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Chirality and Chiroptical Effects in Plasmonic
Nanostructures: Fundamentals, Recent Progress, and

Outlook

Ventsislav K. Valev,* Jeremy J. Baumberg, Concita Sibilia, and Thierry Verbiest

Strong chiroptical effects recently reported result from the interaction of light
with chiral plasmonic nanostructures. Such nanostructures can be used to
enhance the chiroptical response of chiral molecules and could also sig-
nificantly increase the enantiomeric excess of direct asymmetric synthesis
and catalysis. Moreover, in optical metamaterials, chirality leads to negative
refractive index and all the promising applications thereof. In this Progress
Report, we highlight four different strategies which have been used to achieve
giant chiroptical effects in chiral nanostructures. These strategies consecu-
tively highlight the importance of chirality in the nanostructures (for linear
and nonlinear chiroptical effects), in the experimental setup and in the light
itself. Because, in the future, manipulating chirality will play an important
role, we present two examples of chiral switches. Whereas in the first one,
switching the chirality of incoming light causes a reversal of the handedness
in the nanostructures, in the second one, switching the handedness of the
nanostructures causes a reversal in the chirality of outgoing light.

1. Introduction

From small metal clusters of atoms to continuous metal sur-
faces, and through the whole range of molecular materials,
nanomaterials, hybrid materials, bio-materials and metamate-
rials, chirality splits the material world into left and right and,
sometimes, into right and tragically wrong. In his Baltimore
lectures on molecular dynamics and the wave theory of light,
Lord Kelvin defined chirality as follows: “I call any geometric
figure, or group of points, chiral, and say it has chirality if its
image in a plane mirror, ideally realized, cannot be brought
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to coincide with itself”.!l The word “chi-
rality” derives from the Greek yeip (kheir),
which means “hand” and, by extension,
a chiral object is said to have left or right
handedness. Besides hands, living organ-
isms have a large number of chiral con-
stituents. For instance, all the essential
amino acids (except glycine) are chiral and
all of them have the same handedness.
This happens despite the fact that the
energy of both chiral forms is equal and
their formation has equal probability in an
achiral environment. However, only one
of the two occurs in nature and the par-
ticular handedness involved is the same
in humans, animals, plants and micro-
organisms. Chirality seems to be a basic
characteristic of living matter and perhaps
even a requirement for life. If one day
molecular nanoengineering is to replicate
the self-assembling mechanisms of life,
it is likely that chirality will play a crucial role in this future
nanotechnology.

As we scale down the dimensions of bulk materials to the
nanoscale, unique physical properties are revealed. These
properties often arise from the increase in surface-to-volume
ratio and from the geometrical confinement of the electrons.
A good example can be found in localized surface plasmons
(LSP), which are oscillations of free electrons in metals that
couple with the electromagnetic field of light.? These LSP can
concentrate the electric field at the surface of nanostructures to
very small spots - the hotspots - which can then serve as minia-
ture molecular reactors. Within such hotspots, photochemical
reactions,®! chemical transformations,! and catalytic reac-
tions can take place.>l These processes are facilitated by the
large amplitude of the local electric fields that can give rise to
impressive signal enhancements, as in the case of Raman scat-
tering,”) which can be increased up to fourteen orders of mag-
nitude.®% In most cases though, hotspots are highly symmetric
and consequently they can be of little use to asymmetric (or
chiral) chemical reactions without specifically chiral precursors.
Moreover, these hotspots seem to behave essentially as “lenses”
for concentrating the field of light. Should the plasmonic
nanostructures (10-1000 nm) be chiral, the typical size differ-
ence with molecules (< 1 nm) is so large that at first glance it
is hard to imagine what could possibly be accomplished with
the help of plasmonic nanostructures that cannot be done with

wileyonlinelibrary.com

.-
-
o
@
-
m
w
w
.
m
v
o
3



http://doi.wiley.com/10.1002/adma.201205178

&
o
A
|
[
(]
(2]
]
[
o
)
(-5
(-

2 wileyonlinelibrary.com

ADVANCED
MATERIALS

www.advmat.de

sufficiently concentrated light alone. Before considering the
importance of plasmonic nanomaterials, let us first consider
the classes of chiroptical effects.

Although crucial, chirality is a difficult and subtle property to
study scientifically. The reason is that whereas science thrives
upon quantifiable information, chirality is essentially a Boolean
data type and universal measures have been problematic: an
object is either chiral or not. This difficulty can be circumvented
because chirality gives rise to several chiroptical effects, which,
being quantifiable, serve to informally classify substances as
more or less chiral. Chiroptical effects originated from the fact
that, in chiral molecules (or enantiomers), both the refractive
index and the extinction coefficient differ for left- and right-
hand circularly polarized light. On the one hand, the difference
in refractive index causes optical rotation, which is a rotation of
the plane of linearly polarized light upon interacting with chiral
molecules. On the other, the difference in extinction coefficient
causes circular dichroism, which is measured as a difference in
transmission within chiral molecules, for left and right-hand
circularly polarized light. Chiroptical effects are used to deter-
mine the enantiomeric excess (or chiral purity) of molecules
and the conformation states of biological molecules. More gen-
erally, the entire field of chiral photochemistry rests upon the
use of chiroptical effects, since these can induce asymmetric
synthesis and catalysis.'% In all natural materials though, chi-
roptical effects tend to be very small. As we shall see, plasmonic
metal nanostructures not only lead to giant chiroptical effects,
but also to some entirely new concepts in physics.

In many organic molecules, chiroptical effects are associated
with the tetrahedral bonding structure of carbon that gives rise
to chiral centers. At the scale of a few atoms, metal clusters too
can be intrinsically chiral.l'!] Moreover, such clusters have mal-
leable electronic properties and even achiral clusters can have
chirality bestowed upon them by the presence of chiral surface
molecules.'” Cluster/molecule chiral nanocomposites are the
subject of intense investigation!'?! as the chiroptical effects in
them are highly tunable by changing the clusters’ size, geom-
etry, spatial arrangement with respect to one another and the
nature of the surface molecules.'* However metal clusters,
typically smaller than 3(£2) nm, present discrete energy level in
their electronic structure rather than the bands of bulk metal,
and consequently they are described as semiconducting and
cannot support plasmon resonances. In plasmonic nanostruc-
tures, the metal atoms tend to form highly symmetric geom-
etries and, as the size of the nanoparticles increases towards
dimensions where the (quasi) bulk metal properties emerge,
the optical activity due to intrinsic chirality almost disappears;
but not entirely.['’!

The reason why clusters of metal atoms exhibit chiroptical
effects is the symmetry breaking of a few atoms within the
crystal lattice. The presence of such asymmetric atoms is not
so much related to the size of the nanoparticles as to their
crystal lattice. Even continuous metal surfaces can exhibit
an abundance of chiral centres; these are the so called kink
atoms of high Miller index surfaces, such as Ag(643). In this
case, the chirality of the surface arises from single atoms, for
instance one at which the (001), (011), and (111) surfaces of a
cubic lattice intersect. Moreover, the adsorption of chiral mole-
cules on an achiral continuous metal surface can provoke the
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local relaxation of metal surface atoms causing the surface to
become chiral. This is known as chiral footprinting, and has
been reported from (R,R)-tartaric acid on Ni(110),1% or (R,R)-
bitartrate on Cu(110)."7] Therefore, nanopatterning continuous
chiral metal surfaces could in principle result in chiral plas-
monic nanoparticles. Moreover, just as with clusters, chirality
can be achieved in plasmonic nanoparticles by changing their
geometry, their spatial arrangement with respect to one another
and the nature of surface molecules. However not only the
chiral geometry of these nanoparticles is of interest, but also
their chiroptical behavior, where plasmons are used to manipu-
late the local electric and magnetic fields.

Assemblies of chiral plasmonic nanoparticles exhibit strong
electric, magnetic and Fano-type resonances.'® The char-
acterization of these resonances involves near-field electro-
magnetic coupling of dipoles and multipoles, as well as long-
range radiating mechanisms, such as antenna effects. Because
of the strong interplay between local electric and magnetic
fields, these mechanisms significantly enhance the chirop-
tical effects. Strong chiroptical effects have thus been reported
from plasmonic nanoparticles assembled on the chiral scaf-
folds of organic fibers,l') or in nanoparticles that are assem-
bled in chiral superstructures.?2l Such structures can also be
elegantly assembled with the help of molecules, like DNA,[22
and conversely, the plasmonic nanoparticles can enhance the
chiroptical response of nearby chiral molecules.?*>?! Even
achiral nanoparticles have been shown to exhibit strong chi-
roptical responses due to a long-range coupling through a layer
of chiral molecules.?! In fact, the chirality of plasmonic nano-
structures plays a fundamental role in an entire new class of
materials—-metamaterials.

