
rsc.li/materials-horizons

Materials
Horizons

rsc.li/materials-horizons

ISSN 2051-6347

COMMUNICATION
Blaise L. Tardy, Orlando J. Rojas et al. 
Biofabrication of multifunctional nanocellulosic 3D structures: 
a facile and customizable route

Volume 5
Number 3
May 2018
Pages 311-580Materials

Horizons

This is an Accepted Manuscript, which has been through the  
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after acceptance, 
before technical editing, formatting and proof reading. Using this free 
service, authors can make their results available to the community, in 
citable form, before we publish the edited article. We will replace this 
Accepted Manuscript with the edited and formatted Advance Article as 
soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes to the 
text and/or graphics, which may alter content. The journal’s standard 
Terms & Conditions and the Ethical guidelines still apply. In no event 
shall the Royal Society of Chemistry be held responsible for any errors 
or omissions in this Accepted Manuscript or any consequences arising 
from the use of any information it contains. 

Accepted Manuscript

View Article Online
View Journal

This article can be cited before page numbers have been issued, to do this please use:  E. Santiago, M.

Irfan, O. Avalos Ovando, A. O. Govorov, M. A. Correa-Duarte and L. V. Besteiro, Mater. Horiz., 2025, DOI:

10.1039/D5MH00179J.

http://rsc.li/materials-horizons
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d5mh00179j
https://rsc.66557.net/en/journals/journal/MH
http://crossmark.crossref.org/dialog/?doi=10.1039/D5MH00179J&domain=pdf&date_stamp=2025-05-09


Data Availability Statement 

 

 

Data and codes used to create new figures for this article, related to the following 
items, are available at DOI:10.5281/zenodo.14748371. 

 Fig. 5: Gaussian 16 inputs and selected ouputs 
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Light-to-matter chirality transfer in plasmonics
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Correa-Duarte,a,c Lucas V. Besteiroa,*

Plasmonic nanostructures are important tools in the study of chirality in the nanoscale. They are systems composed of 
conducting materials that support resonant excitations of the oscillatory motion of their conduction electrons. Exciting these 
plasmonic modes effectively localizes radiant energy in and around these nanostructures, which act as electromagnetic 
antennas operating in the UV-to-IR spectral range. Plasmonic systems can enhance the chiroptical activity of chiral molecules 
in near-field interaction with them, affording improved sensing capabilities at low analyte concentration or in samples with 
a low enantiomeric excess. They have also become an important platform through which to test and develop artificial 
materials with exceptionally large chiroptical activity, through the creation of plasmonic structures or assemblies with chiral 
geometries or arrangements. The fabrication of chiral plasmonic nanostructures employs a variety of techniques, the most 
common including the introduction of chiral asymmetry through top-down designs or introducing chiral molecules to direct 
the chiral growth of the structure. Recently, a different approach is being explored, which involves using chiral light as the 
only source of asymmetry in developing chiral plasmonic nanostructures. Chirality in this case arises from local 
transformations occurring on the surface or environment of the nanostructure, in a pattern that follows the local, chiral 
pattern of excitation induced by the impinging light. This article introduces and explores light-to-matter chirality transfer in 
plasmonics, contextualizes it within an introductory overview of light-matter interaction and chirality, reviews examples of 
this nascent technique and discusses its potential in exploiting different energy-transfer mechanisms supported by 
plasmonic nanostructures.

1. Introduction and overview
The interaction of light with matter is at the heart of several 
important threads in the development of modern science and 
technology. These include the discovery of lasing and its myriad 
applications, the proliferation of characterization and sensing 
techniques using different parts of the electromagnetic 
spectrum, the development of telecommunications technology, 
advances towards photonic computing, or even motivating the 
birth of quantum mechanics through the description of 
blackbody radiation and the photoelectric effect. Today, a 
student or researcher interested in nanophotonics or 
nanotechnology will probably have some familiarity with the 
term "plasmonics" and some of the ideas behind it, as it is 
present today in a very large number of scientific publications 
across different areas. The field of plasmonics deals with 
phenomena and applications related to the resonant 
oscillations of the cloud of quasi-free electrons present in 
conducting materials, especially when at least one dimension of 

the conductor is in the nanoscale. Plasmonic nanostructures are 
often referred as nanoantennas, as their behaviour resemble 
the coupling of macroscopic antennas with long-wavelength 
electromagnetic radiation, but their nanoscale sizes achieve 
coupling with shorter-wavelength radiation, through the visible 
spectrum and down to ultraviolet (UV) wavelengths.1,2 This 
strong, resonant interaction with light can be exploited both for 
their own optical properties,3–6 inducing changes in the optical 
response of other systems,7–12 or for their capability of inducing 
local changes in their environment.13–16 Readers interested in 
some facet of this field can not only encounter excellent general 
reviews,17–20 a wide expanse of work dealing with fundamental 
exploration and modelling of plasmonic phenomena.21–26 They 
can also learn about varied fabrication techniques,27–32 and 
applications in sensing,33–36 photodetection,37–40 
photoheating,15,41–43 photochemistry,13,14,44–46 and other 
areas.47–51 This focus article intends to offer both an entry point 
and brief overview to a particular research thread in 
plasmonics, relatively new and still developing, related to a 
storied aspect of the study of plasmonic nanocrystals: their 
capability to produce strong chiroptical signals exploiting chiral 
asymmetries in single nanostructures, aggregates, or structured 
metamaterials.52,53

