limiting factor for the dissymmetry enhancement. 
The energy density terms in the denominator can no longer 
be reduced to arbitrarily small values in order to continually 
increase chiral dissymmetry. However, the chiral dissymmetry 
can still be increased by reducing the total electromagnetic 
energy density, increasing the structural chirality parameter of 
the medium, and increasing optical chirality C of the electro-
magnetic field. 
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4.3. Superchiral Light

In the previous section, we have seen in Equation (41) that 
enhanced dissymmetry factors can be achieved by taking 
advantage of different features such as local field intensity, 
local density of states (LDOS) and local optical chirality of 
the field. In the first reported experimental demonstration of 
enhanced enantiomeric selectivity,[18] Hendry et al. used an 
array of gammadion-shaped plasmonic nanostructures to gen-
erate fields with a high value of local optical chirality by local-
ized surface plasmon excitation. The presence of a dielectric 
layer (molecules on the structure’s surface) produced a shift 
of the local surface plasmon (LSP) resonance wavelength of 
the nanostructure array. The detection of superchiral light is 
based on the measurement of the wavelength shift which is 
attributed primarily to molecules on the surface within regions 
of strong near-field local optical chirality C. Then, an effec-
tive refractive index shift for both LCP and RCP illumination 
was retrieved and used to determine the dissymmetry factor  
g = (nR − nL)/(nR + nL). The measured dissymmetry factor was 
found to be ∼106 times greater than those observed by probing 
the same molecules in solution with LCP and RCP light. The 
authors point out that the local field enhancement by itself 
is not sufficient to account for the enhanced chiral response. 
Due to the symmetry of the metallic structures in this case, 
plasmon oscillations in different branches are coupled together 
to generate “superchiral” fields according to the local value of 
the Lipkins zilch Z00 reported in Equation (33), as depicted in 
Figure 13a.

A completely different approach to generating superchiral 
fields is used by Tang and Cohen. The authors report experi-
mental results based on their original proposal:[229] an imper-
fect standing wave is formed between mirrors, resulting in 
superchiral nodes of the field. A thin film of chiral molecules is 
then held at these nodes. The regions of enhancement were too 
thin to detect through differential absorption measurements. 
Instead, a fluorescent chiral compound was used, and differ-
ential emission measured. The differential emission enhance-
ment results from suppression of the pure electric dipole 
transitions due to the lower electric energy density that would 
otherwise produce a strong achiral background. At the nodes, 
this achiral background is reduced, and the electric dipole-
magnetic dipole transitions responsible for CD become a frac-
tionally larger part of the measured signal. The experiment was 
repeated without the end mirror, removing the standing wave. 
The “superchiral” setup resulted in a ≈10 times increase in dis-
symmetry factor g, however in this case the optical chirality C 
of the field itself is not uniquely high. The enhanced dissym-
metry is born from the low electromagnetic energy density at 
the nodes of a superchiral standing wave. However, it is worth 
to note that, thanks to near-field localization effects, the dis-
symmetry factor enhancement reported by Hendry at al. is sev-
eral orders of magnitude higher than the one experimentally 
obtained by Tang and Cohen.

Several works, aiming to find a deeper understanding of the 
origin of the enhancement of the dissymmetry factor and on 
the physical meaning of the Lipkins zilch Z00, were devoted to 
the study of the interaction between chiral fields and matter. 
For example, Cameron and Barnett argue that Lipkin’s zilches 

have limited physical meaning, since they do not actually have 
units of angular momentum.[227] Lipkin’s zilches describe the 
angular momentum of the curl of the field, rather than that of 
the field itself. While Tang and Cohen use Lipkins zilch Z000 to 
explain their experimental results in the context of “superchiral” 
light, Cameron and Barnett propose that the physical quantity 
of interest is the ij-infra-zilch “helicity density” N000. They show 
that, for a monochromatic wave, the time-averaged components 
of the Lipkin’s zilch tensor are proportional to the product of 
the time-averaged helicity and the square of the driving angular 
frequency. Therefore, Z000 = N000 for a plane monochromatic 
wave. They suggest that this proportionality is the reason for 
the apparent agreement between Tang and Cohen’s theory and 
experimental results. However, the ij-infra-zilches, thus the 
helicity-density array, provide a more general description and 
physically meaningful measure of the chirality of the angular 
momentum of a field.

Moreover, there has been some debate about the role of 
orbital angular momentum (OAM) in optical interactions with 
chiral molecules out of paraxial regime. Indeed, it is established 
that within the paraxial approximation, the orbital angular 
momentum of a field cannot probe the chirality of a molecular 
system. Only spin (polarization) can result in enantioselective 
excitation of chiral molecules. Nevertheless, in general, the 
spin and orbital contributions to the total angular momentum 
cannot be considered separately. Rosales-Guzmán et al. demon-
strated that, according to Tang and Cohen’s calculations and 
definitions of the dissymmetry factor, certain beam profiles 
with OAM can enhance the chiroptical response of molecules 
in local regions when compared to CPL with no OAM.[230] They 
consider a coherent superposition of two linearly polarized 
Bessel beams, with complex amplitudes A and B and indices  
m = +1 and m = −1 respectively. It is noted that at the center of 
the Bessel beams, the transverse components of electric and mag-
netic fields vanish. However, longitudinal components survive.

For the Bessel beams considered, it is shown that the elec-
tric and magnetic fields oscillate with a π/2 relative phase shift 
and only the longitudinal components do not cancel, resulting 
in a non-zero value for optical chirality C from Equation (34). 
The authors show that, if either A or B = 0, then, at the center 
of the beam, the dissymmetry factor approaches the value of 
CPL. However, if |A|∼|B| then strong dissymmetry enhance-
ment exists, at certain polarization angles, dependent on the 
relative phase shift between the two beams. Additionally, 
similar to observations by Tang and Cohen, as the amplitudes 
approach |A| = |B|, the total electric field at the center of the 
beam vanishes while dissymmetry increases. In the configura-
tion proposed by Tang and Cohen, the molecular sample must 
be located carefully at the node of a standing wave. Here how-
ever, the two beams are co-propagating, and, under the right 
conditions, enhancement exists throughout the entire resulting 
beam volume, thereby removing the standing wave require-
ment. Finally, it should be noted that the enhanced dissym-
metry in this case is achieved through a reduction of the energy 
density, like in the work by Tang and Cohen,[229] rather than 
through an enhancement of the local optical chirality C.

The origin of the enhanced dissymmetry was also investi-
gated by Andrews and Coles,[231,232] using a quantum electro-
dynamic (QED) approach. They examined a range of possible 
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experimental configurations with attention paid to the setup 
proposed by Tang and Cohen. They show that the differen-
tial absorption rate between molecular enantiomers has two 
terms: One depending on the difference in the mean number 
of left- and right-handed photons n nR L−  (as expected), and a 
second term, depending sinusoidally on the distance z from the 
mirror. It is shown that this second term arises from, and is 

proportional to, the uncertainty in photon populations ΔnLΔnR. 
They therefore claim that this second term is responsible for 
the enhancements reported by Tang and Cohen. An imme-
diate implication of this is that in systems with precise photon 
number states, the differential absorption (CD) cannot exceed 
that of circularly polarized light, under any configuration of 
beams, since the second term vanishes due to zero uncertainty, 
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Figure 13. a) Left panels: Time-averaged electric field strength at the wavelengths marked in the top panel, when excited by LCP light. All fields are 
calculated at the substrate interface of the sample and normalized by the incident electric field (E0). Right panels: Local optical chirality C, normalized 
by the magnitudes for LCP plane waves. Adapted with permission.[18] Copyright 2010, Nature Publishing Group. b) Optical chirality enhancement 
by a planar gammadion structure illuminated with LCP (top) and RCP (bottom) at a wavelength of 2.01 µm. Adapted under the Creative Commons 
Attribution License from reference[235] c) (Left) Optical chirality induced by a linear plasmonic nanoantenna illuminated with light polarized parallel 
to the antenna axis under normal incidence at resonance (217 THz). The values have been normalized by the optical chirality of CPL. (Right) The 
fundamental antenna mode exhibits strongest electric field intensity at the ends of the rod. The distribution differs significantly from the regions with 
strongest optical chirality. Adapted with permission.[236] Copyright 2012, Optical Society of America. d) Nanostructure geometry proposed for CD type 
measurements with incident linearly polarized light. When only two opposite corners of the array are accessible by chiral molecules, they experience 
a non-zero net optical chirality. Adapted with permission.[236] Copyright, 2012, Optical Society of America. e) Hybrid plasmonic “shurikens”. Polymer 
substrate with an indentation that is 80 nm deep (top). A templated plasmonic substrate is produced after depositing Au with a thickness T which is 
varied from 20 to 100 nm (bottom). The walls of the structure will always have a thin layer of gold hence a continuous film will be formed. Adapted 
under the terms of the Creative Commons Attribution License.[122]
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and the first term returns to a maximum at a beam of a single 
direction of CPL. The results of their study lead the authors to 
the conclusion that “although radiation states can exhibit addi-
tional chiral character by engaging orbital angular momentum, 
such features cannot produce exceptional signatures of chi-
rality in the associated spectroscopy”. Thus, only the optical 
spin angular momentum is relevant to CD measurements, and 
so introducing a physically distinct “superchiral” state is, they 
claim, redundant.