Metamaterials have recently emerged as one of the most
prominent topics of material research. Metamaterials are mate-
rials artificially engineered to possess unusual electromagnetic
properties.”’~?l These materials can be constructed from peri-
odic arrays, with a unit cell usually much smaller than the
wavelength of light. Consequently, whereas natural materials
derive their properties from those of their constituent atoms
and molecules, artificial metamaterials derive their properties
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from those of their nanoengineered unit cells. A key aspect
of metamaterials is the achievement of negative refractive
index.B% To this purpose, both the electric permittivity € and
the magnetic permeability u of the material must be negative
over the same spectral range. An important challenge for meta-
materials has therefore been to nanoengineer unit cells that can
satisfy the restrictive requirements for negative refractive index,
for instance by making use of split-ring resonators. Recently an
alternative route towards negative refractive index has been dis-
covered, that makes use of chirality.?1-*3

Chiral metamaterials with negative index of refraction have
been assembled for the microwave regime,*3 the tera-
hertz,”! and for optical frequencies.?®3! Efforts in designing
such metamaterials have progressed towards increasing the
linear™ and nonlinear*! chiroptical behaviour, combining
chirality with split-ring resonators through twisting them,*24
moving away from planar nanostructures towards more pro-
nounced three-dimensional configurations,** and towards
more isotropic materials.*”! In addition to the benefits of nega-
tive refractive index, chiral metamaterials recently attracted
much interest because of their strong optical rotation, potential
for slow light applications and the possibility for use as broad-
band circular polarizers.*®l Moreover, chiral metamaterials
constitute a candidate for achieving repulsive Casimir forces,
which could lead to frictionless nanomotors, based on nano-
levitation.*”] For a recent review on chiral metamaterials, see
Ref. 48], Perhaps even more important is the fact that metama-
terials can be used to enhance the optical response of chiral
molecules even further by a novel method-through use of
superchiral light.

The reason why chiroptical effects are small in molecules
resides in the fact that the chiral arrangement of molecular
bonds occurs over a much smaller distance than the helical
pitch of circularly polarized light. One way to increase the chi-
roptical effects consists therefore of increasing the chiral pitch
of the material to match that of circularly polarized light. This
has been demonstrated with cholesterical liquid crystals, where
circularly polarized light with the same handedness as that of
the liquid crystal is almost perfectly reflected.*”) Another way is
to compress the helical pitch of circularly polarized light to the
scale of the material. Such “superchiral” light has been achieved
in free space by making used of stationary, counter propagating
waves to realize a field with very strong twist near the nodes,
which indeed resulted in an enhanced optical response from
chiral molecules.’” Furthermore, it was shown that the crea-
tion at discrete points in space of all valid configurations of
electric and magnetic fields and field gradients is possible but
would require the superposition of up to 32 linearly polarized
monochromatic plane waves;*! which obviously is not very
practical. It is therefore interesting to consider the fields with
complex spatial profile that can be generated by plasmonic met-
amaterials.? Such materials could then be successfully used to
enhance the enantioselectivity at surfaces,% which holds great
potential for chiral photochemistry.

It is clear that chiral plasmonic nanoparticles and nanoma-
terials are poised for playing a key role in technological devel-
opments, however, we believe that it also appropriate to men-
tion the dangers that chirality has already tragically revealed for
molecular materials.
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While writing this manuscript, a bronze memorial was
inaugurated in the city of Stolberg (Germany) on August 31,
2012 to commemorate the victims of the thalidomide tragedy.
Over fifty years ago, thalidomide was released as painkiller
medication and administrated to thousands of pregnant
women in the world against morning sickness. The drug has
a chiral structure, but being synthesized in an achiral envi-
ronment, both enantiomers were produced and both were
administrated. Although the mirror image of some chiral
drugs is harmless, for others it is an “evil twin” and unfortu-
nately this is the case with thalidomide. In pregnant women,
the drug’s “evil twin” fixed itself to the DNA of the growing
fetus and inhibited the expression of genes that control the
development of limbs. As a consequence, over ten thousand
babies worldwide were born without limbs or with shortened
limbs.

Thalidomide is far from being the only chiral molecule that
has an “evil twin”. Other examples include an enantiomer of
ethambutol fighting tuberculosis, whose “evil twin’ causes
blindness, one enantiomer of naproxen reducing arthritic
inflammation while its “evil twin” poisons the liver and meth-
amphetamine, used as a non-prescription over-the-counter
nasal decongestant, with its “evil twin’ being the well-known
psychostimulant crystal meth.®l As the consequences of
releasing thalidomide became clear, chirality became highly
important for the pharmaceutical and drug industries. The
tragedy highlighted the need for optically pure (i.e., containing
a single enantiomer) molecular compounds and methods for
precisely measuring chirality. This need for highly sensitive chi-
roptical effects certainly extends to chiral plasmonic nanostruc-
tures as well, whose effect upon release in the environment is
still largely unknown.

As chiral plasmonic nanostructures are mainly being devel-
oped for their optical properties, experimental methods that
are highly sensitive to chiroptical effects are of prime concern.
In the following, we shall start by presenting chiral plasmonic
nanostructures in more detail. To this purpose, the assembling
strategies, the production methods and the concept of local-
ized surface plasmons will be briefly described. Next, we shall
introduce the main linear chiroptical effects, namely optical
rotation (OR) and circular dichroism (CD), as well as their
nonlinear optical counterparts in second harmonic genera-
tion (SHG), i.e., SHG-OR and SHG-CD. Further on, we shall
present four cases where plasmonic nanoparticles have been
demonstrated to lead to very strong chiroptical effects. These
cases consecutively highlight the importance of chirality in the
nanostructures themselves (for linear and nonlinear chirop-
tical effects), in the experimental setup and in the light itself.
Finally, we shall give an outlook towards future developments
where the manipulation of chirality will play an important role.
In particular, we will focus on chirality switches and give two
examples: one where reversing the chirality of incoming light
can be used to switch the handedness of the nanostructures
and one where reversing the handedness of the nanostructures
switches the chirality of outgoing light. Please note that this
Progress Report is not intended as a comprehensive review of
the subject, but rather as a selection of helpful insights chosen
from the recent literature and from our direct experience of the
subject.
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2. Chiral Plasmonic Nanostructures

2.1. Chirality from Molecules to Nanostructures

The nanoengineering strategies that have been developed for
chiral nanostructures can be related to concepts that origi-
nated in chiral molecules. Figure 1 summarizes these concepts,
namely: helical chirality, chiral coupling, supramolecular chi-
rality, pseudo or extrinsic chirality and assembly upon chiral
scaffolds.

Helical chirality is exhibited by both propeller and spiral
types of structures. For example, Figure 1a shows the perchlo-
rotripheylamine molecule, whose overall aspect evokes the
shape of a three-arm helix. Similarly, nanostructures that con-
sist of helices with four rectangular arms have been prepared
and were found to exhibit giant optical activity, see Figure 1b.
More recently, helices with four curved arms, in Figure Ic,
were shown to exhibit strong nonlinear circular dichroism. As
an example of spiral chirality, the helicinebisquinone molecule
is displayed in Figure 1d. Because this molecule is conjugated

www.MaterialsViews.com

over its spiral length, electrons can move along and give rise
to large nonlinear chiroptical effects. In an attempt to emu-
late this behavior, the 2D spiral nanostructure in Figure le,
was conceived. Later, a nanomaterial consisting of 3D spirals
was constructed and demonstrated to act as a broadband cir-
cular polarizer. An alternative way to achieving chirality is to
couple achiral elements, such as the two building elements of
the 2,2’-dimethoxy-binaphtyl molecule, in Figure 1g. Similar
coupling mechanisms were explored for nanostructures with
crosses, in Figure 1h, which were shown to exhibit strong chi-
roptical behavior, both at the fundamental wavelength and at
the second harmonic. Moreover, very interesting effects were
achieved upon superimposing two resonant U-shaped nano-
structures and varying their mutual orientation, see Figure 1i.
The coupling of these split-ring resonators was used to intro-
duce the concept of stereometamaterials, directly inspired from
stereochemistry.