The research thread that we will explore in detail in this article 
develops a particular path for the creation of plasmonic 
nanostructures with chiral asymmetries, starting with achiral 
plasmonic nanostructures and becoming asymmetric through 
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their interaction with chiral light, without involving chiral 
molecules. This light-to-matter chirality transfer is mediated by 
physical or chemical transformations initiated by light occurring 
around the nanostructures. A notable case of this phenomenon 
is the photogrowth of a material layer over the metal, following 
the symmetry (or lack thereof) of the combined system of 
plasmonic resonator and light.54,55 Of course, it is important to 
realize that this is not the only method for creating chiral 
plasmonic systems, which can be efficiently produced with 
techniques such as lithography,56,57 DNA-origami 
templating,58,59 or growth controlled by chiral molecules.60–62 
Nonetheless, controlling the evolution of the nanostructures’ 
shape through the symmetry of the light impinging on them 
holds significant scientific interest on several accounts: firstly, 
and obviously, represents a new path for controlling matter in 
the nanoscale, potentially in conditions that are not accessible 
to other methods; serves as a test space for improving our 
understanding of the local evolution of surface reactions in 
plasmonic photocatalysis, and in so-doing allows us to refine 
our models of energy-transfer mechanisms from plasmon to 
environment; can be developed as a passive technique to 
evaluate properties of the light; and can be used to refine our 
understanding of the light-matter interaction when working 
with chiral light. Related to this last point, let us underscore 
that, although light-to-matter chirality transfer on plasmonic 
nanostructures can be understood as a form of chiral 
photocatalysis, as it involves both concepts at its core, this 
process is wholly distinct from enantioselective photocatalysis. 
Chiral photocatalysis refers to the latter, to the control of the 
chirality of a molecular sample through different photocatalytic 
processes involving chiral light. They are thus different 
phenomena, they operate at different spatial scales, and 
involve different physical mechanisms. Yet, due to the well-
known capabilities of using plasmonic resonators to influence 
different optical and chemical processes at the molecular scale, 
the possibility of achieving strongly enantioselective 
photocatalysis exploiting the properties of chiral and achiral 
plasmonics is actively pursued.63–65 So, for the purpose of clearly 
distinguishing these two families of phenomena, we will provide 
a brief overview of light-matter interaction in the particular 
context of using chiral light.
This article will provide an introductory overview to light-matter 
interaction and chirality, building up to a discussion of light-to-
matter chirality transfer. Section two will introduce chirality in 
matter and in light. Section three will describe fundamental 
ideas behind modelling the interaction of light with chiral 
matter, attending to the similarities and differences of 
modelling discrete transitions in molecules and collective 
oscillations in plasmonic systems. Section four will engage 
directly with the topic of light-to-matter chirality transfer in 
plasmonic systems, presenting a discussion on theoretical and 
experimental work in the field that is structured according to 
the different physical mechanisms that can induce the 
imprinting of chirality. Finally, section five presents brief 
conclusions based on the prior discussion, presenting the 
thoughts of the authors about the foreseeable future of this 
field of study.

2. Chirality
a. Geometry and chiral matter

Chirality is the relationship between two objects that can be 
transformed into each other by a mirror transformation, but not 
under translation and rotation. These two objects are 
enantiomers, with one labelled as left-handed and the other 
right-handed, taking advantage of our familiarity with the 
paradigmatic enantiomeric pair, our hands. The conditions for 
chirality of a system, e.g. a molecule, can be expressed using 
ideas from group theory, the mathematical framework used to 
describe the symmetries of an object or space. The symmetry 
of a chiral object can be described by a point group that is purely 
rotational, i.e. lacks reflection symmetry, inversion symmetry, 
and axes of improper rotations, which combine rotation around 
an axis with a reflection across a plane perpendicular to that 
axis. 
Chirality is a geometrical concept with several significant 
implications in the natural sciences. This connection is, of 
course, far from surprising, as the spatial arrangement of atoms 
directly determines the available electronic states in a molecule 
or a crystal, and symmetry plays an important role in 
understanding the properties of matter. But chiral asymmetries 
play a particularly important role in biology, because life on 
Earth is homochiral,66 and enantiomers of chiral molecules can 
have drastically different effects in living organisms. This 
highlights chirality as a property of interest in biological, 
medical, and pharmaceutical contexts,67–71 including more 
specific ones such as food science.72–74 Consequently, the study 
of chirality in the micro and nanoscale is strongly motivated by 
applications, which has motivated much research on the 
chiroptical properties of matter for the purpose of sensing and 
manipulation,64,75,76 as well as fundamental interest in physics 
and optics.77–79 
Before starting the discussion of chirality in electromagnetic 
fields, it is useful to introduce some additional terms that are 
useful to group different types of material systems attending to 
their asymmetry. Then, to the above general description of 
chiral 3D geometries, we can append several additional terms 
used to describe systems that are not strictly chiral, but still 
have chiroptical activity. The first, 2D chirality, or planar 
chirality, describes geometries that are chiral only when 
confined to the reduced dimensionality of a plane, but not if we 
consider them as living in 3D space. This is an important 
category in the context of this article, as many of the systems 
that we will discuss in examples of light-to-matter chirality 
transfer are structures supported on a substrate. A 2D chiral 
object will provide a chiroptical signal, but its handedness will 
be flipped depending on whether we are illuminating it from 
above or below. Figs. 1a and 1b show examples of chiral 
structures in 3D and 2D, respectively. The object is first mirrored 
to obtain a mirror image. The image is then rotated in an 
attempt to perfectly match the original object. If this can be 
achieved, the structure is achiral; however, when we cannot 
superimpose the object and the mirror image, by definition, the 
structure is chiral.
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Now, it is useful to extend our vocabulary to encompass 
systems that, even if not geometrically chiral, can have a 
chiroptical response under illumination. We can then contrast 
systems with 3D or 2D chirality, which have intrinsic chirality, to 
those with extrinsic chirality, which only showcase chiral 
asymmetry if considered together with the impinging light. This 
latter category then includes systems whose chiroptical 
response arises from the excitation conditions, most typically 
when planar resonators are probed with circularly polarized 
light (CPL) arriving at an angle lower than 90°,80,81 but can also 
occur through other mechanisms, like the interaction of single-
resonator and lattice modes in planar metamaterials.82,83 Fig. 1c 
shows an example of extrinsic chirality created by the direction 
of the incident light on a planar metamaterial.84,85 This is due to 
an oblique incidence, which breaks the symmetry of the whole 
arrangement. However, if a line of symmetry of the geometry 
was contained within the plane of incidence, the combined 

response of the system would remain achiral. Lastly, the term 
of induced chirality is used when an achiral system registers a 
chiroptical response because it is in close electromagnetic 
interaction with a chiral element.86 Within the context of 
plasmonics, a relevant example is the interaction of a chiral 
molecule with an achiral plasmonic resonator or lattice, with 
the latter not only enhancing the chiroptical signal of the 
molecule, but also inducing a chiroptical signal at its plasmonic 
modes.11,83,87–89 Fig. 1d shows the chiroptical response—circular 
dichroism (CD) in particular, which we describe in detail in a 
later section—for a chiral molecule and a plasmonic 
nanoparticle approaching each other. Individually, the 
plasmonic nanoparticle is nonchiral (CD = 0) and the chiral 
molecule CD is represented by the red line on the plot. 
However, when the gap between them is small enough, the CD 
increases at a wavelength corresponding to the nanoparticle 
plasmon resonance.

b. Chirality in light

The paradigmatic case of chiral light is a circularly polarized 
planewave. A planewave will have a specific polarization and 
direction. When no polarization can be determined, we say that 
the light is unpolarized and can be constructed by the 
incoherent sum of many planewaves with different 
polarizations. A polarized wave with a well-defined direction of 
propagation is typically described as having three basic types of 
polarization: linear, circular and elliptical. Let us describe in 
some more detail such cases. Light can be described as an 
electromagnetic wave composed, as the name suggests, of an 
electric and magnetic field oscillating perpendicularly to the 
direction of propagation. We can write each of these fields as