However, a complete QED theory to study chiroptical 
radiation matter interactions in the near-field has not been 
developed. From a basic point of view, standard quantization 
techniques cannot be applied when radiation-matter interac-
tions at the nanoscale, with evanescent, non-propagating fields 
are considered.[233,234] In the meanwhile, many authors pro-
posed different schemes to combine local field enhancements 
due to plasmon resonance and near-field patterns with high 
values of local optical chirality. Schäferling et al.[235] performed 
an extensive and detailed set of calculations to show that elec-
tromagnetic fields with strong optical chirality can be formed 
in the near-field of chiral plasmonic nanostructures. Their 
analysis aimed to identify the design principles for obtaining 
regions of very high local optical chirality. It is interesting to 
note that regions of positive and negative optical chirality are 
obtained thanks to localized plasmon excitation both when RCP 
and LCP incident light is considered (Figure 13b). This result 
is an indication of the fact that the near-field produced by a 
plasmonic structure can exhibit regions of high optical chirality 
even in a system with no geometric chirality at all.

In a further work by the Giessen group,[236] it is demon-
strated through numerical simulations that a 3-dimentionally 
achiral structure, such as a simple metallic rod, driven by a 
linearly polarized field in the y-direction (along the length of 
the rod), produces both regions of strong field enhancement 
and regions of high optical chirality. The authors show that the 
optical chirality is not just an artefact of local field enhance-
ment; it appears in different regions with respect to the field 
enhancement, as shown in figure (Figure 13c). Due to the sym-
metry of the system, the integral of the optical chirality over 
the whole system vanishes. For this reason, far-field optical 
chirality must be zero. They propose that the optical chirality 
forms from the interference between the incident and scattered 
fields showing that the magnetic component of the incident 
field, only present in x, interacts with the x-component of the 
scattered electric dipole field. The alternating sign of the optical 
chirality is therefore attributed to the distribution of the x-com-
ponent of the scattered electric dipole field.

This analysis leads to a proposal of a new chiroptical spec-
troscopy setup, where linearly polarized light excites achiral 
structures to form alternating regions of local optical chirality. 
However, regions of a particular sign are blocked by additional 
features, meaning that doped molecules can only bind to 
regions of the opposite sign of optical chirality, resulting in a 
net enantioselectivity (Figure 13d).

Davis and Hendry[237] provided another theoretical and 
numerical demonstration of local fields of non-zero optical 
chirality, from a geometrically achiral system. The optical chi-
rality of these local fields largely exceeds that of propagating 
circularly polarized light. The effect is attributed to interactions 

between the magnetic component (of the local surface plasmon 
evanescent field) and the electric component of the incident 
field. Unlike circularly polarized light, the local chiral fields 
do not rotate in time. In this sense, the field is spinless, like 
those described by Rosales-Guzmán.[230] The chirality is again 
described by longitudinal field components, in this case due 
to the interaction between the incident and evanescent fields, 
leading to local regions of non-zero optical chirality. The effects 
of chiral near-fields produced by plasmonic nanostructures 
were also experimentally investigated by Meinzer et al,[238] The 
authors reported measures of the chiral dissymmetry in the 
enhanced luminescence of achiral molecules in the presence of 
chiral plasmonic nanostructures. Optical chirality C of the near-
field is calculated, and compared to the differential enhance-
ment in photoluminescence between LCP and RCP excitation. 
Despite the far-field CD of the nanostructures being weak 
(∼10−5), the observed near-field dissymmetry is found to be 
∼10−1, showing significant enhancement. This enhancement is 
attributed to the high optical chirality of plasmonic near-fields, 
exceeding that of CPL.

Similarly, Schäferling et al. proposed plasmonic helix nano-
antennas that support chiral eigenmodes.[158] According to the 
authors’ findings, high optical chirality occurs within the volume 
inside the helices. Molecular chiroptical spectroscopy measure-
ments, within these regions, is expected to provide a 2 orders of 
magnitude enhancement, compared to probing with CPL.

Thanks to these promising results, several efforts have been 
devoted to the exploration of possible low-cost applications 
for disposable and tunable chiroptical devices. For example, 
Karimullah et al.[122] proposed plasmonic shuriken nanostruc-
tures on a polycarbonate substrate. A templating technique 
(highlighted in Section 3.2) is used to develop a means of rapid 
production. In this study the nanostructure had a shuriken 
shape, as depicted in figure (Figure 13e). The thickness of this 
top film can be varied, and is found to significantly affect the 
optical properties of the material. In this case, detection of 
nearby molecules can be performed by measuring the shift in 
the LSP resonances.[18]

The same structures have been used for the experimental 
demonstration of enhanced polarimetry for detection of pico-
gram quantities of proteins, utilizing evanescent near-field 
superchiral regions.[19] The authors attribute the increase in 
sensitivity to the steep field gradients of the evanescent fields. 
These gradients enhance the enantioselective quadrupolar 
molecular excitations. Simulations show the chiral dissym-
metry of the local fields to be an order of magnitude greater 
than that of circularly polarized light.

Beside the promising and stimulating experimental results 
on superchiral light, the concept should be approached care-
fully. For example, Finazzi et al. suggest, through FDTD simu-
lations, that for sub-wavelength nanoparticles in real metals, 
there is a fundamental limitation in their ability to generate 
local fields of high average optical chirality.[239] Furthermore, in 
order to realize plasmonic enhancement of chiroptical meas-
urements, the authors propose two methods: either to place 
molecules in specific regions where the nanostructure gener-
ates high optical chirality, or to ignore superchirality entirely 
and improve sensitivity through the plasmon enhanced local 
field intensity.
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According to Equation (34), regions of high optical chirality 
require the electric and magnetic fields to be parallel. This con-
dition is not found in propagating plane waves, however it can 
be easily achieved in evanescent near-field configurations.

Liu et al.[240] show, through simulations, that superchiral 
fields can form in hotspots created by surface plasmon reso-
nances in achiral nanoparticle dimers. The authors show that 
the CD is not related to the hotspot intensity in the gap between 
the nanoparticles. Instead, the CD is found to be related to the 
optical chirality. Although in some cases, the CD spectrum cor-
responded well to the extinction spectrum, this was not gener-
ally true. Generally, the spectral positions of CD peaks/valleys 
corresponded well to the spectral positions of local optical chi-
rality peaks/valleys. As a further evidence, experimental data 
are cited[241] that show how extinction (local intensity) does not 
correlate well to the measured CD. Liu et al. ran simulations of 
the expected CD and find those to be in good agreement with 
the experimental results, highlighting the role of optical chi-
rality. The proposed analysis is in contrast to the mechanism 
cited by Zhang and Govorov.[242]

Optical chirality has also been discussed, beyond nanoparti-
cles (in the context of propagating surface plasmon waves)[243] 
and beyond linear optics. Valev et al.[244] showed that both the 
chiral dissymmetry factor g and the second harmonic polariza-
tion Pi(2ω) are sensitive to the same electric quadrupole terms 
qijk = Ei∇jEk. Regions of high optical chirality could therefore 
correspond to regions of high intensity nonlinear emission. 
Since second-harmonic generation is highly sensitive to struc-
tural chirality, this results in an enhancement in measur-
able SHG chiroptical effects such as SHG-CD (discussed in 
Section 5).

To summarize, in very recent years, the superchiral light 
concept has grown into a fertile topic. Theoretical efforts were 
devoted to the understanding of optical near-fields that arise 
from light-matter interactions in chiral nanostructures.[245] It 
has been pointed out[233,234] that near-field spectroscopy could 
reveal new and interesting phenomena because in the presence 
of evanescent and/or longitudinal fields, standard response 
theory can no longer be applied, and the source and object have 
to be treated electrodynamically as one system. A clear physical 
interpretation of the relation between optical chiral density, 
enhanced dissymmetry, selectivity, and scattering properties 
could finally lead to the development of optimized characteriza-
tion techniques for chiral molecules on plasmonic nanostruc-
tured templates.

4.4. Negative Refractive Index

Nanomaterials enable the emergence of specific optical prop-
erties through design of the material geometry. For instance, 
such designs could lead to negative refractive index materials. 
The effects of negative refractive index (NRI) on light travelling 
through a medium were first described by Veselago,[246] who 
considered a medium with simultaneously negative permit-
tivity ε and permeability µ. He showed that a plate of negative 
index material could bring light from a point source close to 
the material to a second focus some distance behind the plate 
(Figure 14a), and suggested possible applications as a type 

of lens. The full potential of negative index lensing was later 
investigated by Pendry, considering both the propagating and 
evanescent wave contributions to image resolution.[247] Unlike 
traditional lenses where the evanescent waves decay with no 
chance of recovery, a negative-index material (NIM) lens ampli-
fies these waves. The ability to restore the amplitude and phase 
of evanescent and propagating waves respectively results in a 
“perfect lens”, able to image at resolutions beyond the diffrac-
tion limit.