Another well known concept in chemistry is supramolecular
chirality, represented in Figure 1j. In this case too, chirality
is achieved through coupling however, because the building

Figure 1. Many of the concepts associated with chirality that have initially been developed for molecules are nowadays being transferred to nanostruc-
tures. In (a), the perchlorotripheylamine molecule has the shape of a propeller, which is an example of helical chirality. Correspondingly, propeller-
shaped nanostructures, in (b)P* and (c),*! also exhibit this form of chirality. Another example of helical chirality is found in spiral-shaped molecules,
such as the helicinebisquinone, in (d). Analogously, 2D and 3D spirals can be constructed from nanostructures, in (e)°® and (f)[“! respectively. Chirality
is also achieved upon coupling two or more achiral molecules, as illustrated by the 2,2’-dimethoxy-binaphtyl molecule, in (g). Similarly the superposition
of achiral crosses, in (h)7°8 and split-rings, in (i),P? results in chiral nanomaterials. The chiral coupling of molecules that are themselves chiral results
in supramolecular chirality; in (j) the spiral is formed by stacking such molecules as the one in (d). For nanostructures, the concept of supramolecular
chirality can find applications in both 2D and 3D, in (k)®% and (1) respectively. Pseudochirality is an effect whereby tilting of the plane containing
anisotropic molecules can result in optical activity, without the presence of actual chiral species, as schematized in (m).fl The idea has also been
successfully transferred to nanostructures in the case of both the linear® and nonlinear optics,®3 in (n) and (o) respectively. Moreover, chirality can
arise from the interactions of molecules and nanostructures; typically one attaches these to a chiral scaffold. Such hybrid chiral materials can be as
small as clusters, in (p),® or as large as DNA molecules and metamaterials, in (q),!® and (r) respectively. Panel (b) adapted with permission from
Ref. 54. Copyright 2005, American Physical Society. Panel (c) adapted with permission from Ref. 55. Copyright 2012, American Optical Society. Panel (e)
adapted with permission from Ref. 56. Copyright 2009, American Chemical Society. Panel (f) adapted with permission from Ref. 46. Copyright 2009,
American Association for the Advancement of Science. Panel (g) adapted with permission from Ref. 57. Copyright 2011, American Optical Society.
Panel (h) adapted with permission from Ref. 58. Copyright 2009, Nature Publishing Group. Panel (i) adapted with permission from Ref. 59. Copyright
2010, American Optical Society. Panel (m) adapted with permission from Ref. 61. Copyright 1996, American Physical Society. Panel (n) adapted with
permission from Ref. 62. Copyright 2009, American Physical Society. Panel (o) adapted with permission from Ref. 63. Copyright 2011, American
Physical Society. Panel (p) adapted with permission from Ref. 64. Copyright 2009, Royal Society of Chemistry. Panels (q,r) adapted with permission
from Ref. 65. Copyright 2012, Nature Publishing Group.
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blocks are themselves chiral, the optical activity can be addi-
tionally reinforced. Transposing this concept to nanostructures,
the pattern in Figure 1k shows four 2D spirals (or G-shaped
nanostructures), that have been themselves arranged in a chiral
fashion. The arrangement gives rise to strong nonlinear circular
dichroism that was attributed to chiral coupling of the nano-
structures. In Figure 1l, four U-shaped nanostructures have
been arranged in a chiral pattern and then, on a second layer,
the same chiral pattern is repeated and rotated 90°, thereby
effectively mimicking 3D supramolecular chirality. Chiroptical
effects can be measured even from achiral molecules, pro-
vided that they are anisotropic and are illuminated at an angle
of incidence different than zero. In such a configuration, the
experimental geometry is chiral. This phenomenon is referred
to as pseudo or extrinsic chirality and, for instance, it was dem-
onstrated in the nonlinear optical regime for 2-docosylamino-
5-nitropyridine molecules and is schematically represented
in Figure 1m. Similar schematic representations were used
to indicate the extrinsic chirality that was observed in nano-
structures in both the linear (Figure 1m) and the nonlinear
(Figure 1o) optical regimes. Moreover chiral nanostructures are
literally building upon the knowledge of chiral molecules when-
ever chiral scaffolds are involved in the construction of chiral
nanomaterials. In Figure 1p, chiral molecules that bind onto
the scaffold of a chiral gold cluster enhance the optical activity
of that cluster. Conversely, in Figure 1q, gold nanoparticles
binding to a strand of DNA follow the chiral arrangement of
the molecule. Of special interest for self-assembling large scale
3D chiral metamaterials are chiral block copolymers, which can
be used to prepare nanostructures with gyroid geometry such
as the one shown in Figure 1r.

2.2. Bottom-Up and Top-Down Preparation of the
Nanostructures

Nanomaterials are generally prepared following bottom-up and
top-down approaches. In the former case, typical methods are
colloidal self-assembly and electrochemical deposition of metals
upon chiral self-assembled molecular networks. Top-down tech-
niques include focused ion beam lithography, electron beam
lithography and direct laser writing.[°! These general methods
can also be applied to the preparation of chiral nanostructures,
where they exhibit the same advantages and limitations.

On the one hand, self-assembly is largely regarded as holding
the keys to real world applications of nanotechnology, as it is
cheaper, faster, can be employed to produce industrial quanti-
ties of nanoparticles and, quite importantly, it can be regarded
as our best chance to reverse-engineer and implement the
self-assembling principles of life. On the other, self-assembled
nanomaterials struggle to produce monodispersed nanoparti-
cles, are limited mainly to simple geometries such as spheres
or rods and struggle to maintain order over large distances. The
situation is almost entirely reversed in the case of top-down
approaches, which offer excellent design flexibility, yet they are
also costly, time-consuming, and can hardly be considered for
industrial scale production, let alone artificial life. As a conse-
quence, both approaches to nanotechnology assembly can be
viewed as complementary; top-down methods being used to
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unravel the principles upon which self-assembled future nano-
technology will grow. Chiral nanostructures are subject to the
same general trends, though, in addition, they often require
rather complex geometries. Figure 2 shows two examples of
such complex nanogeometries being achieved through bottom-
up and through top-down methods.

In Figure 2a, an isoprene- block-sty-rene block-ethylene oxide
(ISO) block copolymer (BCP) is shown that forms two chemi-
cally distinct, interpenetrating gyroid networks (blue and red)
of opposite chirality in a third block matrix, which is shown in
gray.l®% This type of structure is particularly interesting because
the two chiral networks have distinct chemical properties and
can be separately dissolved. In Figure 2b, the isoprene block
is thus removed and the space it leaves can be back-filled with
gold through electrodeposition, see Figure 2c. The gold gyroid
constitutes a self-supporting material network that can be
uncovered upon plasma etching of the two remaining polymer
blocks, see Figure 2d.

Polymer layers are also employed in the top-down technique
of electron beam lithography (EBL). Figure 2e shows electron
beam patterning of a G-shaped nanomaterial design on poly-
methyl metacrylate (PMMA). Once the design pattern is com-
pleted, the irradiated area is dissolved and the remaining area
is baked resulting in the EBL mask, in Figure 2f. Next, gold
is deposited through sputtering in a high vacuum chamber
(Figure 2e). The gold is deposited within the designed area as
well as on top of the remaining polymer. The latter can then be
removed through immersion in a solvent, such as warm ace-
tone or dichloromethane, for a few minutes. Following the last
step of the preparation procedure, only the chiral gold nano-
structures are left on the substrate and their plasmonic proper-
ties can be investigated.

2.3. Localized Surface Plasmon Resonances

Localized surface plasmon resonances (LSPR) are typically
observed in metal nanoparticles, often made of Au or Ag,
with dimensions significantly smaller than the wavelength of
light. Within the small dimensions of such particles, light can
effectively be confined, which results in local electromagnetic
field enhancements. In coinage metals, the enhancements
are related to electrons in the conduction band, whose energy
matches that of visible light. As a result, light causes the sur-
face electrons to oscillate coherently and, depending on the
size of the nanostructures, their constitution, their geometry,
their surroundings and their distance from each other, a strong
resonance can be achieved for a given wavelength of light. At
resonance, strong absorption and scattering of the light can be
observed from nanoparticles. In Mie’s theory, for a spherical
nanoparticle with radius (R) such as R/A << 1 (where 1 is the
wavelength of light), this light-matter interaction is character-
ized by the extinction coefficient:

c . _ An’Re N &
T A (10) (&, + 2em)* + e? (1)

where N is the electron density, €, is the dielectric constant
of the surrounding medium and € = ¢, + ig; is the complex
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Figure 2. Examples of bottom-up and top-down preparation of chiral nanostructures. In the first case, the material preparation proceeds from the
self-assembly of a block copolymer.®’] In (a), the three different colors (red, blue, and grey) correspond to the different blocks of the copolymer. The
isoprene block (blue) is removed in (b) and is then back-filled with gold (yellow) in (c). The final structure is obtained by plasma etching the two
remaining polymer blocks, revealing a 3D continuous gold network in air, in (d). In the case of top-down material preparation, the nanostructure
pattern is drawn on a resist layer with electron beam lithography, in (e).[®¥l Subsequently, the resist within the pattern is removed with a solvent bath,
producing a mask, which is shown in (f). The mask is then subjected to metal evaporation, in (g). Next, upon lift-off, all the resist is removed with a
second solvent bath producing (h). Panels (a—d) adapted with permission from Ref. 67. Copyright 2012, Wiley. Panels (e-h) adapted with permission

from Ref. 68. Copyright 2011, American Optical Society.

dielectric constant of the bulk metal. It follows that, for a spher-
ical nanoparticle, the resonance is achieved when €, = —2¢,,

An intuitively very appealing way to look at this resonance
is to consider that the electron cloud of the nanoparticle can be
modeled as a harmonic oscillator. The cloud can then be viewed
as subjected both to the force exerted on the charges by the
electric field of light and to the restoring force of the positively
charged metal cores. In response to these forces, the electron
cloud oscillates at the frequency of light, see Figure 3a. The dis-
tortion of the electron cloud in response to the electric field of
light can be expressed as the polarisability:

~ e(A) —em(A)
o (A) = 4me, (A) R3m .

where the maximum polarization corresponds to the resonance
condition in the denominator. An increase in the dielectric con-
stant of the surrounding medium leads to an increased electric
field within the dielectric, which opposes the local electric field
at the surface of the nanoparticle and reduces the restoring
force. Consequently the resonance frequency of the oscillator
drops, so the plasmon resonance red-shifts. A red-shift can also
be observed upon varying the shape of the nanoparticle. For
non-spherical nanoparticles, the resonant condition takes the
form g, = —xg,,, where y is the shape factor, which is equal to
2 in the case of a sphere and increases with the aspect ratio. In
the case of chiral geometry, the situation becomes significantly
more complex.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

To tackle chiroptical effects, Mie’s theory has been extended
by Bohren to account for circular dichroism and optical rota-
tion in an optically active sphere.”? More recently, simulations
have been performed in order to compare the optical activity
of a sphere with actual experimental results, whereby a scat-
tering solid angle towards the aperture of a detector was taken
into account.”! These calculations however focus on very small
nanoparticles, whereas the chiral nanostructures in Figure 1
range from 50 nm to the micron scale. At this scale, retardation
effects play an important role. Moreover, Figure 1 reveals that
chiral geometries exhibit kinks and sharp corners, where the
geometric confinement of the fields, known as the electrostatic
lighting rod effect, needs to be taken into account. Because
of the increase in complexity, the electromagnetic proper-
ties of chiral nanostructures are simulated numerically, by
means of Maxwell equations’ solvers, such as MAGMAS,/7%73l
Lumerical,”¥ MEEP 73] RSoft’s DiffractMOD,/% etc. Neverthe-
less, some degree of intuitive understanding can be achieved by
considering that upon interacting with a spherical nanoparticle,
circularly polarized light drives the electron cloud in a spiral,
see Figure 3b. This case of polarization gives rise to an electric
current on the surface of the nanostructure as the charges are
pushed away from the propagating electric field of light. There-
fore, for a given direction of circularly polarized light, the chiral
geometry of a metal nanostructure can either accommodate
the surface current or hinder it, see Figure 1c and 1d. It should
be noticed though that this intuitive picture does not take into
account the finite dimensions of the chiral path. In reality, the
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3. Chiroptical Effects

Whereas the linear chiroptical effects of
optical rotation (OR) and circular dichroism
(CD) can be understood in a very straight-
forward and intuitive way, their nonlinear
counterparts in second harmonic generation
(SHG-OR and SHG-CD) are significantly less
obvious. Moreover, whereas the linear chi-
roptical effects require that both electric and
magnetic dipoles be taken into account, the
nonlinear ones can exist for electric dipoles
alone. As a consequence, linear and non-
linear chiroptical effects are sensitive to dif-
ferent aspects of chirality.

Figure 3. The interactions between chiral nanoparticles and circularly polarized light can be  3.1. Linear Chiroptical Effects
understood intuitively. In (a), a schematic diagram illustrates how the oscillating electric field
of linearly polarized light can drive the oscillation of the electron cloud in a metal nanoparticle. U teri terial di
In (b), the rotating electric field of circularly polarized light causes the electron cloud to rotate pon encour? erlpg 4 matena .me um,
around the nanoparticle. In the case of chiral nanoparticles, the rotation of the electron cloud 1%ght' propagating .IS con.tr01.16d by its .refrac-
under illumination with circularly polarized light can be favored or hindered depending on the ~ tive index n and its extinction coefficient k.
combination of chiral geometry and direction of circularly polarized light, as it is shown in () The extinction coefficient corresponds to a
and (d). measure of how much a substance scatters
and absorbs electromagnetic radiation and

this coefficient affects the amplitude of the emerging electric

spiral could form a cavity for circularly polarized light, whereby
currents are reflected back from the edges, accommodating dif-
ferent eigenmodes at different wavelengths, as was shown in
Ref. 46. In the next section, we shall briefly cover some of the
main chiroptical effects in linear optics and see that they are
very different from their nonlinear counterparts.

field of light. As for the refractive index, it indicates the reduc-
tion of the speed of light in the material. Depending on the
particular material, light can interact either dominantly with
n or k, or equally with both. Linearly polarized light, which is
represented with a blue arrow in Figure 4a, can be considered
as a combination of left- (07) and right-hand (o*) circularly

Figure 4. Whereas the physical mechanism of optical activity is very straightforward in linear optics, in second harmonic generation it is not. Linearly
polarized light (blue arrow) can be considered as a combination of left- and right-hand circularly polarized waves, represented in (a) by the two black
arrows 6" and ¢ 7, at times t=0, t =1, and t = 2. In (b), due to the interactions with a chiral material, left and right-hand circularly polarized waves
can propagate with same amplitude but different phase velocities. In this case, 6* and 6 ~ have the same amplitude, though, at time t’ =0, 6" has not
completed its circular evolution. Subsequently, at times t' =1 and t' = 2, the resulting linear polarization vector appears to be rotated from its original
position by an angle ¢—the angle of optical rotation. In (c), due to the interactions with a chiral material, left- and right-hand circularly polarized waves
can propagate with same phase velocities but different amplitude. In this case, 6" and 6 ~ have completed the same circular evolution, though, at time
t" =0, 6 " is shorter. Subsequently, at times "’ =1 and t”’ = 2, the resulting field polarization vector follows an elliptical path. In (d), second harmonic
generation originates from the nonlinear susceptibility tensor. This tensor is composed of 3 X 3 X 3 components, which can be represented by a cube
with side 3. The presence of chirality within the material results in the appearance of characteristic tensor components, which directly affect the polari-
zation state of the second harmonic radiation.
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polarized light. At time ¢ = 0 and subsequently, these circularly
polarized light waves have equal amplitudes and angular veloci-
ties, as indicated by the black arrows. For chiral materials, both
the refractive index and the absorption coefficient of one mate-
rial handedness differ for left- and right-hand circularly polar-
ized light.10!

First, we shall consider the case where left- and right-hand
circularly polarized light propagate within a medium with dif-
ferent phase velocities, due to chirality. Upon emerging from
the medium, the arrows o~ and o* would have completed dif-
ferent parts of their circular evolution. Since there is no dif-
ference in absorption, both arrows possess equal amplitudes.
The resulting polarization is schematized in Figure 4b, where,
at time #' = 0, 0~ has not completed its circular evolution and
the resulting net linear polarization vector (blue arrow) is
rotated from its original position by an angle ¢. This effect is
called optical rotation or circular birefringence. When conducted
as a function of wavelength, this is called optical rotatory dis-
persion (ORD). The angle of optical rotation is expressed as
¢ =m (nt —n7)l/x, where n* and n~ indicate the refractive
index for left- and right-hand circularly polarized light, A is the
wavelength and [ is the path length within the material. For
chiral molecular materials, the difference in refractive index
is typically around 107 but with sufficient path length, several
degrees rotation can be measured. Optical rotation is intrinsi-
cally linked with the spatial variation of the electric field on the
length scale of the molecule or nanostructure.

Next, we consider the situation where, due to the presence
of chirality, left- and right-hand circularly polarized light are
affected differently by the extinction coefficient. In this case,
o~ and o* would have the same phase velocity upon emerging
from the chiral material and they would have completed the
same circular paths. Consequently, there would be no rotation
of the linear polarization vector (¢ = 0). However, since the
two circular polarizations do not experience the same amount
of scattering and absorption in the chiral material, the relative
amplitude of their vectors would have changed. In Figure 4c, it
is shown that, at time ¢ = 0, the arrow ¢~ has a smaller ampli-
tude than o and has completed a smaller circle. Subsequently,
the resulting field polarization follows an ellipse, and hence it is
said to exhibit ellipticity denoted by e. Quantitatively, the ellip-
ticity is defined as tan €= (jo ™| — |o~|)/(|o*| + |0 ~]), which
leads to €= (A~ + A*)In10/4, where A* and A~ are the ampli-
tudes of light for left- and right-hand circular polarizations. The
difference in these amplitudes is referred to as circular dicroism
(CD). Because this difference is due to resonant absorption or
scattering, it is the preferred chiroptical method at wavelengths
corresponding to a molecular energy transition or the plasmon
resonance. In molecular materials, it is typically of the order of
0.1% and it is useful mainly on molecules having stereocenters
in close proximity to chromophores.