𝐄 = 𝐄0𝑒𝑖(𝐤∙𝐱―𝜔𝑡),       𝐁 = 𝐁0𝑒𝑖(𝐤∙𝐱―𝜔𝑡)

where 𝐄0 and 𝐁0 are the polarization vectors for the electric 
and magnetic fields, respectively, and are perpendicular to each 
other. Meanwhile, 𝐤 and ω are the wavevector and angular 
frequency of the planewave, respectively. These two 
magnitudes are connected by the dispersion relation of the 
medium through which the light propagates, as ω = 𝑐𝑘/𝑛, 
where 𝑐 is the speed of light in vacuum, 𝑘 is the module of the 
planewave’s wavevector, and 𝑛 is the real part of the refractive 
index of the propagation medium. The refractive index is in 
general both a complex-valued and frequency-dependent 
magnitude, where the real part affects the propagation of light 
while the imaginary part accounts for the attenuation of the 
electromagnetic field.90 The phase velocity of a wave is 𝑣𝑝 = ω/
𝑘, and thus the real part of refractive index is the ratio of the 
speed of light in vacuum to its speed in a specific medium (n = 𝑐

Figure 1. Types of chirality with example geometries. (a) Objects with intrinsic 3D chirality cannot be superimposed over their mirror images through any translation and rotation 
in 3D space. (b) Objects with intrinsic 2D chirality have the same property if we restrict the possible transformations to those within the plane of the object. (c) Extrinsic chirality 
arises when an achiral 2D object is excited by light at angle such that the combined system of object plus light is chiral in 2D. (d) Chirality induced on a plasmonic nanoparticle by 
closing its distance to a chiral molecule. The plot shows the CD of the whole system where δ is the gap, in nm, between the nanoparticle and molecule.
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/𝑣𝑝), giving us information on how much a monochromatic 
wave slows down when traveling through a material. 
Let us now focus on the oscillating electric field, both for 
simplifying our discussion, and because the optical phenomena 
that we will discuss are dominated by electric, rather than 
magnetic, effects. Furthermore, we can choose a wave moving 
in the z direction to work with a more specific notation. Then, 
we can write the electric field of a planewave propagating along 
the 𝑧 axis and with its electric field oscillating in the orthogonal 
𝑥-𝑦 plane as

𝐄 =  𝐄0𝑒𝑖(𝑘𝑧―ωt),     𝐄0 = 𝐸𝑥,𝐸𝑦,0
Importantly, each of the components of the polarization vector 
is a complex-valued number, so we can express them in terms 
of the individual amplitudes and phases, as

𝐸𝑥 = |𝐸𝑥|𝑒𝑖𝛿𝑥,   𝐸𝑦 = |𝐸𝑦|𝑒𝑖𝛿𝑦

It will be more convenient, however, to discuss the polarization 
of the plane wave in terms of the phase difference between 
these two components of the polarization vector, δ = δ𝑦 ― δ𝑥. 
Then, we can identify a plane wave that is linearly polarized as 
one with no phase difference between the components of its 
polarization vector (𝛿 = 0). Linearly polarized light (LPL) has its 
electric field oscillating in a fixed plane containing both the 
direction of propagation and the polarization vector. The 
electric field for linear polarization in the 𝑒 direction can be 
expressed as

𝐄 =  𝐸0𝐞𝑒𝑖(𝐤∙𝐫―𝜔𝑡)

Particularly, a planewave moving in the z direction with an 
arbitrary initial phase can be written as 

𝐄 =   |𝐸𝑥|𝐱 + |𝐸𝑦|𝐲 𝑒𝑖(𝑘𝑧―𝜔𝑡)

In contrast, an elliptically polarized planewave has its electric 
field rotating around the direction of propagation, and our wave 
propagating along the 𝑧 axis is written by the more general 
expression

𝐄 =   |𝐸𝑥|𝐱 + |𝐸𝑦|𝑒𝑖δ𝐲 𝑒𝑖(𝑘𝑧―𝜔𝑡)

where |𝐸𝑥| and |𝐸𝑦| are not equal, 𝛿 is nonzero or both. From 
this expression, we can single out circularly polarized light (CPL) 
as a particular case of elliptical polarization, in which the 
amplitude of the field does not change as it rotates (|𝐸𝑥| = |𝐸𝑦|) 
and the components of the polarization vector have a fixed 
phase difference of a quarter rotation (δ =  ± π/2). The sign of 
their relative phase defines the wave handedness. Then, by 
analyzing the previous equations, we can see that a circularly 
polarized wave is the superposition of two perpendicular 
linearly polarized planewaves with the same amplitude and a 
phase difference of ± π/2. This is illustrated on Fig. 2a, which 
illustrates a frozen snapshot of a circularly polarized plane 
wave, in red, alongside two linearly polarized waves, in blue and 
green. Now, in order to define its handedness, it is important to 
define from which perspective we are going to evaluate the 
rotating field. Two options are available: either from that of the 
light source or from that of the object towards which the light 
propagates (see them also in Fig. 2a). These define two different 
reference systems and labelling conventions. In this text we will 
use the "source" convention, but both are valid and widely used 
in the published literature (in fact, some of the work we will 
reference in later sections use the other convention). Then, we 

can recognize that the wave in Fig. 2a is left-handed circularly 
polarized (LCP) because an observer at the source would see the 
electric field rotate counterclockwise when attending to a fixed 
plane orthogonal to the wave’s propagation direction. For a 
wave moving in the z direction like the one described by the 
equation above for elliptical polarization, we obtain an LCP 
wave when |𝐸𝑥| = |𝐸𝑦| = 𝐸0, and the phase difference is δ = π
/2 , so that

𝐄LCP =  𝐸0 𝐱 + 𝑖𝐲 𝑒𝑖(𝑘𝑧―𝜔𝑡)

Whereas right-handed circularly polarized (RCP) light would 
correspond to a phase difference δ = ― π/2 , so that 

𝐄RCP =  𝐸0 𝐱 ― 𝑖𝐲 𝑒𝑖(𝑘𝑧―𝜔𝑡)

It is worth noting that a linear planewave could also be seen as 
a superposition of two circularly polarized planes of opposite 
handedness and equal amplitude. The phase difference 
between them would define the polarization direction of the 
linearly polarized wave. In fact, treating CPL as the fundamental 
type of polarization, with LPL being a linear combination of 
circularly polarized (CP) modes with opposite handedness, is 
the more natural approach from the perspective of quantum 
mechanics: photons, being massless particles with spin 𝑠 = 1, 
have only two available states, with their spin pointing either 
along or opposite to their direction of propagation.91,92 Then, 
photons have a spin angular momentum (SAM) of 𝑆 = ℏ