Negative refractive index typically relies on simultaneous 
electric and magnetic resonances. This was first achieved 
experimentally by creating a composite metamaterial of both 
electric and magnetic resonators such as split-ring resonators 
(Figure 14b).[248] The magnetic resonance is provided by the 
split-ring (left), which acts as an LC (inductor-capacitor) cir-
cuit. Incident light drives a current I around the outer ring, 
forming a current loop and thus acting as an inductor. Charge 
builds up at the gap in the ring, resulting in a small capaci-
tance acting against the induced current. The combined effect 
of these results in a magnetic resonance. The inner ring then 
provides a large capacitive load in the gap between the concen-
tric rings, resulting in a lowered magnetic resonant frequency 
of the whole split-ring structure.[249] When combined with a 
simple wire (right) providing an electric resonance via dipole 
excitation at the same frequency, negative refractive index can 
be achieved. A wire lattice has a cutoff frequency below which ε 
is negative and the split-ring achieves negative µ above the SRR 
frequency. Compared to a single SRR, a double SRR has lower 
resonance frequency, which helps to achieve a region of spec-
tral overlap, where both ε and µ are negative.[250] This method 
however can be difficult to scale to shorter wavelengths, due to 
the composite nature of the inclusions.

An alternative route is to use a chiral metamaterial. It was 
shown in Section 4.1 that a chiral medium, one with a non-
zero chirality parameter κ, causes LCP and RCP waves to prop-
agate through the medium with different refractive indices. 
Equation (27) shows that if the magnitude of the chirality 
parameter is high enough such that | | r rκ ε µ> , the refractive 
index for one handedness of light will become negative.

This mathematical framework was discussed by Tretyakov 
et al. by considering a medium with a chirality parameter 
| | r rκ ε µ= . Such a material would achieve “chiral nihility”, 
with simultaneously vanishing ε and µ for one handedness 
of CPL. Tretyakov et al. also mentioned that a high chirality 
parameter could cause the effective refractive index to become 
negative.[251] Pendry presented the larger implications of nega-
tive refractive index.[252] He suggested that the design of a neg-
ative index perfect lens can be simplified by making use of a 
chiral resonance, mathematically describing the conditions 
required to develop such a material. Since achieving negative 
index in this scheme relies on a large chirality parameter κ, 
such metamaterials also lead to large chiroptical effects. This 
makes them well suited for ultra-thin optical components, for 
instance as CPL absorbers and polarizers.

The idea of constructing an effective medium with negative 
refractive index has also been theoretically suggested as a way 
to achieve repulsive Casimir forces. Zhao et al. proposed appli-
cations of this concept in nano-levitation, leading to extremely 
low friction nano-motors.[253] However, it has since been shown 
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that a repulsive Casimir would be quite difficult, in such nano-
materials.[254,255] The problem arises because, at the length 
scales involved, Van der Waals interactions dominate and, con-
sequently, the effective-medium approximations break down. 
It was later suggested that highly chiral nanomaterials could 
instead lead to a reduction of Casimir attraction by around 90%, 
rather than leading to repulsion as originally proposed.[256]

A number of chiral negative-index metamaterials have 
been demonstrated both numerically and experimentally. 
Research has focused largely on planar chiral metamaterials 
in the GHz and THz regime. However, a notable exception is 
found in experiments by Wiltshire and Pendry,[257] in which 
the proposal discussed previously by Pendry[252] is realized and 

experimentally verified to exhibit negative index at ∼80 MHz 
radio frequencies (≈3.7 µm). The chirality parameter was meas-
ured directly by examining the magnetic response to an applied 
electric field across the structure, via the current induced in a 
wire loop around the center of the structure. Although only a 
single structure was examined, an isotropic bulk medium con-
sisting of these would exhibit negative-index within the same 
frequency band.

Zhang et al.[258] demonstrated that chirality can be introduced 
into the geometry of an LC resonator metamaterial consisting 
of cross-wires connected between two layers (Figure 14c). The 
chirality is introduced by tilting the resonator loop out of the 
plane with its gap. The structure, in this particular geometry, 
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Figure 14. a) As divergent rays of light propagate through a negative refractive index material, they form a focus within the slab, and upon emerging 
are brought to a second focus behind the slab. This is the basis for using negative index to create a perfect lens. b) Schematic of a split-ring resonator 
structure based on the negative-index metamaterial demonstrated in ref. [248], showing both magnetic (left) and electric (right) resonators. c) (Left) 
chiral LC resonator structure. Chirality is introduced in the angle of the cross bar Θ. (Right) Experimentally retrieved refractive index for LCP (top) and 
RCP (bottom), showing region of negative index for LCP light. Reproduced with permission.[258] Copyright 2009, American Physical Society. d) Chiral 
“double-S” structure with 3-dimenisioinal chirality due to the angular shift between layers. Reproduced with permission.[259] Copyright 2009, American 
Physical Society. e) (Left) stacking of achiral cross structures with an angle between layers results in 3-dimenisonal chirality. (Right) Retrieved refrac-
tive index from simulations, for LCP (blue) and RCP (red), showing region of negative index for RCP light. Reproduced with permission.[261] Copyright 
2009, American Physical Society. f) (Left) PCB grid of chiral split-ring resonators forming a chiral 3D metamaterial. (Right) Experimentally retrieved 
refractive index for LCP (n− bottom) and RCP (n+ top), showing region of negative index for RCP light. Reprinted from[262] with the permission of AIP 
Publishing. g) Asymmetric chiral split-ring structure analyzed numerically, to show a strong dependence of the chiroptical response on structure 
geometry. Reprinted from[263] Copyright 2015 with permission from Elsevier. h) Bi-layered metamaterial consisting of triangular elements, numerically 
analyzed to demonstrate negative index. Reproduced with permission.[265] Copyright 2014, Elsevier.
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was found to exhibit negative refractive index in the infrared 
region (∼1 THz, ∼300 µm), which was verified through numer-
ical simulations. Around the same time, Plum et al.[259] dem-
onstrated a GHz negative index metamaterial by utilizing 
multiple stacked layers of a chiral double-S crossed geom-
etry (Figure 14d), revealing a band of negative-index between 
5–6 GHz (50–60 mm) for an optimized, 4-layered version 
of the structure. This principle was further developed by 
Zhou et al.,[260] where a bi-layered chiral metamaterial based on 
conjugated gammadion structures was found to exhibit large 
optical activity and negative index around a 6 GHz (60 mm) 
resonance, in both experiments and numerical simulations. In 
both of these examples, the chirality cannot be directly meas-
ured. Instead, a parameter retrieval method is used to obtain 
properties, such as impedance and effective refractive index, 
from transmission and reflection coefficients (referred to as 
S-parameters).

Similar work later demonstrated chiral negative index in 
multi-layered metamaterials that are achiral within a single 
layer.[261] Two layers of an achiral cross structure, with a rotation 
between layers (Figure 14e), were shown to exhibit strong polar-
ization rotation and negative index for GHz radiation. Beyond 
multi-layered planar structures, other three-dimensional geom-
etries have been shown to exhibit negative refractive index, for 
example a grid of crossed printed circuit board (PCB) strips has 
been used as substrate for an array of chiral split-ring resona-
tors (Figure 14f).[262] This three-dimensional non-planar meta-
material was experimentally and numerically found to exhibit 
strong optical rotation and CD in the GHz region, with a band 
of negative index around 7–8 GHz (≈40 mm).

Fabrication of metamaterials operating at IR and visible 
wavelengths pose significant challenges even though fabrica-
tion techniques are improving. By contrast, in recent years, the 
availability and efficiency of computational power has increased 
faster, allowing for a large set of structure geometries to be ana-
lyzed and optimized numerically.

The work by Jia et al.[263] provides an example of such 
simulated optimization. It demonstrates the ability to tune 
a relatively simple geometric parameter of a metamaterial to 
maximize the chirality, and achieve negative refractive index, 
within a desired frequency range. A bi-layered material based 
on asymmetric split-ring resonators (Figure 14g) was shown 
to exhibit negative refractive index in the NIR, with a depend-
ence on the geometric parameter responsible for the inclusion 
asymmetry (L1 in Figure 14g). By simulating many variations 
of this structure, the system could be optimized, and also give 
insight into the underlying mechanism, due to the ability to 
visualize charge and current density within the material. By 
optimizing a hollowed out (inverted) split-ring resonator struc-
ture, Jia et al. later demonstrated a metamaterial in which LCP 
and RCP light had five and eight refractive index frequency 
bands respectively between 100 THz and 900 THz.[264] In addi-
tion to using the simulations to optimize chirality, it was also 
shown that increased ring width and the size of the missing 
part of the ring (that gives the SRR its name) can blue-shift 
these resonances.

A wide range of structure types have been numerically 
investigated and demonstrated negative refractive index. For 
example, Giloan and Astilean[265] demonstrated negative index 

in a bi-layered planar metamaterial consisting of triangular 
gold elements (Figure 14h). Fang et al.[266] demonstrated a less 
common approach to inducing 3D chirality, by using a trench to 
“sink” the central region of a gammadion structure, resulting in 
strong chirality. This again was shown to exhibit strong optical 
rotation and negative refractive index in NIR radiation. Despite 
this, designs for chiral NIMs in the visible region remain some-
what elusive. Simulations have demonstrated negative index in 
achiral[267] and chiral[268] metamaterials through simultaneous 
resonances, however visible NIMs remain in the early stages of 
research.