The timescales of the ORD and CD processes are very fast,
associated with times for light to scatter or be absorbed (1071
to 107 5). In molecules, their strength is related to the Rotatory
Power Ry, = Uy - My, where a and b are molecular states, u is
the electric dipole transition moment and m is the magnetic
dipole transition moment. For ORD and CD to occur, u and
m must have components parallel to each other. This does not
occur for symmetric molecules and even in chiral molecules
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the effects are small. Enantiomers have opposite sign of m and
therefore of R, and thus their ORD and CD spectra have oppo-
site signs from each other. In real molecules, one must sum
over all the states, not just a and b. Because nonlinear optical
phenomena are governed by high rank tensors, the information
content in the signal is different, and in some cases, more pow-
erful than in linear spectroscopy./””!

3.2. Nonlinear Chiroptical Effects

In the linear optical regime, the induced polarization (P) is lin-
early proportional to the electric field of light and is written as
P =y.E, where the proportionality term x() is the linear
electric susceptibility. For more intense electromagnetic fields
however higher harmonics appear in the expression:

P=X(1).E+X(2):EE+X(3)EEEE+... 3)

where y@® and x®) are nonlinear susceptibilities associated
with the emission of light at the second and third harmonic,
respectively. Because the second harmonic term is the first of
the nonlinear expansion, it often gives rise to the largest non-
linear optical signals. The second-harmonic response can be
described by a nonlinear polarization, which is expressed in the
electric-dipole approximation as:’®!

PN (20) = x{) ¢ Ej(0) Ei() “
where o is the frequency of light, ¥® is the second order
susceptibility tensor, E(w) is the electric field component of
the incident light and i, j, k are the Cartesian indices. Upon
applying inversion symmetry to this equation, all Cartesian
indices change their sign and, therefore, all vectors in Equation
4 change their sign. It follows that:

— P, (20) = xij} : (=} () (= Ei () = P 20) =0 (5)

In other words, within the dipole approximation, the second
harmonic generation process is forbidden in all materials that
are left invariant under inversion symmetry; that is to say, the
centrosymmetric materials. Because centrosymmetry is broken
at surfaces and interfaces the technique is surface/interface-
sensitive down to atomic monolayers. Centrosymmetry is addi-
tionally broken by externally applied electricl’’l and magnetic/®!
fields, which makes it possible to image ferroelectric®! and
ferromagnetic® domains with SHG. In the case of the latter,
the SHG dependence on magnetization is due to breaking the
time-reversal symmetry, though it should be noted that the
SHG signal is not always linear with the magnetization.®3l Cen-
trosymmetry is also broken by the presence of chirality, which
breaks the mirror symmetry of materials. The nature of the
symmetry breaking that gives rise to SHG is reflected in .

The nonlinear susceptibility ¥ is a third rank tensor with
27 components, which can be viewed as a three-dimensional
matrix, as in the familiar Rubik cube where each individual
sub-cube can be identified by a combination of the three Car-
tesian indices, as shown in Figure 4d. The number of inde-
pendent susceptibility components is reduced by a third due
to Equation 4, which shows that the last two indices must
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be freely permuted since they originate from the same beam
within the experimental configuration of Figure 4d. Moreover,
depending on the symmetry of the material, the number of
non-zero susceptibility components can be further diminished.
For example, in the case of an in-plane isotropic sample (with
C.., symmetry), there are only 3 non-vanishing components
and the second order susceptibility becomes:

0 0 0 0 X
x2=1 0 0 0 xpu 0 0
Xzxx Xzyy Xzz= 0 0 0 (6)

where Y. =Xz a0d Yixz =Xyy2- The %, §, 2 coordinate system
is oriented such that the z-axis lays along the sample normal.
Should the sample’s surface exhibit both in-plane isotropic
symmetry and chirality (C., symmetry), for instance due to a
random distribution of chiral molecules or nanoparticles in the
x-y plan of the sample, a single additional tensor component
appears, Y., = —Xyx» SO that the nonlinear susceptibility tensor
becomes:

0 0 0 Xxyz Xxxz 0
xP=1 0 0 0 xyzxyz0
Xzxx Xzyy Xzzz 0 00 7)

Often this additional component is referred to as the chiral
one, since it is present only in chiral systems. The other com-
ponents are referred to as achiral because they occur in both
chiral and achiral systems. The chiral component leads to the
appearance of nonlinear chiroptical effects, such as SHG-CD
and SHG-OR, that are considered nonlinear optical equivalents
of the linear CD and OR. However it also results in nonlinear
chiroptical effects that have no equivalent in linear optics. In
particular, because it is possible to individually select the chiral
tensor element (all the others being zero) by the Piy-Sour
polarizer-analyzer combination, any SHG signal that is detected
in this configuration constitutes a measure of chirality. Having
a single non-zero tensor component greatly simplifies the math-
ematics and, within the Lorentz model of the susceptibility, we
can express y!? in terms of the resonance frequency @, as:®+%°

3
£ (Qw) = 4(2>N_‘32 . 1 , .
M (wp — 4iyw — 4w?) (0} — 2iyo —o?)”  (8)

where {(? is the first anharmonic term that characterizes the
strength of the nonlinearity, N is the electronic number density,
e and m are the charge and the mass of the electron, and yis
the damping constant. Equation 8, allows us to perform a rela-
tively simple yet highly selective nonlinear spectroscopy, which
has been demonstrated in chiral molecular materials,®® yet, to
our best knowledge, it has not yet been applied to chiral meta-
materials. It should be pointed out however that the method
places rather specific requirements on both the experiment and
on the samples. By comparison, SHG-CD and SHG-OR are
more general.

For the purpose of simplifying the somewhat cumbersome
notations of numerous tensor components, a change of coordi-
nate system can be adapted, from the %, p, 2 sample directions
to the directions of principle light polarization and the wave
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vector: S, P, k. The second harmonic field can then be written

in terms of the S and P components of the fundamental field
as:[%7]

E(2w) = fE% (w) + gE%(®) + hEp () Es () 9)

where f, g and h are complex numbers, which are linear com-
binations of the Cartesian susceptibility tensor components
xPjjt. In the following, we shall indicate the real and imaginary
part of these complex values by the indices r and i, respectively.
The nonlinear Fresnel factors can also be taken into account
within the three coefficients in Equation 9. Furthermore, just
as in the case of the nonlinear susceptibility, the exact form
of f, g and h depends on the symmetry of the sample. In addi-
tion, their value can be affected by the angle of optical inci-
dence y, the experimental geometry and is different for the
S- and P-polarized component of the second harmonic field.
Neglecting the refractive indices, for P-polarized fundamental
light incident on a chiral isotropic surface and in the reflection
geometry, see Figure 4d, the dependence of f, g and h on the
different susceptibility tensor components can be recovered:®!

fs=— sin® (2xx:cos¥)

gs=0
hS = sin 1// (ZXxxz)
fp = SINY (2)z2 SIN® Y + Yy COS” Y — 2xxz COS” V) (10)

gP = Sin ’ﬁ (szx)
hp =— siny (2xyy:cos )

where the subscripts S and P refer to the particular component
of the second harmonic field. Thus, for S polarized SHG, the
coefficient fis chiral, while g and h are achiral. In contrast, for
P polarized SHG, h is chiral, while g and fare achiral. Very sim-
ilar relations can be derived for the transmission geometry.
The SHG-CD is then written as the difference between the
SHG intensity for left- and right-hand incoming circularly
polarized light, divided by half the sum. This quantity can be
expressed in terms of the complex parameters f, g and h as:

Ircp (20) = Ircp (20)
% (ILCP(Z(D) + IRCP(Z(D))

_ Alfim g (- )]
|12+ Igl* + [h* - 2(figr + figi)

This equation shows that SHG-CD is due to an interference
between the achiral and the chiral susceptibility components. It
follows that a large SHG-CD signal requires that the chiral and
achiral coefficients be of similar magnitude. This is not the case
for SHG-OR.

For P-polarized input, and choosing y = 45°, the SHG-OR
can be written as:[®l

' h
|¢lspc_or = tan™" (||JJ:P||) = tan”! (||f_1il> (12)

where we see directly a ratio between chiral and achiral coef-
ficients. Consequently, a large SHG-OR requires a large chiral
contribution to the SHG signal as well as a small achiral one.