𝑠(𝑠 + 1) = ℏ 2 and a helicity when propagating along the 𝑧 

axis, i.e. the projection of the SAM over its propagation 

Figure 2. (a) Schematic diagram of a CP wave and the two LP waves composing it, 
with time fixed. Both source and object are labelled to indicate the two distinct 
perspectives that give rise to the two naming conventions for the handedness of CPL. 
In this example, the source (object) sees a counterclockwise (clockwise) rotation in the 
highlighted plane as time advances, so that it corresponds to LCPL (RCPL). (b) 
Photons are circularly polarized. (Left) Schematic diagrams of the rotating electric 
field at a fixed time, labelled with the handedness of the state in the source convention. 
(Right) Corresponding helicity, i.e. projection of the magnetic moment (from spin) 
over the propagation direction, of the photons with opposite handedness. (c) Vortex 
beams with orbital angular momentum. Intensity and phase profiles for the primary 
mode of a Laguerre–Gaussian beam with 𝑙 = [ ―2, ― 1,0,1,2]. The top row shows the 
phase front for the different modes. The middle row shows the corresponding 
azimuthal phase profiles, and the bottom row shows the corresponding planar intensity 
profile. Reproduced from Ref. 97.
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direction, of 𝑆𝑧 = ± ℏ. The state with positive helicity 
corresponds to an RCP photon, while the negative helicity 
corresponds to an LCP photon (see Fig. 2b).93,94

Circularly polarized light is then the fundamental state of light 
and can thus be considered as the paradigmatic case of chiral 
light. As such, in this article we will focus on CPL for discussing 
the interaction of chiral light with matter. But it is important to 
keep in mind that the category of chiral light is not exhausted 
by CPL. We can obtain a more general perspective if we consider 
the complete angular momentum of light, composed of both 
orbital, 𝐋, and spin component, 𝐒, as

𝐉 = 𝐋 + 𝐒 = 𝜀0 𝐫 × (𝐄 × 𝐁)d𝑟

In this context, and as described above, CPL is light composed 
by photons with angular momentum solely derived from their 
intrinsic spin, which is parallel (or antiparallel, for its opposite 
handedness) to their direction of propagation. Light, however, 
can also carry orbital angular momentum (OAM),94–96 which 
implies a departure from being a plane wave, with a planar 
phase front. A beam with OAM has a phase dependence on the 
azimuthal angle around the beam propagation direction, such 
as the helical phase front shown in Figure 2c. A beam with an 
OAM of 𝐿𝑧 = 𝑙ℏ, with 𝑙 ∈ [0, ± 1, ± 2,…] different from zero, is 
a vortex beam with topological charge 𝑙. This topological charge 
corresponds with the number of full phase twists per 
wavelength described by the beam.97–100 Vertex beams are 
varied in type and in their applications,101,102 allowing for the 
chiral manipulation of matter, e.g. through inducing circular 
movement patterns in nanoparticles,103,104 inducing chiral 
currents in plasmonic nanostructures,105,106 or, in clear 
examples of light-to-matter chirality transfer, carving twisting 
chiral metal spikes107–110 or photopolymerizing chiral pillars,111 
several micra in size. Optical beams with OAM are examples of 
the even more general category of structured light,112–114 which 
extends to cover any optical field with relevant spatial 
inhomogeneities in some of the parameters describing it,113 and 
includes other examples of chiral light.115,116 Nonetheless, and 
as mentioned above, CPL or SAM light remains the paradigmatic 
and fundamental form of chiral light. It is also arguably the 
simplest to produce in standard optical setups, and more 
straightforward to study theoretically in describing the 
interaction between chiral light and matter. Consequently, in 
the remainder of this article we will only consider CPL as the 
chiral light inducing asymmetry in the nanoscale. Circularly 
polarized light is also an important, routinely used probe for the 
study of the chirality of matter. Incidentally, understanding 
some basics ideas underlying the interaction of CPL with chiral 
matter is useful to set the background against which we will 
discuss light-to-matter chirality transfer. Then, let us preface 
our discussion on the interaction of chiral light with achiral 
matter by presenting some basic ideas regarding the interaction 
of chiral light with chiral matter. 

3. Interaction of light with chiral matter
a. General aspects

From a macroscopic perspective, investigating whether matter 
is chiral in its microscopic composition mainly depends on 

exploring how a sample interacts with the polarization of light. 
Although the absence of chiroptical properties does not 
guarantee that no microscopic chiral components are present 
in the sample, the presence of proper chiroptical phenomena 
does report on the presence of some form of chirality. There are 
two fundamental magnitudes for quantifying the chiroptical 
response of matter: circular dichroism and optical rotation. 
Both are manifestations of the optical activity in chiral media. 
To define circular dichroism, we must first introduce dichroism. 
Dichroism refers to a sample’s selectivity in its response to light 
with two different characteristics, such as polarization. When 
light travels through a dichroic material, a differing extinction 
coefficient for two polarized rays causes one to be absorbed 
more efficiently. Then, the dichroic material will have a different 
appearance depending on the light polarization. And just like 
there are different types of polarization, there are also different 
types of dichroism. Linear dichroism refers to the differential 
absorption between beams with orthogonal linear polarization, 
and offers information about the anisotropy of the sample. 
Similarly, circular dichroism (CD) is the difference of amount of 
light absorbed for left- and right- circularly polarized light. This 
differential absorption can be expressed as a difference of 
several magnitudes, with the absorbance of the sample being 
particularly straightforward to measure, measuring 
transmission along the path of the input beam:

CDA = Δ𝐴 = 𝐴LCP ― 𝐴RCP,
where 𝐴 is the absorbance, or the attenuation of an incoming 
beam after a path of length 𝑑,  𝐴 = log (𝐼0/𝐼𝑑), and it is 
measured under beams of circularly polarized beams of 
opposite handedness. An alternative, commonly used metric is 
that of circular dichroism obtained as the difference of molar 
extinction coefficient under LCP and RCP light, Δ𝜀 = 𝜀𝐿𝐶𝑃 ―
𝜀𝑅𝐶𝑃. Here, the reader should be aware of the ambiguity arising 
from using the same notation for molar extinction coefficient 
and permittivity. One should note that these magnitudes group 
together absorption and scattering, but these can also be 
addressed separately with an appropriate setup, by measuring 
light scattered from the path of the input beam.117–119 A visual 
schematic description of circular dichroism when light traverses 
through a chiral medium is shown in Fig. 3a. When two incident 
light beams with different circular polarization and equal 
intensity travel through a chiral medium, the transmitted 
polarizations have different intensities due to the preferential 
interaction of the sample with one of the polarizations. When 
working with films or other planar systems, common in the 
study of chiral metamaterials,120,121 instead of measuring 
absorbance one would work with absorption, also noted as 𝐴, 
reflectance 𝑅, or transmittance, 𝑇. These magnitudes, which are 
normalized by the beam intensity, are connected by the 
principle of conservation of energy, so that 𝐴 + 𝑅 + 𝑇 = 1. It is 
worth noting that many plasmonic metamaterials are prepared 
over continuous metallic substrate layers, or mirror 
backplanes,122,123 so that no power is transmitted and the above 
relationship holds simply between 𝐴  and 𝑅.  
Measuring CD in a sample is an indication of it having some 
microscopic chiral component, and its particular CD spectrum 
provides information on its characteristics, not only through its 
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absolute magnitude (as a measure of both chirality and 
interaction strength) but also through its features at different 
wavelengths (related to the energy of the molecular transition 
involved, if that is the case, or to the spatial scale of the chiral 
phenomenon producing it).124 
In measuring chirality through circular dichroism, it is often 
informative to use a normalized magnitude that removes the 
dependence on factors such as molecular concentration, so that 
the interpretation of the chiroptic spectra relates only to the 
chirality of the sample.  The so-called g-factor125, 𝑔𝐴, or Kuhn’s 
dissymmetry or anisotropy factor, is defined as the CD of the 
sample normalized by the average of the absorbance under 
LCPL and RCPL:

𝑔𝐴 =
𝐴LCP ― 𝐴RCP

(𝐴LCP + 𝐴RCP)/2

Given that the values of 𝐴 are positive, it is clear that 𝑔𝐴 can 
take values between -2 and +2. As a rule of thumb, we can 
expect small chiral molecules to have absolute values of 𝑔𝐴 in 
the order of ~10―2 ― 10―5, while chiral plasmonic 
nanostructures can reach larger values, up to ~10―1 for 
colloidal structures and even ~100 for planar 
metamaterials.116,126,127

The second of the characteristic optical responses of chiral 
matter is optical rotation, also known as circular birefringence, 
which is the ability to rotate the polarization plane of linearly 
polarized light. When CPL travels through an optically active 

medium, the light has a different velocity depending on its 
handedness. Since a linearly polarized planewave is the sum of 
two circularly polarized planewaves of opposite handedness, 
the velocity difference between LCPL and RCPL changes their 
relative phase difference, which in turn causes a rotation of the 

linearly polarized planewave. Fig. 3b shows an incident 
vertically linearly polarized planewave passing through a chiral 
medium. Once the light ray fully escapes the material, the 
polarization direction is rotated relative to its initial orientation. 
This optical rotation can be measured with an instrumented 
called a polarimeter and it is commonly used to obtain the 
relative concentration of enantiomers of chiral molecules in a 
sample.128 In particular, the magnitude used to report a 
sample’s optical rotation is the optical rotatory dispersion 
(ORD), or its specific rotation spectrum. The specific rotation is 
the angle at which optical rotation occurs at a particular 
wavelength, temperature and concentration of the chiral 
material. It is important to note that CD and ORD are not 
independent from each other, as they are connected through 
Kronig-Kramers transformations.129 Although both can be 
determined experimentally, measuring and computing CD is 
often favoured because it can be easier to interpret.130 In the 
rest of this article we will focus on discussing CD 
characterization. We will not discuss, however, the 
experimental approaches used to measure these and other (e.g. 
Raman optical activity or circularly polarized luminescence) 
chiroptical magnitudes, pointing instead to useful recent 
monographs on this topic.131–134 
These two magnitudes, CD and ORD, are metrics for two 
fundamental phenomena associated with chiral media: 
differential CPL absorption and differential CPL propagation 
velocity. Both deal with how matter responds differently to 
electromagnetic fields oscillating with different symmetries. We 
can concisely describe the behaviour of these materials by 
expanding the constitutive relations connecting the microscopic 
and macroscopic electric and magnetic fields in the medium.135 
Usually, the electric field, 𝐄, and the electric displacement field, 
𝐃, are parallel to each other, and the same applies to the 
magnetic flux density, 𝐁, and magnetic field strength, 𝐇, but a 
more general account of a medium’s response includes 
additional field couplings. Bi-isotropic media are a general 
category of such materials, of which chiral media is a subclass. 
The constitutive relations of bi-isotropic materials can be 
written as:

𝐃
𝐁 = 𝜀 (𝜒 ― 𝑖𝜅) 𝜇0𝜀0

(𝜒 + 𝑖𝜅) 𝜇0𝜀0 𝜇
𝐄
𝐇

In these equations, 𝜀 is the permittivity of the medium, which is 
a measure of how the material responds to an electric field, and 
𝜇 is its magnetic permeability, which is a measure of its 
response to a magnetic field. The subscript in these variables 
denotes their values in vacuum. Meanwhile, the dimensionless 
parameters 𝜒 and 𝜅 define the bi-isotropic nature of the 
material. The chirality parameter 𝜅, or Pasteur parameter, 
defines the material’s degree of handedness. It can be positive 
or negative, one being the mirror image of the other. In the 
matrix with the constitutive relations, we can see how the 
chirality parameter introduces a phase dependence between 
the electric and magnetic fields, whereas the Tellegen 
parameter, 𝜒, introduces a direct coupling between the 
magnitudes of the electric and magnetic fields. This latter 
parameter is related to the magnetoelectric effect.136  In 

Figure 3. (a) Schematic diagram of the phenomenon of circular dichroism, showing the 
differing attenuation for RCP and LCP light rays traveling through a chiral medium. 
This differential absorption is also depicted through bars indicating the amplitude of the 
different CPL beams before and after they cross the material. (b) Schematic diagram of 
the phenomenon of optical rotation, showing how a linearly polarized plane wave has its 
polarization plane rotated along the direction of propagation when travelling through a 
chiral substance.
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particular, 𝜅 ≠ 0 describes a chiral medium, and 𝜒 ≠ 0 describes 
a non-reciprocal medium. If both chirality and Tellegen 
parameters are nonzero, we have the general case of bi-
isotropic medium. The following table summarizes the 
materials resulting from differing values for 𝜅 and 𝜒. 

Non-chiral
(κ = 0)

Chiral
(κ ≠ 0)

Reciprocal
(χ = 0)

Simple isotropic 
medium

Pasteur medium

Non-reciprocal
(χ ≠ 0)

Tellegen medium General bi-isotropic 
medium

We will now proceed by just considering reciprocal chiral 
materials, so we will take the case where κ ≠ 0 and χ = 0, which 
is also known as Pasteur media. In that case, the constitutive 
relations are expressed as follows

𝐃 =  𝜀𝐄 ― 𝑖𝜅 𝜇0𝜀0𝐇

𝐁 =  𝜇𝐇 +  𝑖𝜅 𝜇0𝜀0𝐄Additionally, the refractive indices for LCP and RCP are 
expressed as 

n± = μrεr ± κ  = n ± κ 
where the plus and minus sign represent each handedness of 
the CPL.81 From this relationship the effect of optical rotation is 
apparent, with the distinct propagation speed for CPL with 
opposite handedness. But is important to remember that the 
refractive index is complex-valued, where the real part defines 
the velocity of propagation of the wave and the imaginary part 
relates to the amount of light that is absorbed by the medium 
causing the electromagnetic wave to be attenuated. 
Consequently, a difference in the imaginary part of the 
refractive index leads to a difference of the attenuation for RCP 
and LCP, which we already defined as circular dichroism. 
Therefore, the refractive index and the chirality parameter are 
closely connected to CD and ORD as follows𝑂𝑅𝐷 ∝ Re(𝜅)𝑙

𝐶𝐷 ∝  Im(𝜅)𝑙
where 𝑙 is the optical path length, which is the product of the 

material thickness and the refractive index. 