4.5. Chiral Optical Forces

Optical trapping designates methods for capturing, trans-
lating or guiding particles with laser light. In the last 
years, several applications have been developed in phys-
ical, chemi cal, and biological fields, taking advantage of 
optical forces’ capability of pushing,[269] trapping,[270,271] 
and pulling[272] small molecules as well as micron-sized 
particles. In general, optical forces can be decomposed into 
their longitudinal and transverse components, which are 
parallel and perpendicular to the direction of light propaga-
tion, respectively. In particular, transverse or lateral optical 
forces (LOF) have recently attracted considerable attention 
through the discovery of unusual light modes with com-
plex field topologies.[273,274] However it has been shown 
that even for a single linearly polarized plane wave[220] or 
evanescent wave,[275] a chiral particle near a substrate can 
be subject to an LOF. The direction of this additional lat-
eral force depends on the chirality of the mole cule making 
it possible to obtain enantiomeric selection by mechanical 
separation.

In order to obtain an intuitive understanding of the origin 
of the optical force, we start from the expression of the time-
averaged force acting on a dipolar chiral particle:[276]
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It can be shown that the first and second term of 
Equation (45) can be written as[220]: 
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are the electric and magnetic parts of the time-averaged spin 
angular momentum (SAM) densities associated with the polari-
zation of light. For the cross-coupling terms, we have: 
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The last part of the equation can be written as: 
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Combining equations (46)–(51) we obtain the final expres-
sion for the force[277]: 
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The first term of the force, 〈F〉grad = ∇U, corresponds to 
the gradient force. The second term, proportional to the 
time-averaged Poynting vector modulus, represents the radia-

tion pressure 
c

radFF SS
σ〈 〉 = 〈 〉. The third, fourth and fifth terms 

represent the force due to the curl of the time-averaged spin 
angular momentum (SAM) densities plus the curl of 〈S〉 that is 
recruited by the particle chirality emα′′ α″em: 〈F〉curl = ∇ × (cσe〈Le〉 +  
cσm〈Lm〉 − α″em〈S〉). The sixth and seventh terms correspond to 
a force that is originated by the coupling of the particle chirality 
to SAM densities: 〈F〉chir = ωγe〈Le〉 + ωγm〈Lm〉. For achiral parti-
cles γe = γm = 0 and this term vanishes. Finally, the last term is 
related to an alternating flow of the stored energy in the par-
ticle, it vanishes for a plane wave, where �EE HH× =Im( ) 0* .

We note that there is a contribution due to the chirality of 
the particle to 〈F〉grad, 〈F〉rad and, 〈F〉curl, however they are non-
zero also for achiral particles. On the other hand, 〈F〉chir is exclu-
sively related to the chiral response of the particle. Depending 
on the system under investigation different contributions can 
arise from different terms.[278,279] For chiral particles, the most 
interesting property is that the resulting forces and torques are 
dependent on the handedness, through the terms γe and γm, 
that are both depended on � emα  in Equation (44). This opens up 
intriguing possibilities to mechanically separate chiral objects 
according to their handedness, using chiral light forces.

Different works report both numerical and experimental 
results showing pulling as well as lateral forces and torques on 
chiral dipoles and/or on chiral dimers. For example, in refer-
ence[220] it is numerically and analytically shown that a lateral 
force acting on a chiral particle originates from the presence 
of a substrate, even for a linearly polarized incident light. In 
this case, the handedness of the particle, in combination with 
light reflected from the substrate surface, gives rise to a non-
zero lateral force. This “sideways” force pushes the particles 
in different direction depending on their handedness. The 
authors show that for an incident plane wave propagating 
along the x-direction and polarized along the z-direction, 
in the presence of a substrate, the lateral component of the 
Poynting vector becomes asymmetric (see Figure 15a (ii)) and 
hence contributes to a lateral radiation pressure. Moreover, 
the presence of the reflected field from a non-magnetic sub-
strate is responsible for a non-vanishing electric SAM density 
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(see Equation (48) and Figure 15a (v)), which can also enable 
the ⟨F⟩chir contribution.

According to these basic principles, a chiral optomechanical 
separation scheme has been experimentally achieved on the 
micro-scale using circular Bragg reflection.[280] The authors 
show that material chirality can be sorted in a fluidic envi-
ronment by chiral light forces. With the aim to downsize this 
effect to the nanoscale, which is the relevant range for chiral 
biomolecules, several theoretical proposals have been made. A 
promis ing possibility is to use evanescent waves, related to exci-
tation of surface plasmon polaritons. Indeed, it has recently been 
shown that, under evanescent waves illumination, the interplay 
between chiral particles and optical SAM produces lateral forces 
that push in the direction of the SAM vector, or opposite to it, 
depending on the handedness, as shown in Figure 15b.[275]

The recent developments on enhanced chiral response in the 
near-field, mediated by excitation of localized surface plasmon 
polaritons suggest a further development of the potential appli-
cation of optical forces in chiral systems.[243,281–284]

For example, in reference[281] the authors numerically show 
that the optical force experienced by a chiral sphere, in relation 
to a surface plasmon mode, has a component along a direction 
perpendicular to the plasmon linear momentum. Moreover, 
this direction depends on the handedness. The physical origin 
of this lateral force resides in the transfer of electric plasmonic 

transverse spin angular momentum 〈Le〉 to transverse linear 
momentum. It is the chirality that mediates this transfer for the 
particle. The authors consider both dissipative and non-dissi-
pative systems with separate discussion for chiral spheres with 
either circular dichroism (imaginary part of the chiral para-
meter κ) or optical rotation (real part of κ) respectively. More-
over, a multipolar analysis was performed to examine the role 
of quadrupolar contributions. Interesting, in the case of larger 
particles, the lateral forces reversed sign. This reversal was not 
observed within the dipolar approximation.

The ability to control near-field properties by using plas-
monic nanostructures[225] made it possible to find a connection 
between optical forces exerted on a chiral molecule (described 
through its chiral parameter κ) by a sculpted near-field (charac-
terized by the optical chirality C as defined in Equation (33)). 
In particular, it has been shown that for a system exhibiting 
optical rotation (real part of κ) the reactive chiral force acting 
on a chiral molecule can be written as a function of the optical 
chirality C as:[282]

�c
c

C
rFF κ

ω
( )= ∇κ Re .

 
(59)

By contrast, the dissipative chiral force, related to circular 
dichroism (imaginary part of κ) is given as: 
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Figure 15. a) Time-averaged Poynting vectors (i) for an isolated chiral sphere, (ii) for a chiral sphere above a gold substrate and (iii) for a chiral sphere 
sandwiched symmetrically by two gold substrates. Time-averaged electric spin density (iv) for the isolated sphere, (v) for the sphere above a gold 
substrate and (vi) for the sphere sandwiched by two gold substrates. (vii) Lateral force acting on the chiral sphere above a gold substrate (blue) and 
sandwiched by two gold substrates (red) as a function of the chirality parameter κ. The blue line shows that the sign of the lateral force Fy depends 
on κ and it is zero for achiral particles (κ = 0). The red line indicates the lateral force vanishes in the sandwiched case. Adapted with permission.[220] 
Copyright 2014, Nature Publishing Group. b) Chirality-dependent lateral forces in an evanescent field. An evanescent field arises as light in a high index 
medium (n1) is totally internally reflected at the interface with a low index medium (n2) at an angle θ beyond the critical angle. Particles in an evanescent 
field with transverse spin angular momentum experience lateral forces depending on their chiral polarizability, with particles with opposite helicities 
experiencing lateral forces in oppose directions. (Inset) Totally internally reflected transverse electric (TE) and transverse magnetic (TM) waves give rise 
to evanescent waves that have transverse spin due to their elliptically polarized magnetic and electric fields. Adapted with permission.[275] Copyright 
2015, National Academy of Sciences. c) Schematics of exciting a chiral SPP by a near-field circularly polarized dipole (left). The distribution of the Ez 
component of a SPP excited by a near-field circular dipole on the x-y plane (right). It is clearly seen that the SPP inherits the circular character of the 
source. Reproduced with permission.[284] Copyright 2015, American Chemical Society.
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�c
c

dFF SSκ ( )( )= Φ − ∇ ×κ Im
2

.
 

(60)

Where Φ is the chirality flow, as defined:[225]

EE BB BB EE }{ ( )( )Φ = × ∇ × − × ∇ ×1

2
.
 

(61)

Alizadeh and Reinhard[283] suggested that bi-anisotropic 
metamaterials could produce chiral forces and fields. Espe-
cially, they investigated the behavior of optical chirality density 
and optical chirality flow around double split ring resonators 
(DSRRs). The authors demonstrated that such metamaterials 
can generate highly localized and enhanced chirality flows, in 
addition to high gradients of optical chirality. These could serve 
to enlarge chiral optical forces.