Ispg-cp =
(11)
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Generally speaking, all the nonlinear chiroptical effects can
benefit from the large field amplitudes of ultrafast laser pulses
and the strong near-field enhancements of localized surface
plasmon resonances. It should be pointed out though that
these enlargements have limits. For instance, at laser fluence
of 2.7 mJ/cm?, gold nanostructures can be damaged.® More-
over, the local near-field enhancements, such as those gener-
ated between two plasmonic nanoparticles cease to increase
upon entering the quantum regime, at separation distance of
0.3 nm.PY

4. Giant chiroptical Effects
4.1. Giant Chiroptical Effects in Linear Optics

Giant optical rotation was first reported from arrays of chiral
gold nanostructures, whose geometry can be seen in the scan-
ning electron micrographs of Figure 5. The nanostructures
were grown by electron beam lithography, see Figure 2. The
pitch of the array is 500 nm and the line width is 80 nm. These
nanostructures consisted of 95 nm thick Au layer, capped with
23 nm Cr. Despite being very thin, compared to the plasmon
resonance wavelength, these arrays produced chiroptical effects
of magnitude equivalent to chiral molecular materials sev-
eral orders of magnitude thicker. More specifically, Figure 5a
shows the angle of optical rotation A upon azimuthal rotation
of the sample, measured by the angle ¢. A clear offset can be
observed, denoted 6. This offset disappears for the achiral array
in Figure 5b and it reappears with an opposite sign in Figure 5c,
where the array has an opposite chirality to the initial one. The
offset 0 indicates the difference in effective absorption coef-
ficient for the two circularly polarized components of linearly
polarized light. Upon calculating the optical rotation as a func-
tion of the thickness of the nanostructures, a value of approxi-
mately 10*°/mm is obtained, which can indeed be considered
as giant. It should be pointed out that, despite being generally
referred to as 2D, in fact these nanostructures are not. Indeed,
a true 2D chiral nanoarray would reverse its chirality upon flip-
ping the array around, as this operation would be equivalent to
a mirror reflection. The experiment performed on these arrays
however demonstrated that chirality is preserved upon flipping
the sample around. Consequently, it is the difference between
the Cr/Au and the Au/substrate interfaces that endows the
array with three-dimensional chirality.

Recently, giant chiroptical effects were reported from plas-
monic nanostructures of much more pronounced three-
dimensionality. The inset in Figure 5d, shows the same gold
gyroid geometry, whose preparation from block copolymers
was shown in Figure 2. In the inset of Figure 5d, the gyroid is
represented as viewed from the [111] direction, which reveals a
chiral spiral along the network. The unit cell of this network is
50 nm, and the thickness of the gold struts is 10 nm. Because
the entire network is 200 nm thick, the chiroptical effect that
was measured could also be qualified as giant. The second inset
in Figure 5d, presents the experimental geometry, whereby the
sample was tilted by 35° and subsequently rotated around the
surface normal. In the plot, the gyrotropic transmission AT,
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Figure 5. Giant linear chiroptical effects have been observed for both 2D
and 3D chiral nanomaterials. In (a), for left-hand twisted 2D gratings,
the polarization azimuth rotation angle A reveals an offset 8, which is
a measure of chirality.®'l In (b), for the achiral gratings, it can be seen
that 6 is zero. Whereas in (c), for the right-hand twisted gratings, the
sign of 8 has similar value and opposite sign to that in (a). Although
small in absolute value, the optical activity in these nanomaterials is very
large compared to that of similarly thick natural materials. In (d), Gyro-
tropic transmission through a 3D sample inclined at 35°. The gyrotropic
transmission is the difference between the transmission spectra in left
and right channels as the sample was rotated around the [110] axis. The
open symbols are the results of a finite difference time domain calcula-
tion, while the full ones are the measurements. Lines are guides for the
eye. Panels (a-c) adapted with permission from Ref. 54. Copyright 2005,
American Physical Society. Panel (d) reproduced with permission from
Ref. 67. Copyright 2012, Wiley.

i.e., the normalized difference in sample transmission for left-
and right-hand circularly polarized light, is shown as a function
of sample rotation angle. The wavelength of light covered the
region 600 to 750 nm and was averaged. The transmission of
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circularly polar-ized light is maximal for the two rotation angles
(0° and 180°) where the optical axis is collinear with the [111]
and [11-1] direc-tions. By varying the rotation angle, the optical
path is increas-ingly obstructed by Au struts, reducing |AT].
The rotation of the sample therefore leads to the clear observa-
tion of chirality in this gyroid metamaterial. The measurement
data were further confirmed by a finite difference time domain
simulation.

To summarize, in linear optics, giant chiroptical effect can be
observed from nanostructured materials that have been assem-
bled both through the top-down and the bottom-up nanotech-
nological approaches. In chiral molecular materials, nonlinear
chiroptical effects are typically three orders of magnitude larger
than their linear optical counterparts. In the next section, we
shall examine the nonlinear chiroptical effects in plasmonic
nanomaterials and discuss their values with respect to the giant
linear ones.

4.2. Giant Chiroptical Effects at the Second Harmonic

Let us consider the arrangements of chiral G-shaped nanostruc-
tures in Figure 6a. For clarity, the borders of the nanostructures
in the scanning electron micrograph have been highlighted in
yellow. The samples were prepared by electron beam lithog-
raphy and consist of gold; more details on the exact experiment
can be found in Ref. [56]. Figures 6b and 6d show SHG micros-
copy images. SHG microscopy has a well known sensitivity to
local field enhancements and can be performed in a variety of
experimental geometries.”>~%’] The images in Figure 6 were
acquired upon scanning the laser on the surface of the sam-
ples with two opposite directions of circularly polarized light,
in Figure 6b and 6c¢, respectively. Depending on the direction
of circularly polarized light, it can then be seen that the pattern
of SHG emission differs significantly. Additionally, in the case
of the mirror-G-shaped nanoparticles (Figure 6d) this difference
in SHG emission pattern reverses, as demonstrated in Figure
6e and 6f. The pattern of SHG emission can be related to hot-
spots in the near-field enhancements. Consequently, in the case
of G-shaped and mirror-G-shaped nanostructures, the chirality,
which is observed in the microscopic SHG, can be attributed
to a chiral coupling between the four Gs at the centre of each
unit cell.

Figure 6g shows a plot of the SHG intensity as a function
of quarter wave plate rotation for the G-shaped and mirror-G-
shaped gold nanostructures. There are four peaks, at the angles
for which the quarter wave-plate produces exactly circularly
polarized light. For emphasis, in the figure, these angles have
been marked with oriented circles. It is immediately apparent
that there is a difference between the size of the peaks,
depending on the direction of circularly polarized light and
the handedness of the samples, which is a clear signature of
chirality.

In linear optics, the CD effect is typically evaluated as the
difference in transmission for left- and right-hand circularly
polarized incident light. SHG-CD can be evaluated in a similar
configuration, as the difference in forward generated second
harmonic light, for left- and right-hand circularly polarized inci-
dent light. For instance, in such an experiment, 15% forward
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Figure 6. Giant chiroptical effects can be observed in second har-
monic generation. In (a), an SEM picture of G-shaped nanostructures
is presented. The yellow lines have been added around the edges of the
structures in order to improve the visibility. In (b), an SHG micrograph
obtained for right-hand circularly polarized light is presented. In (c), an
SHG micrograph obtained for left-hand circularly polarized light is shown.
There is a clear difference in the SHG hotspot pattern depending on the
direction of circular polarization. Moreover, as is clear from figures (d),
(e) and (f), this difference depends on the handedness of the nanostruc-
tures. In (g), SHG- circular dichroism data demonstrate that the proper-
ties of the hotspot patterns translate into effective far-field properties of
the entire nanostructured surface. The data present the SHG intensity
as a function of the angle of quarter wave plate rotation; the wave plate
positions for left- and right-hand circularly polarized light are indicated
with oriented circles.’®l Adapted with permission from Ref. 56. Copyright
2009, American Chemical Society.

SHG-CD was reported from a combination of two 25 nm thick
twisted crosses, illuminated at the wavelength of 1060 nm. It
should be pointed out though that, despite the strong values
that can be obtained in the transmission/forward geometry,
the strong absorption of the materials constitutes an important
limitation.

Because the SHG signal is dominantly generated from the
surfaces and interfaces, where the plasmonic field enhance-
ments occur, a strong SHG-CD signal can be measured in the
reflection geometry as well, i.e., for backward generated second
harmonic light. Reflection geometry is particularly important
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because it constitutes a convenient probe
for molecules at the surface of plasmonic
nanostructures. In the 25 nm thick G-shaped
nanostructures presented here, the backward
SHG-CD reaches 10%. And over 40% back-
ward SHG-CD was reported in star-shaped
gold nanostructures with thickness 30 nm, at
the wavelength of 800 nm. In both linear and
nonlinear chiroptical experiments though,
additional factors can have an influence on
the magnitude of the measured effects.

4.3. Pseudo/Extrinsic Chirality

In 2009, strong chiroptical effects were
reported from a photonic metamaterial,[®?!
where the unit cells were not intrinsically
chiral. The nanostructures in this metama-
terial were made of Al, had a thickness of
50 nm, and, at the wavelength of 1100 nm,
exhibited up to 7% circular dichroism. The
chiroptical behaviour appeared at oblique
incidence, it reversed sign upon reversing
the sign of the incidence angle and it disap-
peared at normal incidence. It was suggested
that the wave vector fk, the surface normal
# and the light polarization vector § consti-
tuting a chiral triad were responsible for this
type of extrinsic chirality in split ring meta-
materials. Later, these findings were gen-
eralized as it was demonstrated that planar
metamaterials that rely on a single reso-
nance to achieve a simultaneous electric and
magnetic response always exhibit a strong
optical activity, regardless of whether they are
chiral or not. It was also recognized that, in
molecular materials, this type of chiroptical
behaviour had already been referred to as
pseudochirality, and had, for instance, been
observed with SHG in 1996. Very recently,
pseudo/extrinsic chirality at the second har-
monic was also demonstrated in plasmonic
nanostructured materials.