Up to this point we have described the effect of chiral matter 
on light propagating through it, without touching on the 
microscopic structure that can give rise to this behaviour. Let us 
now briefly discuss key points of the interaction of light with 
chiral molecular media, containing chiral molecules or chiral 
nanostructures. As stated in the introduction, the main aim of 
this article is to describe and discuss ways of using the 
asymmetry of CPL to induce the development of chirality in 
initially achiral nanostructures. In this context, understanding 
the origin of the chiral response of small molecules provides a 
good contrasting system to highlight the chiroptical 
characteristics of plasmonic structures, not to mention it being 
of intrinsic interest. The study of chiroptical activity is, after all, 
in good part driven by our interest in characterizing and 
manipulating the stereochemical conformation of many 
molecular compounds, from sweeteners to drugs.137–140 
However, one common limitation in the study of molecular 
chirality is their relatively small dissymmetry factors, in the 
order of ~10-2-10-3, or lower.141 This is due in part to the size 
disparity between the chiral chromophores—up to a few nm—
and the wavelength of the light exciting them–100s of nm. The 
creation of larger molecular aggregates with chiral structures 

can bridge this disparity (see Fig. 4a), with larger systems such 
as liquid crystals providing significant dissymmetry in their 
interaction with CPL.116 The relevant size scale at which the 
system is chiral also determines the spectral regions at which 
the dichroism is most notable, with larger chiral structures 
offering chiroptical activity at longer wavelengths. Yet, chiral 
molecular media, especially single chiral chromophores, cannot 
match the chiroptical dissymmetry values that are possible to 
reach with chiral plasmonic resonators.53,78 A fundamental 
reason for this is the much larger electronic density of 
plasmonic materials, and the number of electrons involved in 
the optical interaction of the material. When a plasmonic 
nanostructure is excited, the impinging light is exciting a 
collective oscillation mode of the system, involving the quasi-
free carriers in its conduction band. The resonant excitation of 
these modes leads to strong optical cross sections when 
compared with materials that absorb light through single-
electron optical transitions, such as molecules or 
semiconductors. In Fig. 4b we can see a comparison of 
absorption cross sections of a dye with semiconductor quantum 
dots (QDs) and plasmonic nanostructures with the same volume 
in a semi-log scale that makes apparent the large disparity, with 

Figure 4. Molecular and plasmonic systems respond interact differently with light. (a) Schematic diagram of different types of chiral molecules and chiral molecular 
assemblies with increasing size scales. It illustrates how the spatial scale of the chiral asymmetry relates to the resulting chiroptical spectrum of the molecular 
system. (b) Absorption cross sections of a dye, two semiconductor QDs and two Au nanoresonators, illustrating that the optical response of plasmonic nanoparticles 
is stronger than semiconductor systems of equal volume, and significantly more so than single chromophores. Moreover, the optical response of plasmonic 
structures is very sensitive to their geometry. Panel a reproduced from Ref. 116. Panel b reproduced from Ref. 163.
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the metal dominating with their antenna-like response. 
Moreover, this panel also illustrates how plasmonic 
nanostructures made with a given material change their optical 
spectrum drastically when changing their shape, because it 
constrains the possible displacement of the charge and thus 
defines the resonant modes supported by the structure.20,142,143 
This is a momentous feature when it comes to study chirality in 
the nanoscale, as we will show below. In the following 
subsections we develop and contrast the fundamental ideas 
giving rise to the chiroptical response of small molecules and 
plasmonic nanostructures. We begin discussing small chiral 
molecules to contextualize the study of chiral plasmonics in 
several aspects. One being historical, as the chiroptical activity 
of molecules precedes and motivated further study in 
nanoscale chirality. It also serves as a contrasting reference, 
highlighting differences in the relevant light-matter interaction 
mechanisms behind both, and their resulting typical chiroptical 
responses. This can be of special interest when studying the 
chiroptical signal of molecular-plasmonic hybrids in the context 
of molecular characterization or even chiral photocatalysis.

b. Chiral molecules

The optical response in small systems is best described by a fully 
quantum mechanical framework, with the promotion of one 
electron from an occupied to an unoccupied electronic state. 
This transition is mediated by the absorption of a photon with a 
wavelength corresponding to the energy difference between 
the original and the excited electronic configuration, Δ𝐸 = ℎ𝑐/𝜆
. The collection of such transitions composes the absorption 
spectrum of the system, while transitions from configurations 
of higher to lower energies compose its emission spectrum. The 
latter being different from the absorption due to differences in 
the vibrational states between ground state and excited state 
of the molecule.144 Optical transitions must fulfil not only 
conservation of energy, as stated above, but also conserve 
angular momentum of the electron-photon system. In atomic 
physics this leads to the familiar selection rules on the changes 
in the electronic quantum numbers between initial and final 
states in single-electron transitions, Δ𝑆 = 0 and Δ𝑙 = ± 1.145 
Such selection rules do not strictly rule out other transitions, but 
rather recognize them as forbidden within the context of an 
electric dipole transition and thus of comparatively low 
strength.146 Transitions with larger multipolar electric orders, 
and magnetic transitions can still occur, but at slower rates. 
Moreover, in the context of molecular spectroscopy, real 
transitions will not in general be purely dipolar-electric, as 
transitions connecting two geometrically complex molecular 
states will in general be described by a multipolar expansion in 
both electric and magnetic moments. The dominant 
contributions will nonetheless be those from the electric and 
magnetic transition dipole modes. Let us briefly describe the 
optical excitation of an electric dipole transition, to then extend 
our discussion to tackle the relevance of the magnetic dipole 
transition moment when studying chiral molecules.
By considering the general description of the excitation of an 
electric dipolar mode, we can examine factors that determine 

the likelihood of two different optical processes to occur, or 
their ratio between absorption cross sections, showing explicit 
ties to the symmetry of the electronic states involved and to 
their relative orientation with respect to the polarization of 
light. Both can be made apparent if we consider Fermi’s golden 
rule, that computes the transition probability between two 
states, 𝛤ab, under a weak time-dependent perturbation of the 
system. This perturbation, 𝐻′, is added to the time-independent 
term to write the total Hamiltonian as 𝐻 = 𝐻0 + 𝐻′. The 
calculation involves a volume integral that includes the spatially 
extended electronic wavefunctions of the initial and final states. 
These wavefunctions are denoted in bra-ket notation as |𝜓a⟩ 
and |𝜓b⟩. We can write the golden rule for an optical transition 
driven by an external oscillating field as