A similar result from the same authors was achieved in a 
different configuration.[243] The authors demonstrated, both 
analytically and numerically, that SPPs excited by near-field 
sources (a circularly polarized dipole) can exhibit rich and non-
trivial chiral characteristics. The data showed that excitation 
of SPPs by a chiral source enhanced the optical chirality not 
only locally but also as a net result. This configuration has been 
further investigated by the same authors. In reference[284] they 
showed that the transverse spin angular momentum of chiral 
surface plasmon polaritons leads to the emergence of trans-
verse optical forces in opposite directions for chiral objects of 
different handedness, as schematically shown in Figure 15c. 
The authors found that the gradient force that arises from the 
intensity gradient and the scattering force that is the result of 
the linear momentum transfer of the photon to the particle are 
comparable. Thus, it could be possible, in principle, to achieve 
optical separation of chiral biomolecules.

Finally, as another interesting application, a new fabrication 
method was reported for chiral nanoparticles. This method was 
based on the optical forces and torque acting on plasmonic 
structures. In reference[285] it was demonstrated that the orbital 
angular momentum of light can be transferred on the shape of 
melted nanostructures. Upon irradiation, helical nanoneedles 
were produces, whose handedness depended on the helicity of 
the optical vortex. Although the nanoneedles were rather large 
in size, similar formation (though achiral) with much smaller 
size have been achieved with the help of local field enhance-
ments.[286] It should therefore be very straightforward to pro-
duce correspondingly small, twisted nanoneedles.

5. Nonlinear Chiroptics

Just as nonlinear optical processes are sensitive tools in 
probing plasmonic nanostructures, plasmonic nanostructures 
are of great interest for their ability to enhance nonlinear 
optical processes. This relationship arises from the fact that 
nonlinear optical processes can be highly sensitive to symmetry 
and to surface/interface contributions. This is particularly true 
for second harmonic generation (SHG), which is forbidden in 
centrosymmetric materials, within the electric dipole approxi-
mation. Nanostructured materials exhibit a very high sur-
face-to-volume ratio and their numerous surfaces/interfaces 

constitute that many sources for SHG. Moreover, for plas-
monic nanostructures, the electromagnetic fields are enhanced 
precisely at these surfaces/interfaces where they can greatly 
enlarge the nonlinear response.[287] Additionally, in chiral plas-
monic nanostructures, the chirality breaks the centrosymmetry 
and constitutes another source of SHG. As a consequence of 
all these enhancements, nonlinear chiroptical effects are more 
prominent than their linear optical counterparts.[288,289] Impor-
tantly, nonlinear chiroptical effects arise through different 
mechanisms from those in the linear regime, providing com-
plementary information about the chirality of a system. In this 
section, the basic concepts of SHG in chiral media are reviewed 
along with nonlinear chiroptical effects, some of which have no 
linear counterparts.

In the linear optical regime, the induced polarization of a 
medium can be written as 

PP EEχ= ⋅ ,(1)

 
(62)

where χ(1) is the linear electrical susceptibility and E is the inci-
dent electric field. However, when the incident light is high 
intensity, usually provided by a laser, the induced polarization 
can no longer be described linearly. In the resulting nonlinear 
regime, the material polarization can be expressed in higher 
order terms as: 

P E E E E E Ei ij j ijk j k ijkl j k lω χ ω χ ω ω χ ω ω ω= + + +…( ) ( ) ( ) ( ) ( ) ( ) ( ) ,(1) (2) (3)

 (63)

where summation over repeated indices is implied. The 
terms ijkχ (2)

 and ijklχ (3)
 are the second and third order nonlinear 

susceptibility tensors, respectively. The subscripts i, j, k, and 
l are such that they can each take any of the three Cartesian 
directions and ω is the angular frequency. The simplest non-
linear process is SHG, where a component of the material 
polarization occurs at twice the driving frequency ω and hence 
radiates at 2ω — the second harmonic. The second harmonic 
polarization in the electric dipole approximation is given by,[290]

P E Ei ijk j kω χ ω ω=(2 ) ( ) ( ),(2)

 (64)

where i, j, and k are again the Cartesian directions and ijkχ (2)
 is 

a 3rd rank tensor with 27 components each of which is complex.
In the electric dipole approximation, second order optical 

processes are forbidden in materials with inversion symmetry 
(i.e., centrosymmetric materials). A material is said to possess 
inversion symmetry if it is left unchanged by the operation 
r → −r, where r is the position vector. That is to say, second 
order optical processes only occur in non-centrosymmetric 
media (the property of lacking inversion symmetry). Applying 
inversion symmetry to the second harmonic polarization, such 
that[291]

P E E P E Ei ijk j k i ijk j kω χ ω ω ω χ ω ω= → − = − −(2 ) ( ) ( ) (2 ) ( ( ))( ( )),(2) (2)

 (65)

leads to Pi(ω) = Pi(ω) = 0. Therefore, in the electric dipole 
approximation, SHG can only occur when inversion symmetry 
is broken. Accordingly, SHG has been employed as a sensitive 
tool in the study of surfaces and interfaces, where inversion 
symmetry is naturally broken. Chiral materials by definition 
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lack a center of inversion, meaning SHG can provide a sensi-
tive analysis of chirality.

Quantifying all 27 complex components of a material’s 
second order susceptibility tensor is a daunting task. However, 
it is possible to reduce the number of non-zero independent 
tensor components by using symmetry arguments, there-
fore making the task more tractable and rendering physical 
insight easier to grasp. Firstly, the choice of the experimental 
geometry can reduce the number of independent components. 
SHG experiments can be performed with two non-collinear 
laser beams of the same frequency, (i.e., the beams cross at the 
sample position). A simpler approach is to generate second har-
monic from a single laser beam. If only a single beam is used, 
then the incident fields Ej(ω) and Ek(ω) are essentially indistin-
guishable and it is possible to freely interchange them. Because 
the fields are indistinguishable, the indices j and k in the sus-
ceptibility can be permuted and, therefore, the number of inde-
pendent tensor components is reduced from 27 to 18.

According to Neumann’s principle, the symmetry of a crystal 
can also be applied to its physical properties.[292] We can chose 
a Cartesian coordinate system, such that the z-direction points 
along the surface normal and the x- and y-directions lie in the 
plane of the sample surface. For a surface that is isotropic and 
achiral, the second harmonic susceptibility can be expressed as 

(2 )
0 0 0 0 0
0 0 0 0 0

0 0 0
,(2)
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xxz
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χ χ χ
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(66)

where χzxx = χzyy and χxxz = χyyz which leaves only 3 non-zero 
independent components. For a surface that is isotropic and 
chiral, the second harmonic susceptibility becomes 
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(67)

where χxyz = χyxz and the all other dependencies are the same 
as achiralχ ω(2 )(2) .[293] As χxyz is the only new element introduced 
when the restriction of chirality is imposed, it is often referred 
to as the chiral component. It is this chiral component that is 
responsible for second order nonlinear chiroptical effects, such 
as second harmonic generation circular difference (SHG-CD) 
and SHG optical rotation (SHG-OR) in isotropic chiral media.

It is often convenient to work in the coordinate system of the 
incoming light. This coordinate system is defined by the direc-
tion of s-polarization (perpendicular to the plane of incidence), 
the direction of p-polarization (in the plane of incidence) and 
the direction of the wave vector of light. The unit vectors for 
the p- and s-polarization directions are related to the Cartesian 
system by 

ˆ ˆ ,
ˆ ˆ cos( ) ˆ sin( ),

s

p

ee yy
ee xx zzθ θ

=
= +  

(68)

where θ is the angle of incidence. The electric fields can now be 
expressed in their p- and s-polarized components. The general 

expression for the second harmonic electric field can now be 
written as[294]

E fE gE hE Ep s p sω ω ω ω ω= + +(2 ) ( ) ( ) ( ) ( ),2 2

 (69)

where the coefficients f, g, and h are complex and linear com-
binations of the tensor components of ijkχ (2). Fresnel factors can 
also be taken into account by absorbing them into the coeffi-
cients. The expressions of these coefficients depend on the 
symmetry of the medium, the angle of incidence and the polar-
ization of the SHG signal. For reflected SHG from an isotropic 
chiral surface the expansion coefficients are given by[295]
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(70)

where the subscripts p and s refer to the polarization com-
ponents of the SHG signal. It can be seen that fs and hp are 
equivalent and are the only coefficients to singularly depend on 
the chiral component. All the other coefficients are achiral. It 
is also possible to directly probe the chiral component of the 
second harmonic susceptibility. This can be done by using 
p-polarized light and analyzing the s-polarized SHG signal, 
thereby selecting only the chiral coefficient fs that contain the 
chiral tensor component χxyz.[296]

Second harmonic generation circular difference (SHG-CD), 
which is also referred to as SHG-circular dichroism, is the nor-
malized difference between SHG intensities upon illumination 
with RCP and LCP light. SHG-CD is defined as[297]

I I

I I
RCP LCP

RCP LCP

ω ω
ω ω

=
−
+

SHG-CD
(2 ) (2 )