In Figure 7, the first column indicates
the geometry and sample orientation of
gold nanowires, which are either straight or
curved. The wires are 80 nm wide, have a
period of 160 nm and, for the curved wires
have a 400 nm radius of curvature. It was
precisely to this radius of curvature that the
chiroptical behaviour was attributed. Indeed,
in Figure 7a, it is demonstrated that for the

www.MaterialsViews.com

Figure 7. Chiroptical effects can be observed due to the presence of chirality in the experi-
mental geometry. Left column: 2D schematics of the samples’ orientation with the symbols cor-
responding to the measurements (blue circle or red square). Second column: 3D schematics
of the samples’ orientation are shown together with the direction of k (solid blue arrow), fi
(dotted black arrow), R (dashed red arrow), and the preferential direction of the induced cur-
rent density ] (curved black arrow). Third column: the nonlinear optical measurements. In (a),
SHG-CD of the sample with straight nanowires for 0° (blue circles) and 180° (red squares)
orientation of the sample. In (b), SHG-CD of the sample with curved nanowires for 0° (blue
circles) and 180° (red squares) orientation of the sample. The two lines are fitting curves. In
(c), SHG-CD of the sample with curved nanowires for 90° (blue circles) and 270° (red squares)
orientation of the sample. Fourth column: the schematics of the sample orientation at the end
of the experiments. Adapted with permission from Ref. 63. Copyright 2011. American Physical
Society.

straight wires, no SHG-CD effect can be observed upon varying

the angle of optical incidence. Conversely, for the curved wires
in Figure 7b, a very strong SHG-CD is displayed, where the
sign of the effect changes both with the sign of the angle of
incidence and with the direction of curvature R. In this case,
it was proposed that it was the chiral triad of the vectors £, 7

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

and R that gave rise to the effect. The idea was tested in a con-
trol experiment, Figure 7c, where it is clear that the SHG-CD
disappears whenever R is perpendicular to the cross product
of k£ and 7. Based on these observations, a phenomenological
equation for the SHG-CD was suggested:
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where P is the input power at the fundamental frequency, A
is the spot size area and ¢ is a constant. Within this expres-
sion, the term % (k- ) accounts for the enlargement of the
spot size at larger incidence angle. In these experiments, for P
polarized light, estimates of the SHG-CD value reached 54%.
It is therefore quite clear that, for both linear and nonlinear
optics, chiroptical effects are not only sensitive to the chirality
of the material but also to the geometry of the experiment. This
is why universal measures of chirality are hard to define and
assess. Next, we shall see how the chirality of light itself can be
used to increase the chiroptical phenomena.

4.4. Superchiroptical Effects

We have already seen that for circularly polarized light, the elec-
tric field vector rotates as the light wave propagates. Let us con-
sider the 2,2"-dimethoxy-binaphtyl molecule in Figure 1g upon
illumination by circularly polarized light. Suppose that initially
the electric field vector is along one arm of the molecule. For
a maximal chiroptical effect, we would like that, by the time
the wave reaches the second arm, its electric field is situated
along the direction of the second arm. Unfortunately, whereas
the distance between the two arms is <1 nm, the helical pitch
of circularly polarized light is 400 to 800 nm. By comparison, a
better fit to the helical pitch of circularly polarized light can be
achieved in nanostructures that are built upon the principle of
chiral coupling from achiral elements, which are much larger
than molecules. A successful strategy for enhancing chiroptical
effects consists therefore in trying to match the helical pitch
of light with that of the nanostructures. A much more flexible
strategy might be to match the helical pitch of light to that of
the nanostructures or molecules, thereby achieving superchiral
light.0

For circularly polarized light, the dissymmetry factor, gcp;,
is a measure for the rates of excitation between left- and right-
hand circularly polarized light. This concept can be generalized
beyond the special case of circularly polarized light by the fol-
lowing expression for the dissymmetry factor:

_ cC(r)
E=E8 o
where ¢ is the speed of light, ® is the angular frequency, U,

is the local density of electron states and C(r) is the optical chi-
rality, which is defined as:

(14)

1
C(r) = 8—2"E(r) (V x E(r)) + %B(r) -(V x B(r)) (15)

It follows that if one could enhance C(r), the chiroptical
effects in materials would also be enhanced. Superchiral
fields have thus been employed to achieve 11-fold chiroptical
enhancements, by means of a standing wave pattern. Strong
optical chirality can also be achieved in the vicinity of chiral
plasmonic nanostructures and several such patterns have been
analyzed and design principles have been proposed.!
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So far we have seen that giant chiroptical effects can be
observed in plasmonic nanostructures. Because the plasmonic
local field enhancements are located at the surface of the nano-
structures, surface-specific methods for chiroptical characteri-
zation, such as SHG, also achieve giant values. In linear optics,
chiroptical effects arise due to the interaction between electric
and magnetic field of light. In metamaterials, these electric and
magnetic fields can be locally enhanced to a similar magnitude,
which favours very strong coupling coefficients and therefore
large chiroptical effects, with or without actual chirality in the
nanostructures. Moreover the helical pitch of circularly polar-
ized light can be compressed in the vicinity of plasmonic nano-
particles to achieve local superchiral light, which significantly
increases chiroptical interactions. In all of these methods, plas-
monics plays a crucial enabling role. While all of the methods
can be used to reach giant chiroptical effects, different combi-
nations can yield even larger chiroptical responses. It is already
possible to detect the chirality of single molecules.*! By imple-
menting combinations of strong chiroptical effects, we believe
that soon the manipulation of single chiral molecules with
light will become widespread. When it comes to manipulation,
switches will very likely play a key role in future developments.
In the next section, we shall present two examples of switching
chiroptical behaviour.

5. Outlook

Upon interacting with molecules, plasmonic chiral nanomate-
rials can find numerous possible applications, such as sensing,
imaging and enantioselective reactions. Building upon the
geometric and electromagnetic interplay between plasmonic
and organic chiral nanomaterials, hybrid materials with novel
linear and nonlinear chiroptical properties may be assembled.
Upon incorporating DNA and viruses within such hybrid mate-
rials, bio-functionalities could be achieved, thereby opening
the way for new medical procedures and perhaps even artifi-
cial life. In the near-future, we expect that active, or switchable,
chiral nanostructures will play an increasingly important role,
together with chiral optical metamaterials.

5.1. Chiral Metamaterials

In chiral metamaterials, the constitutive relations are
D = &.60E 4 i& /iogoH and B = u,uoH — i&,/11060E, where
D is the electric displacement field, B is the magnetic induc-
tion field, E and H are the electric and magnetic field respec-
tively, €, and g, are the relative permittivity and the permittivity
of vacuum, p, and p, are the relative permeability and the
permeability of vacuum while & is the chirality parameter.
This parameter increases the refractive index of light for one
direction of circularly polarized light (n*) and it decreases the
refractive index of light for the other (n), so that n* = n ££,
where n= /¢ it,. Consequently, a large [§| leads directly to
negative refractive index for one of the circularly polarized elec-
tromagnetic waves in chiral metamaterials. By enabling nega-
tive refractive index, chiral metamaterials could therefore lead
to advances in optical nanolithography, superlensing and fully
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light-based nanocircuits. In all of these cases, (a) Au: 30 nm
the chirality within metamaterials interacts A=800nm Si0~: 100 nm
with the helicity of the polarization vector of ;'(001)
light. Light however can also propagate with
a helical phase front. 2000

In Laguerre-Gaussian beams, a vortex
in the phase front can endow the light with &
orbital angular momentum. Theoretically, §° $
it has been shown that this orbital angular © Ny

N

momentum of light cannot interact with

the internal states of molecules through an

electric-dipole mechanism.'% Experimen-

tally, it has also been demonstrated that

Laguerre-Gaussian beams do not display

chiroptical effects in molecular materials.[10!]

With respect to metamaterials though,

recently, Laguerre-Gaussian beam carrying

both orbital and spin angular momentum

have been employed to control the chirality

in twisted metal nanostructures.' In these

experiments, laser ablation with Laguerre-

Gaussian beams was performed and the

helicity of the beam was transferred to the

melting metal resulting in the formation of (d)

chiral nano-needles. Although the overall size

of the light matter interaction in these experi-

ments extended over 25 um, it has been

revealed that similar though achiral nano-

needles, or nanojets, can occur within 200 nm

with the help of plasmonic hotspots.®!
Through their interaction with complex

light, the complex geometries of chiral met-

amaterials can lead to novel scientific and

technological breakthroughs; for instance,

200 nm

based on novel spin-orbit exchange mecha-
nisms, nonlinear behaviour and opto-manip-
ulation of chiral states.[%%]

5.2. Switching the Handedness of Chiral
Local Field Enhancement with Circularly
Polarized Light

Figure 8. Switching the handedness of chiral local field enhancements. (a) Schematic of SHG
emission from square-ring gold nanostructures depending on the polarization state of light.
In response to linearly polarized incident light, near-field enhancements of the electric field
cause SHG hotspots on the surface. For circularly polarized incident light, the electric near-field
enhancements cause more homogeneous SHG emission from the surface of the nanostruc-
tures. In (b), SHG microscopy pictures for horizontal linearly polarized light reveal hotspots
that are arranged along the direction of polarization. In (c), SHG microscopy for circularly
polarized light shows a homogeneous SHG response from the surface of the square-rings.['%4
In (d) and (e), numerical simulations of the electric near-fields in a plane immediately above
the air/gold interface. The state of polarization is indicated with white arrows. Adapted with
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permission from Ref.%. Copyright 2012. Wiley. John and Sons.