𝛤ab =
2π
ℏ |⟨𝜓b|𝐻′|𝜓a⟩|2𝛿(𝐸b ― 𝐸a ± ℏ𝜔)

with the interaction term, approximated to its leading order, 
being

𝐻′ ≈
𝑒𝐴0

𝑚𝑒 i
𝐞 ⋅ 𝐩𝒊

where 𝐞 is the polarization vector of the external field, 𝐴0 is the 
amplitude of its vector potential, 𝑚𝑒 is the rest mass of the 
electron, and 𝐩𝑖 is the momentum operator of the i-th electron. 
Then, considering that we can express the electric dipolar 
transition between states |𝜓a⟩ and |𝜓b⟩ using the momentum 
operator as

𝛍ab = e
𝑗

⟨ψb|r𝑗|ψa⟩ =
𝑖ℏe

(𝐸a ― 𝐸b)𝑚
𝑗

⟨ψb|p𝑗|ψa⟩  

the transition probability depends on a factor 
|𝐞 ⋅ 𝛍ab|2

This expression encodes the two dependences mentioned 
earlier: the transition moment 𝛍ab depends on the spatial 
extension and relative phase of the initial and final 
wavefunctions, and its projection over the polarization of the 
external wave determines that transition probability, being 
maximum when both are aligned. As mentioned above, 𝛍ab is 
only the first term of a longer multipolar expansion that 
characterizes the charge displacement undergone through the 
transition, and it is the relevant description of the transition 
when determining whether a linearly polarized planewave can 
excite it.
A general optical transition will also be characterized by a 
magnetic transition moment, which can be intuitively 
understood as arising from a current created by the electronic 
displacement in the transition. The magnetic dipolar transition 
mode can be written as130

𝐦ab =
𝑒

2𝑚𝑐
𝑖

⟨ψ𝑏|(𝐫𝒊 × 𝐩𝑖)|ψa⟩

and characterizes how strongly the magnetic part of the 
electromagnetic radiation can couple with the transition. Note 
that this expression computes the orbital magnetic momentum 
and neglects the effect of electron spin, spin-orbit coupling, and 
other sources of magnetic hyperfine structure. This is a 
reasonable assumption when exploring the chirality of 
molecules, which arises fundamentally from the spatial 
asymmetry in the electron density.147 In the context of 
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molecular chirality, the existence and orientation of the 
magnetic transition dipole moment is key for producing an 
asymmetry of excitation with oppositely-polarized CPL. We will 
present its role while exploring a simple case of a small chiral 
molecule, with the goal of connecting these expressions with 
some geometrical intuitions.
Our example system will be propylene oxide, or methyloxirane 
(Fig. 5a), for which we present a collection of numerical data 
obtained from ab initio simulations of both of its enantiomers, 
in gas phase. Our results were obtained with Gaussian software, 
within both DFT and TDDFT formalism. We will first comment 
on general optical simulated results, to then discuss the origins 
of chirality in a selected optical transition. One first observation, 
looking at the molar extinction coefficient data, of R- and S-
methyloxirane, can be made on the similarity of both curves, 

indistinguishable from each other, in Fig. 5b. This, of course, is 
in line with the statements made at the end of section 3a, on 
the small chiroptical effects, relative to their optical response, 
arising in small chiral molecules. A more adequate way of 
evaluating the optical activity of each enantiomer is to compute 
the CD of this chiral molecule, and whose computational 
spectrum we include in Fig. 5c, where the opposite chiroptical 
signal for the enantiomers is apparent. The maximum g-factor, 
or dissymmetry factor, for these molecules is slightly under 
3∙10-3, at wavelengths around 160 nm. In both panels, we see 
the complete spectra for these molecules, which are of course 
composed of a variety of different discrete transitions. We will 
now focus on a single transition to discuss several relevant 
magnitudes. 

We present in Fig. 5d CD data for the first optical transition in 

each of the enantiomers, connecting their ground state with 
their first excited state. A given bright mode of a molecule can 
absorb CPL, but we are interested in characterizing its 
differential absorption rate under CPL with opposite 
handedness, from an understanding of the electronic states 
involved in the transition. For this, we introduce a magnitude 
known as rotational strength, 𝑅ab, which quantifies the degree 
of chirality of a given transition, and on which both optical 
rotation and circular dichroism depend.147,148 Conveniently, the 

dissymmetry factor for a given transition can be expressed as a 

function of its rotational strength, as

𝑔ab ≈
4𝑅ab

𝐷ab

where 𝐷ab is the total amplitude of the absorption line, 
𝐷ab = |𝛍ab|2 + |𝒎ab|2

although the magnetic term is often neglected in this expression 
because dipolar-magnetic modes interact weakly with incoming 
light and the dipolar-electric modes dominate the spectra. 
Rotational strength is, in turn, defined as149

Figure 5. Numerical results for ab initio simulations of methyloxirane, or propylene oxide enantiomers. (a) Ball-stick 3D models of both enantiomers, accompanied 
by their Lewis structure diagrams. (b) Molar extinction coefficient of both enantiomers. Their spectra are indistinguishable at this scale. (c) Circular dichroism of both 
enantiomers. (d) Circular dichroism of the individual optical transition connecting the ground state with the first excited state. Inset: electric and magnetic transition 
dipole moments for both enantiomers, rotated so that 𝐦S and 𝐦R overlap and the projection of 𝛍S and 𝛍R are clearly shown to be equal and opposite, and thus 𝑅S
= ― 𝑅R. (e) Maps of the electrostatic potential surrounding the R-methyloxirane (top) and S-methyloxirane (bottom) at both their ground state and first excited state. 
The maps are plotted on isosurfaces of electronic density. (f) Two isosurfaces, with positive (turquoise) and negative (purple) values, of the difference of electronic 
density between the first excited state and ground state for both enantiomers.
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𝑅ab = Im[𝛍ab ∙ 𝐦ab] = |𝛍ab||𝐦ab|cos 𝜃
with 𝜃 being the angle between these two vectors. Being 𝛍ab 
purely real and 𝐦ab purely imaginary, 𝑅ab as defined above is 
real. It is useful to define an additional magnitude to connect 
the rotational strength with the chiroptical signals discussed in 
section 3a, which is the optical rotation parameter, 𝛽. This is a 
complex function, i.e. 𝛽 = 𝛽R +𝑖𝛽I, and the ORD is proportional 
to 𝛽R, while the CD is proportional to 𝛽I. Their expressions, and 
relationship with the rotational strengths, can be written for 
ideal states without dephasing, as130,148

𝛽R(𝜔) =
2𝑐
3ℏ

𝑖≠0

𝑅0𝑖

𝜔2
𝑖 ― 𝜔2

𝛽I(𝜔) =
𝜋𝑐

3ℏ𝜔
𝑖≠0

𝑅0𝑖[𝛿(𝜔𝑖 ― 𝜔) + 𝛿(𝜔𝑖 + 𝜔)]