(2 ) (2 )
,
 

(71)

where the subscripts RCP and LCP refer to the SHG intensity, 
for right- and left-circularly polarized light (CPL) incident on the 
medium. It should be noted that this expression for SHG-CD is 
normalized between −1 and +1. For a circularly polarized beam 
the electric field components are related by Ep(ω) = ±iEs(ω), 
where the upper and lower sign denote RCP and LCP, from 
the point of view of the source, looking along the direction of 
propagation, as the light moves away from the observer. The 
expression for the second harmonic intensity, when the inci-
dent beam is circularly polarized, is given by I(2ω) = |−f + g ± 
ih|2I2(ω)[298] which can then be used to find an expression for 
the SHG-CD in terms of the expansion coefficients f, g, and h, 
such that 

f g h g f h

f g h f g f g
=

− + −
+ + − +

SHG-CD
2[( ) ( ) ]

2( )
,Re Re Im Im Im Re

2 2 2
Re Re Im Im  

(72)

where the subscripts Re and Im denote the real and imaginary 
parts of the coefficients, respectively. It can be seen from this 
equation that for a circular difference effect to occur, a phase 
difference between the coefficients is required.
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Second harmonic generation optical rotation (SHG-OR, 
also referred to as SHG-optical activity), is a chiroptical effect 
whereby linearly polarized light incident on a medium results 
in an SHG signal whose polarization appears rotated. It can be 
seen as the nonlinear chiroptical equivalent of OR. However, 
because it is a background free technique, SHG-OR is usually 
three orders of magnitude larger than linear OR.[299] SHG-OR 
can be expressed as[50]

tan
(2 )

(2 )
.SHG-OR

1 E

E
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p

φ ω
ω
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−
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For p-polarized incident light this simplifies to, 

tan .SHG-OR
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From this it can be seen that SHG-OR depends on the ratio 
between the chiral and achiral components. The chiral coef-
ficient fs changes sign between enantiomers while the achiral 
coefficients do not change sign. Thus, for opposite handed 
media the SHG-OR changes sign.

A nonlinear chiroptical effect that has no linear counterpart 
is SHG-linear difference (SHG-LD). Linear difference effects 
manifest as a change in the SHG efficiency of an isotropic chiral 
surface when the incident light is linearly polarized at ±45° with 
respect to the p-polarization direction and is defined as,[297]

I I
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ω ω
ω ω
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−
+

+ −

+ −
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(2 ) (2 )
,45 45
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where the subscripts +45° and −45° denote the SHG inten-
sity for incident light with the respective orientation of linear 
polarization. The electric fields of these linear polarizations are 
related according to Ep(ω) = ±Es(ω), where the upper and lower 
signs denote +45° and −45° linear polarization respectively. The 
SHG intensity for these polarization directions is then given 
as I(2ω) = |f + g ± h|2I2(ω) which allows the SHG-LD to be 
expressed in terms of the expansion coefficients, 
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where the terms are as before and the expression is normal-
ized between −1 and +1. To the best of our knowledge there 
has yet to be a demonstration of SHG-LD in chiral nanostruc-
tures, although work has been done to addresses chirality with 
linearly polarized light.[300]

Other nonlinear optical processes can be used to study chi-
rality or characterize metallic nanostructures such as sum 
frequency generation, coherent anti-Stokes Raman spectros-
copy and higher harmonic generation.[301–303] Many of these 
nonlinear optical techniques have been developed during the 
study of chiral molecules.[304] However, a full description of 
these effects is beyond the scope of this review and have yet 
to be widely implemented in the study of chiral metallic 
nanostructures.

5.1. Nonlinear Chiroptical Materials

Due to the sensitivity of SHG to symmetry and surfaces, it 
was initially utilized as a tool to characterize nanostructures. 
For example, surface roughness and defects were studied in 
regards for their ability to enhance second harmonic genera-
tion (SHG),[305,306] because they break the symmetry. This was 
demonstrated on lithographically fabricated arrays of L-shaped 
nanoparticles, shown in Figure 16a, where the defects can be 
clearly seen. The symmetry breaking caused by the nanoscale 
defects was not detectable by linear optical measurements, how-
ever investigations using SHG revealed a strong influence on 
the chiroptical signatures. This highlighted the use of SHG as a 
powerful tool to study the fabrication quality of nanostructures.

Beyond fabrication quality control, SHG is also very pow-
erful for investigating the chiroptical behavior of plasmonic 
nanostructures. Valev et al. conducted the first chiroptical 
investigation of such nanostructures, with SHG microscopy. 
The authors revealed striking patterns of emission “hotspots”, 
see Figure 16b. The strength and distribution of these hotspots 
were found to depend on the handedness of the incident circu-
larly polarized light (CPL).[307] In Figure 16b, the SEM images 
in (i) and (iv) present the geometry of chiral G- and mirror-G-
shaped gold nanostructures, respectively. Depending on the 
direction of CPL (indicated with white arrows) and on the hand-
edness, the hotspot patterns change dramatically, as can be seen 
in (ii), (iii), (v) and (vi). There is a clear difference depending 
on the direction of CPL, i.e., an SHG-CD effect is observed. 
Moreover, this difference reverses with the handedness of the 
nanostructures, exactly as expected. In a subsequent paper, the 
location of these SHG hotspots was pinpointed on the surface 
of the nanostructures and was shown to correspond to regions 
of enhanced local fields, at the fundamental frequency.[308] The 
pinpointing was achieved by inducing material deformations 
(or nanojets[286]) at the hotspot locations, which could subse-
quently be mapped with scanning probe microscopy and com-
pared to numerical simulations.[309] Such hotspots were later 
reported in a variety of geometries, for instance O-shaped,[310] 
U-shaped,[311] and star-shaped[312] nanostructures.

Because SHG is such a highly sensitive technique, the fab-
rication quality of the nanostructures is crucial. A study of 
twisted-cross nanodimers, using SHG microscopy, found that 
fabrication defects could cause relatively large variations in the 
SHG response between individual nanodimers. However, the 
SHG-CD between twisted-cross nanodimers was found to be 
more consistent, highlighting the effectiveness of nonlinear 
chiroptical difference effects in probing nanostructure quality 
and symmetry over large arrays.[313]

The influence of fabrication defects can be diminished by 
the design of the material. This was shown in a study on star-
shaped nanostructures.[312] Simulations of the ideal, defect 
free, star-shape nanostructures demonstrated that local field 
enhancements were located at the center of the structure and 
occurred below the resolution limit of SHG microscopy. In 
arrays of fabricated star-shape nanostructures, the defects were 
mainly located on the arms of the stars. Despite these defects 
the SHG-CD response, measured using SHG microscopy, was 
found to be generally homogenous over the whole array of fabri-
cated star-shaped structures. This was explained by simulations 
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of the star-shaped structures with defects which demonstrated 
that the local field enhancements associated with the chirality 
of the ideal star-shape were stronger than local field enhance-
ments due to defects. Thus, it was demonstrated that nonlinear 
chiral nanostructures can be carefully engineered to utilize hot-
spots while reducing unwanted effects from fabrication defects.

Extensions and variations of nonlinear microscopy have 
been developed. One such example is nonlinear optical localiza-
tion using electromagnetic surface fields (NOLES) imaging.[314] 
Chiral bow-tie nanoantennas were investigated using the 
NOLES imaging technique, in conjunction with continuous-
polarization (rotating a quarter-wave retarding plate to scan 
all polarization states) and SHG-CD measurements, to quan-
tify magnetic dipolar contributions to the nonlinear chiroptical 
response.[315] Another proposed form of nonlinear microscopy 
extends polarization dependent measurements to also use 
cylindrical vector beams, where the state of polarization varies 
over the beam cross section. Techniques that use these vector 

beams vector-field nonlinear microscopy.[316] This technique 
should prove interesting in the study of chiral nanostructures 
as their optical responses depend strongly on the polarization 
of the incident beam.

The works discussed so far have used nonlinear microscopy 
to study the role of enhanced local fields in increasing nonlinear 
chiroptical responses. In general, local field enhancements are 
inhomogeneous and can alter a material’s response over small 
areas. The inhomogeneity of the local field can complicate 
the process of relating measurable macroscopic responses to 
microscopic mechanisms. It has been shown that local field 
enhancements due to plasmonic resonances are not strictly 
necessary to produce strong SHG optical activity (SHG-OA).[317] 
This was demonstrated by SHG-OR measurements performed 
off-resonance and at oblique angles on gammadion nanostruc-
tures. Despite being off-resonance the nanostructures still dis-
played strong SHG-OR, comparable to that of nanostructures 
under resonant excitation, thus demonstrating that plasmonic 
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Figure 16. a) SEM image of L-shaped nanoparticles whose SHG response was strongly affected by defects. Adapted with permission.[345] Copyright 
2006, Optical Society of America. b) (i) and (iv) SEM images of chiral G-shaped and mirror-G-shaped nanostructures, respectively, where the structures 
where highlighted with yellow lines. (ii), (iii), (v) and (vi) SHG microscopy images with rainbow color-coded intensity, demonstrating SHG-CD from 
the “hotspots”. The direction of incident CPL is indicated with oriented circles. Reproduced with permission.[50] Copyright 2013, John Wiley and Sons. 
c) Scanning electron micrograph (SEM) and surface charge density simulations of the N-shape sawtooth metamaterials. (Left) SEM of the N-shaped 
sawtooth metamaterial. Calculated surface charge density of N-type structure under LCP and RCP illuminations. (Upper right) Simulations of the 
interface between the structure and the substrate. (Lower right) Simulations of the sides of the nanostructures, as indicated by the white dashed lines 
above. Adapted under the Creative Commons Attribution License from reference[318] d) Schematic diagrams of 3D twisted arc enantiomers. Reproduced 
with permission.[320] Copyright 2014, John Wiley and Sons. e) (Left) Geometry of the nanoprism meta-molecule, comprised of four elements. (Right) 
Calculated electric field distribution of one of the meta-molecule enantiomers under LCP (L) and RCP (R) illumination. Reproduced with permission.[321] 
Copyright 2015, American Chemical Society.
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resonances are not a prerequisite for strong nonlinear chirop-
tical responses. The authors claimed that because the measure-
ments were off-resonance, and therefore any local fields would 
be relatively homogeneous, the SHG response of the nano-
structures could be analyzed within the approximation of a thin 
film.