In Figure 8a, we consider square-ring-shaped

gold nanostructures. For linearly polarized

illumination, the charges are driven along the direction of
linearly polarized light and, consequently, near-field enhance-
ments, or hotspots, are produced, see Figure 8a. For circularly
polarized light though, there is no privileged direction and con-
sequently, there should be no hotspots. Instead, the charges
can be expected to distribute more or less homogeneously on
the surface of the square ring, as schematically indicated in
Figure 8. This hypothesis was tested by means of SHG micros-
copy imaging, which was performed on arrays of gold square-
rings, with linear and circularly polarized light, in Figure 8c
and 8d, respectively.'® The SHG microscopy shows that in
the former case, there are pairs of clearly resolvable hotspots,
which match the neighbouring sides of the squares that are
oriented perpendicularly to the direction of linearly polarized

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

light. In the case of circularly polarized light, the squares can
be resolved entirely, due to the homogeneous distribution of the
field enhancements. Because these square-rings are achiral, the
SHG microscopy shows no difference in the images recorded
for left- and right-hand circularly polarized light. However, it
should be noted that the image of Figure 8c is at the limit of the
optical resolution that can be achieved with SHG microscopy.
To gain further understanding of the effect of circularly polar-
ized light on the electron density of the nanostructures, numer-
ical simulations can be performed providing suitable nanoscale
resolution.

Figure 8d and 8e show the electric field enhancements at a
distance of 1 nm above the nanostructure, for the two direc-
tions of circularly polarized light. The simulation results are in

Adv. Mater. 2013,
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good agreement with the experiments, see Ref. [104] , but indi-
cate something more. Upon examining the pattern of the local
field enhancements, we note that they exhibit a sense of rota-
tion, i.e., they are chiral. Moreover, their handedness reverses
upon reversing the direction of circularly polarized light.
These simulations of the near-fields were performed with
RSoft’s Diffract MOD software and their conclusions were also
supported by independent simulations of the local electric cur-
rents, at the depth of 1 nm below the surface of the nanostruc-
tures. The simulations of currents were performed with the
MAGMAS Maxwell equations solver. Because the squares are
definitely achiral, the only explanation for the appearance of
chirality in the simulation results is that the chirality of light
itself has been imprinted on the local currents and near-field
distribution. It is therefore possible to use circularly polarized
light, to bestow chirality upon achiral nanostructures and to
switch that chirality by switching the direction of circularly
polarized light. Such chiral switches could potentially be used
to manipulate chiral molecules in the vicinity of the nano-
structures. Whereas in this example the chi-

rality of light switches the handedness of the

nanostructures, in the next section we shall

see how the handedness of the nanostruc-

tures could be used to switch the sign of the

chirality of light.

5.3. Switching Optical Activity

In molecular materials, switching the hand-
edness of chiral molecules is well known in
chemistry and it can be performed by various
methods, for instance by photoexcitation, redox
changes, electron tuneling, temperature varia-
tions, solvent strength and pH control. In order
for chiral switches to be efficient, the speed of
chiral interconversion is essential. For this
reason, electro-active organic polymers, such
as polyaniline, whose helical conformation can
be modulated by reduction and oxidation are
sought after'l Moreover, optical switching,
that can be performed at wavelengths different
from that at which chiroptical effects are meas-
ured, might be of interest for data recording.
Such photoswitchable molecules are helical-
shaped overcrowded alkenes and diastere-
omeric bistable molecules.'® However, the
typically small values of chiroptical effects in
molecules constitute an important limitation.
Recently, the switching of chiroptical effects
in terahertz metamaterials has been shown to
achieve optical rotation in excess of 10° for
a single metamaterial layer.'"”] The geom-
etry of the structures is shown in Figure 9a
and Figure 9b. The lateral dimension of the
unit cell is 50 pm. The unit cell is composed
of structures with opposite handedness (A
and B), which unmodified simply cancel

www.advmat.de

architectures used in Figure 9 however were modified. The struc-
tures are built upon a silicon-on-sapphire substrate, in a manner
that incorporates silicon pads in the chiral three-dimensional
design. In A, the isolating pad bridges two already separate parts
of the structures. As a consequence, A is virtually unmodified. In
B however, the pad replaces part of the metallic architecture with
an isolator and therefore the resonance red-shifts. Following the
insertion of these pads, at the original resonance frequency, the
structure now exhibits a net chiroptical response, which is due to A
(as B is red-shifted). Moreover, the chiroptical response can be
switched upon illumination by an ultrafast laser operated at the
wavelength of 800 nm (50 fs, 1 kHz repetition rate). Indeed, at
this wavelength, the charges in Si are excited above the band-
gap, and as a consequence, the pads become conductive. The
effect upon A is dramatic, as the previously unconnected parts
of the structure are suddenly shortened. Henceforth, the reso-
nance in A is virtually suppressed. Conversely, B, which was
shortened by the isolating Si, finds itself essentially restored to
its original dimensions by the change in conductivity. Overall,

Figure 9. The handedness of the structures can be used to switch the sign of chiroptical effects.
In (a) and (b), scanning electron microscopy images of the fabricated metamaterial. The period
of the metamaterial is 50 um and the scale bar in (a) is 25 um. In (b), the purple, blue and
yellow colours represent the gold structures at different layers and the two silicon pads are
shown in green. The scale bar measures 10 um. In (c), the measured transmission spectra for
left- (solid) and right-hand (dashed) circularly polarized light, without (black) and with (red)
photoexcitation. The shaded region represents the frequency range where the relative trans-
mission amplitude between left- and right-hand circularly polarized light is reversed. In (d)
and (e), the CD spectrum and ORD derived from the measured transmission amplitude and
phase spectra are shown, respectively. The curves correspond to transmission without (black)
and with (red) photoexcitation. In the shaded area, both the signs of CD and ORD are flipped,
indicating the switching of handedness of the metamolecules. Adapted with permission from
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the photoexcitation causes a net chiroptical response to appear, this
time due to B, (as A is shortened). The range over which the chi-
roptical response can thus be switched by turning on and off the
photoexcitation extends from 0.9 to 1.14 THz.

6. Summary

To summarize, very large chiroptical effects have recently been
achieved from chiral plasmonic nanostructures. These accom-
plishments are mainly due to the development of bottom-up
and top-down approaches for material design and fabrication
at the nanoscale. Both giant linear and nonlinear chiroptical
values have been reported. For the linear case, chiroptical
effects originate in the local coupling between electric and
magnetic fields. In nanostructures, while the localized sur-
face plasmons can efficiently enhance both the electric and
the magnetic field of light, the geometrical confinement can
efficiently couple the fields. For the nonlinear case, chirop-
tical effects can exist solely within the electric dipole approxi-
mation. Large chiroptical values can therefore arise from the
surface-sensitivity of the techniques and because, as their
name indicates, localized surface plasmons lead to enormous
electromagnetic field enhancements precisely on the surface.
Besides the chirality of the nanostructures, chiroptical effects
can be enhanced by making use of the experimental geom-
etry and of the chirality of light itself. We believe that further
optimization can be achieved by combining different types of
chiral enhancements. In particular, the helical pitch of circu-
larly polarized light could be manipulated by using the local
fields of plasmonic nanostructures to match the helical pitch
of molecules. Moreover, because the chiroptical response of
molecules is typically in the UV range, whereas that of plas-
monic nanoparticles is in the visible and near-IR, nonlinear
(multiphoton) processes could be used to efficiently couple the
two spectral regions. We believe that development and under-
standing of the chiroptical effect in plasmonic nanostructures
will lead to unprecedented levels of chiroptical sensitivity for
molecules and will also allow efficient asymmetric molecular
synthesis and catalysis. In the future, chiroptical switches will
very likely play an important role in technological applications
of chiral plasmonic nanostructures. It has already been shown
that switching the chirality of incoming light can cause a
reversal of the handedness in the nanostructures. Additionally
it has also been demonstrated that switching the handedness of
the nanostructures can cause a reversal in the chirality of out-
going light. Although the latter was demonstrated at terahertz
frequencies, transposing its principle to the optical frequency
is only a matter of time.
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