Recently, SHG has been related to superchiral light. The elec-
tric quadrupole polarization at the second harmonic is given by 

�P E Ei
Q

ijkl j k lω χ ω ω= ∇(2 ) ( ) ( ) , where a dependence on the gra-
dient of the local electric fields can be seen. Strong gradients 
are present at local electric field hotspots. The gradients have 
also been shown to contribute to the chiral dissymmetry factor 
g from electric dipole-electric quadrupole interactions. These 
interactions are proportional to qijk = Ei∇jEk, which is of iden-
tical form to the SHG quadrupole contribution.[244] It follows 
that strong dissymmetry can correspond to both superchiral 
light and SHG enhancements.

Higher multipole terms, beyond the electric dipole approxi-
mation, can contribute significantly to SHG responses, as 
demonstrated by investigations of chiral sawtooth metamate-
rials made from N and mirror-N shapes, shown in Figure 16c 
(left).[318] Continuous-polarization SHG measurements dem-
onstrated signatures of multipolar contributions. The authors 
then used a nonlinear response tensor to provide a theoretical 
fit to the continuous-polarization experimental data. Fitting 
the data found that electric dipole contributions were generally 
weak, which was attributed to the mirror symmetry in the plane 
of the sample. It was suggested by the authors that the in-plane 
mirror symmetry causes electric dipoles on the top and bottom 
surfaces of the structure to partially cancel each other. This 
partial cancellation of the electric dipoles results in a reduced 
local-field enhancement and also a depleted contribution to the 
SHG. On the other hand, the partial cancellation of the surface 
electric dipoles creates an inhomogeneous field along the sur-
face normal of the structure, which is beneficial for multipole 
contributions.

The authors performed simulations of the surface charge 
density on the N-shape structure illuminated by CPL, shown 
in Figure 16c (right), to examine the contribution of multipoles 
to the SHG. Their simulations revealed that illumination with 
LCP light created stronger local field enhancements compared 
to illumination with RCP light, which can be seen in the sur-
face charge density simulations labelled LCP in Figure 16c 
(right). However, because of the symmetrical distribution of the 
surface charge density from incident LCP light, the emission of 
multipoles would be hampered. On the other hand, the weaker 
local fields induced by illumination with RCP light are asym-
metric and inhomogeneous which is favorable for multipole 
sources capable of radiating along the surface normal, resulting 
in a stronger SHG response.

The spatial distributions of local field enhancements can also 
play a key role in the SHG response of a material, as demon-
strated in studies on Archimedean nanospirals.[319] It was found 
that the intensity of SHG emission from the Archimedean 
nanospirals was dependent on the incident polarization and 
the resulting excited plasmon mode. Nanospirals incident with 
RCP light established a focusing mode with electrons driven to 
the central point. The focusing mode creates a single dominant 
point of SHG emission that is linearly polarized but also rotated 

with respect to the incident polarization. Conversely, illumina-
tion with LCP light appears to cause multiple regions of strong 
near-field enhancement spread over the entire nanospiral 
structure. The direction of SHG emission also varied between 
the spread-out regions of enhancement. It was suggested that 
the spatial distribution and varying emission direction of the 
numerous SHG sources caused them to destructively interfere 
and create a weaker and depolarized response.

Recently a few works have used chiral nanostructures with 
multiple elements in a unit cell to create images that can only 
be viewed with SHG-CD. For example, 3D twisted arc metama-
terials have been used to create such SHG-CD images.[320] The 
3D twisted arc consists of two arcs that are horizontally and 
vertically offset from one another, as shown in Figure 16d. Uti-
lizing the strong and opposite SHG-CD of the enantiomorphs 
the authors created a logo which could be imaged with high 
contrast using SHG microscopy.

This method of creating images with enantiomorphs has 
also been achieved with 2D meta-molecules, comprised of 
nano-prisms (triangles) arranged in a chiral fashion, as shown 
in Figure 16e (left).[321] An image is created by using one enanti-
omer of the meta-molecule as a background while the opposite 
enantiomer creates the picture. The subwavelength nature of 
the individual meta-molecules renders linear imaging methods 
ineffective. However, because of the high SHG-CD contrast 
between the meta-molecule enantiomorphs, it is possible to 
image the picture using circularly polarized SHG microscopy. 
Simulations of the electric field distribution of one enantio-
morph of the meta-molecule, when incident with LCP and RCP 
light, are shown in Figure 16e (right). The simulations demon-
strate that the electric field is highly concentrated in a localized 
area on the left-handed enantiomer when incident with LCP 
light. This highly localized field enhancement is suggested to 
be the origin of a strong SHG response because it allows for 
coherent SHG emission from a single point. On the other 
hand, when the left-handed enantiomer is incident with RCP 
light, the electric field is distributed mainly on the outer edges 
of the structure. This results in destructive interference in the 
far-field and causes a weaker SHG response.

Multifunctional nonlinear chiral nanostructures have also 
been proposed. A chiral metamaterial consisting of two con-
tinuous metal films, each with elliptical holes angularly offset 
from one another, have shown promise for multifunctional 
applications.[322] Upon illumination with CPL, the minima 
in the linear transmittance spectrum of the films coincide 
spectrally with the maximum response in the SHG spectra. 
The spectral overlap between the transmittance minima and 
SHG maxima suggests that the increase in SHG conversion 
efficiency was due to conventional near-field enhancements 
produced by linear resonances. The continuous nature of the 
perforated films allows for investigations of their electro-optical 
properties. It was found that illuminating the films with CPL 
produces a net current across the structures. The polarity of 
the current is dependent on the handedness of both the film 
and the polarization of the incident light. The chiral sensitivity 
of the current is attributed to the photon drag effect and the 
authors suggest that similar continuous chiral films could find 
applications in simultaneously processing chiral information 
electrically and optically.
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From previous work on chiral molecular films, it is known 
that the anisotropy of a medium and the chirality of the 
experimental setup can affect to the nonlinear chiroptical 
response.[323–326] In fact, measurement techniques have been 
demonstrated to avoid the issue and overcome “false” chiral sig-
nals by illuminating the samples at normal incident.[327,328] Yet 
it is clear that only a full understanding of the interplay between 
the various contributions to the nonlinear signal will provide 
full access to the chiral information of arbitrary systems. Com-
prehensive studies of chiral G-shaped nanomaterials have 
explicitly addressed the significant effects that anisotropy can 
have on the SHG chiroptical responses. The anisotropic cou-
pling of plasmon modes to the incident polarization was found 
to explain azimuthally dependent enhancements of the SHG 
response of planar G-shape structures.[329] It was also found 
that anisotropy affected the SHG-OR of four-fold supercell 
G-shaped nanostructures, as the degree of polarization rotation 
was dependent on the azimuthal orientation of the sample.[330] 
Later work examined the effect of anisotropy on the SHG-CD 
of the supercell G-shape structures and, again, found a strong 
dependence on sample azimuthal rotation as well as on the 
angle of incidence, with the SHG-CD even changing sign.[331]

Very recently, influence of anisotropy has been studied 
in the case of a metamaterial composed of nanohelices with 
substantially sub-wavelength dimensions (<λ/10).[168] For the 
first time, the various rotational anisotropies that affect the 
SHG-CD signal were clearly identified. The authors performed 
continuous-polarization measurements for all azimuthal ori-
entations of the metamaterial surface. These measurements 
provided a map of the anisotropy, from which the different ani-
sotropy contributions to the SHG response were extracted and 
identified.

Other nonlinear processes such as two-photon luminescence 
(TPL) and third harmonic generation (THG) have been studied 
in chiral nano-systems. For example, quantum dots (QDs) have 
been embedded into 3D twisted arc metamaterials.[332] Embed-
ding the QDs into the metamaterial host enhanced the TPL-CD 
of the local QD emitters. The observation of TPL-CD was also 
reported from silver nanoparticles arranged in a chiral fashion 
on a dielectric helical template.[159] Third harmonic generation 
circular difference (THG-CD) effects have recently been dem-
onstrated in a chiral metamaterial covered with organic conju-
gated polymer (PFO).[333] Symmetry selection rules for the THG 
of nanostructures coated with PFO have been investigated with 
structures of various symmetries.[334] Theoretical studies of 
metal-insulator-metal chiral gammadion nanostructures pre-
dicted a strong THG-CD response, which could be used in the 
design of a Fresnel zone plate.[301]

Magneto-chiral effects (see Section 3.8) exist in the non-
linear optical regime as well. Magnetization-induced second 
harmonic generation[335] (MSHG) is a highly sensitive tech-
nique that can probe magnetization down to the atomic mon-
olayer[336,337] at surfaces or even buried interfaces,[338] though 
care should be taken to avoid artefacts.[339] The technique can 
be applied to magnetic nanoparticles[340–342] and has been used 
to study chiral magnetic nanostructures.[343] It was found that 
switching the direction of magnetic field in nickel G-shaped 
nanostructures produced the same kind of effect as switching 
the handedness of gold G-shaped nanostructures.[296]

6. Concluding Remarks and Outlook

Throughout the 19th and 20th century, chirality has been mostly 
associated with chemistry. However, while chirality can be very 
useful for understanding molecules, molecules are not ideal for 
understanding chirality. Ideally, we would like to tune chirality 
while measuring the chiroptical effects in order to identify the 
optimal responses and determine the underlying physical pro-
cesses with certainty. For instance, it would be useful to tune 
the geometry from one enantiomer to the other, through an 
achiral state, or from planar 2D chiral systems to 3D chiral 
systems, over several pitches. However, for complex chiral 
molecules, it can be extremely difficult to fabricate both enan-
tiomers, let alone to create an achiral form of the molecules 
and study intermediate configurations. Within this context, 
chiral metal nanostructures offer an unprecedented flexibility 
of design. For example, with modern nanofabrication tech-
niques, it is possible to nanostructure a metal surface with vir-
tually any chiral pattern we can conceive of, as well as to morph 
one shape into another by producing numerous intermediate 
geometries. Thus, while molecules remain an important focus 
of chiral plasmonic nanomaterials, the field has achieved suf-
ficient maturity to stand on its own.

Fabrication is an overarching challenge throughout the 
entire field. For instance, in the case of nanoparticle systems, 
the majority of work has revolved around using noble metals, 
such as gold and silver. There is a trend however towards inves-
tigating other materials, such as aluminum and magnesium. 
Such materials possess plasmon resonances that are close to the 
UV, where many molecules exhibit strong optical activity. An 
improved molecule-nanoparticle interaction can therefore be 
expected, yet preparing aluminum nanoparticles is notoriously 
difficult. In the case of planar chiral nanostructures, electron-
beam lithography is widespread tool, but it is expensive and 
results in very small arrays. There is a need for low-cost, large-
scale manufacturing and promising techniques are emerging 
to meet the challenge. Yet, research is already evolving towards 
multi-layered chiral systems that are pushing the limits of 
advanced nanofabrication. The challenge here is to ensure 
precise alignment of the successive layers. Additionally, free-
standing, three-dimensional chiral networks can be observed in 
nature as photonic crystals that are responsible for the color on 
the wings of (certain) butterflies. There is a biomimetic trend 
towards miniaturizing such designs; gyroid networks are prom-
inently emerging at the optical metamaterial scale. It is proving 
quite difficult though to realize large domains of single gyroid 
metamaterials. It should be noted that with increasing design 
complexity, understanding the behavior of the materials also 
becomes increasingly difficult. The 3D gyroid network is a good 
illustration of this complexity as, though it is certainly chiral, 
the handedness depends on the crystallographic directions.

Physical understanding is another overarching challenge. 
There is no single figure of merit that could be used to compare 
the behavior of all the various chiral nanostructures. Two chi-
rality parameters though are emerging as very powerful tools: 
one is geometrical chirality and the other is optical chirality. 
While the former focusses on the chirality of the structure, the 
latter focusses on that of light. Geometrical chirality plays a fun-
damental role in negative refractive index materials. However, 
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the fabrication of nanostructures for use at optical frequencies 
remains a barrier to possible applications, together with optical 
loss. Nevertheless, important progress is being made through 
numerical simulations. For its part, the research into optical 
chirality has benefited a lot from the strong keyword “super-
chiral light”. Several exciting systems and mechanisms have 
been proposed to enhance the chiroptical responses of mol-
ecules using superchiral light. However, the term itself is still 
subject to lively discussion in the research community.

Within this context, helical nanomaterials constitute a con-
venient test bed for both geometrical and optical chirality 
parameters. Crucially, there have been some remarkable recent 
advancements in the fabrication procedures for single nanohel-
ices, rotationally symmetric multiple helices and substantially 
sub-wavelength nanohelices. We anticipate that this archetyp-
ical chiral geometry will be key for the future development of 
the field, both in the linear and the nonlinear optical regime.

Nonlinear chiroptical materials are emerging as an impor-
tant direction of research. A chief challenge is to understand the 
local physical mechanisms that are responsible for strong non-
linear chiral hotspots, in order to enable meaningful nonlinear 
light-molecule interactions. Equally important is the need for a 
rigorous theory of nonlinear optics, for chiral metamaterials that 
would enable us to benefit from higher order multipolar contri-
butions. Overall, compared to linear optics, nonlinear optics of 
chiral systems is in its infancy. For instance, there is no clear 
link between the geometrical parameters of chiral materials and 
the nonlinear susceptibility tensors. And while a connection 
has been established between the quadrupolar contributions to 
optical chirality and the quadrupolar contributions to SHG, the 
specific ways to benefit from the connection are unclear. The 
interplay between chirality and anisotropy is also not as well 
understood in nonlinear optics as it is in the linear case.

For linear and nonlinear systems, extrinsic chirality can com-
plicate the intrinsically chiroptical response. This is especially 
true for the more complex, 3D geometries. Disentangling the 
two is a challenge, yet, when well separated, these effects could 
lead to applications where the intrinsic chirality is enhanced or 
reduced by varying the experimental geometry. An intriguing 
application would be to construct easily tunable chiroptical 
devices.

By contrast, any applications of magnetochiral effects seem 
far in the future. These effects have been elusive for over a hun-
dred years and the research into related materials is just begin-
ning. An interesting avenue in this direction is to explore the 
relationship to toroidal chirality, however it should be pointed 
out that the magnetochiral effects reported so far are very weak.

Weak signals are also a chief obstacle for realizing the poten-
tial of surface enhanced Raman optical activity. Due to the low 
signal-to-noise ratio, artefacts constitute a major nuisance. Nev-
ertheless, just as Raman scattering has benefited tremendously 
from surface enhancements, we believe that Raman optical 
activity stands to greatly benefit from plasmonic nanoparticles.

In this review, we also sought to attract attention to another 
area that is still underdeveloped but is growing rapidly, namely 
the use of chiral optical forces. So far, there have been several 
theoretical investigations of the topic but few experimental 
realizations. Yet the theory is very attractive and we believe that 
this area will grow. Potential applications can be envisioned in 

chiral separation, where selective optical forces could distin-
guish between chiral molecules/nanoparticles and sort them by 
handedness.

In recent years, DNA origami has become a fascinating tool 
for exploring the chiroptical effects in plasmonic nanostruc-
tures. DNA offers remarkable precision for the 3D assembly of 
nanoparticles. The fact that the molecule is itself chiral is both 
a blessing and a curse. On the one hand, it is highly convenient 
to study this particular molecule’s chiroptical enhancements 
due to plasmonics. On the other hand, it complicates the study 
of additional chiral molecules or of the chiral nanoparticle 
assembly itself. Whatever our predictions though, surprising 
new directions of research are bound to emerge from this cap-
tivating playset, such as, for instance, the monitoring of the 
actuation of nanorobots.

To conclude, we have seen that the field of chiral plasmonic 
nanoparticles is emerging as an exciting area of scientific 
research rich in possibilities.
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S. Gómez-Grańa, M. Žinić, M. M. Cid, L. M. Liz-Marzán, Angew. 
Chemie - Int. Ed. 2011, 50, 5499.

[79] Z. Fan, A. O. Govorov, Nano Lett. 2010, 10, 2580.
[80] B. Auguié, J. L. Alonso-Gómez, A. Guerrero-Martínez, 

L. M. Liz-Marzán, J. Phys. Chem. Lett. 2011, 2, 846.

http://www.lumerical.com/
http://www.lumerical.com/
http://www.rsoftdesign.com


www.advancedsciencenews.com

1700182 (43 of 46)

www.advopticalmat.de

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Optical Mater. 2017, 5, 1700182

[81] S. Efrima, Chem. Phys. Lett. 1983, 102, 79.
[82] S. Efrima, J. Chem. Phys. 1985, 83, 1356.
[83] H. Kneipp, J. Kneipp, K. Kneipp, Anal. Chem. 2006, 78, 2853.
[84] S. O. Pour, S. E. J. Bell, E. W. Blanch, Chem. Commun. 2011, 47, 

4754.
[85] M. Sun, Z. Zhang, P. Wang, Q. Li, F. Ma, H. Xu, Light Sci. Appl. 

2013, 2, e112.
[86] J. Xia, Y. Feng, L. Zhu, Z. Zhang, L. Xia, L. Liu, Plasmonics 2014, 9, 

673.
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