Here the index in the sum runs through the possible excited 
states, and consequently 𝑅0𝑖 is the rotational strength of the 
transition from the ground state to the i-th excited state, which 
occurs at frequency 𝜔𝑖. From the equation above, it is clear that 
the rotational strength, and consequently the ORD and CD, of 
an optical transition depends on the relative orientations of 𝛍ab 
and 𝐦ab. Achiral transitions are those for which these vectors 
are orthogonal (or either are zero), while the optical activity 
increases as the angle between them decreases, being maximal 
when they are parallel. We can derive some intuition about why 
this is so if we interpret, analogically with classical systems, the 
magnetic transition dipole 𝐦ab as determining an axis around 
which the electronic charge rotates as the optical transition 
occurs.148,150 Then, aligned electric and magnetic transition 
dipoles describe an helical, and thus chiral, movement of the 
electronic density along a given direction, with flipped helicity if 
they become antiparallel. On the contrary, when non-zero 
electric and magnetic transition dipoles are orthogonal, their 
interaction creates transition dipoles that are not chiral but 
have other properties that make them interesting for their 
study as emitters, such as near- and far-field directionality.151

In Fig. 5d we show the CD of the first optical transition of 
methyloxirane, together with a representation of the transition 
dipole moments determining it. The notation for the vectors in 
the figure is simplified and refers to the transition from the 
ground state to the first excited state, with the subscript noting 
which enantiomer they correspond to. Note also that one of the 
pairs of vectors has been rotated to overlap 𝐦S with 𝐦R, so that 
it is apparent how the projection of 𝛍S and 𝛍R over the 
magnetic dipole are antiparallel, flipping the sign of the 
rotational strength between the enantiomers. The two states 
connected by the first optical transition are shown in Fig. 5e, 
depicting electrostatic potential maps over isosurfaces of global 
electronic density, for both enantiomers. Such representation 
allows us to see the charge displacement induced by the 
absorption of the photon, although this is made clearer when 
examining isosurfaces of the difference between the electronic 
density of the first excited state and the ground state, in Fig. 5f. 
Here it is clear how the spatial distribution of charge transfer is 
a complex one that is not clearly described by a dipolar or 
quadrupolar transition, but rather invites a helical 
interpretation, as qualitatively sketched above.  For further 

reading on the topic, other chiral molecules that afford a clear 
geometrical interpretation of the symmetry of the optical 
modes are helicene molecules.152–154 
Now we will turn our attention towards fundamental aspects of 
light-matter interaction when working with plasmonics 
nanostructures. In doing so we will see clear differences on the 
material support of their chiroptical response, but we will also 
discuss it in analogy to molecular chirality and the coupled 
dipole model seen above. 

c. Chiral plasmonic nanostructures

In contrast with the discrete transitions undergone by a single 
electron in molecular optical transitions, plasmonic excitation 
necessarily involves many electrons, and it is easiest to 
understand it in a classical picture, with the electromagnetic 
waves displacing the quasi-free electrons in the conduction 
band of a metal. In this picture, the external force induces 
polarization in the conductor and a corresponding internal 
electric force in opposition to it (see Fig. 6a). As with a classical  
mechanical oscillator, if the external driving force, i.e. the 
electromagnetic wave, matches the natural frequency of the 
plasmonic nanostructure, it will excite the system resonantly 
and drive it to a larger oscillation amplitude, i.e. charge 
displacement or polarization. A plasmon is the hybrid mode 
combining photonic and material properties arising when such 
resonances are excited. As with their mechanical analogues, the 
amplitude of these resonant oscillations would diverge to 
infinity if not for dissipation or dephasing mechanisms, of which 
Fig. 6b presents a graphical summary, classifying them by type. 
The energy stored in the plasmon can be lost by radiating it back 
to the far field or it can lose it locally,155 be it through non-
radiative electromagnetic interaction, or by exciting a 
distribution of electronic states different than that following the 
collective oscillation characterizing the plasmon. In the latter 
case, we can distinguish between the types of transitions 
leading to producing excited electrons (or holes) with high 
kinetic energies. They can be excited within the conduction 
band (intraband transitions), or from lower-energy bands into 
the conduction band (interband transitions). Interband 
transitions in metals are similar to the optical transitions in a 
semiconductor or a molecule, in that they promote a single 
electron to an excited state once a photon above a threshold 
energy is absorbed. 
Surface plasmon resonances (SPR), i.e. hybrid photon-electron 
modes propagating along a conductor-dielectric interface, are 
of both current and historic interest, and a more complete 
introduction to plasmonics should discuss their properties in 
some detail.156,157 However, for the topic at hand we are most 
interested on the plasmonic modes supported by discrete metal 
nanostructures, or localized surface plasmon resonances 
(LSPR). As other types of plasmonic modes, LSPRs’ spectra are 
sensitive to the material composition of the resonator and 
changes in the dielectric constant of their environment. 
Moreover, given that the nanostructures’ surface constrains the 
charge displacement induced by light, their optical response is 
strongly dependent on their geometry.158,159 This, of course, is 
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the origin of the strong chiroptical response of chiral plasmonic 
nanostructures.  
In order to discuss the spectral sensitivity of plasmonic systems 
to their geometry, let us briefly introduce the magnitudes 
through which we can characterize the optical response of 
single plasmonic nanostructures, i.e. their optical cross sections. 
Through them we describe the effective “area” that a particle 
interposes in the path of incoming photons. The extinction cross 
section of a plasmonic nanoparticle informs about the overall 
interaction strength of light with the nanostructrure, and is the 
single-particle magnitude that connects with measurements of 
absorbance in transmission. Then, as the transmitted intensity 
is that that was neither absorbed nor scattered from its original 
path, the extinction cross section is the sum of its absorption 
and scattering cross sections. These can be obtained by 
normalizing the power of the incoming light diverted into each 
of these processes by the external light’s intensity, so that

σ𝑒𝑥𝑡 = σ𝑎𝑏𝑠 + σ𝑠𝑐𝑎𝑡,              σabs =
𝑄abs

𝐼0
,          σscat =

𝑄scat

𝐼0

𝐼0 =
𝜀0𝑐 𝜀env

2 |𝐄𝟎|2

These cross sections are routinely computed using analytical or 
numerical methods. The power absorbed by the metal can be 
obtained by computing the losses due to Joule photoheating, as 

𝑄abs =
𝜀0

2 NC
𝑑𝑉𝐉𝜔 ⋅ 𝐄∗

𝜔 = Im(𝜀metal)
𝜀0𝜔

2 NC
𝑑𝑉𝐄𝜔 ⋅ 𝐄∗

𝜔

In the second part of this expression the currents were 

expressed in terms of the conductivity of the metal, which 
depends on the imaginary part of its relative permittivity, 𝜀metal. 
This magnitude can be obtained experimentally160 or through 
first-principles.161,162 Importantly, this permittivity can include 

information that permits describing most of the non-radiative 
decay mechanisms shown in Fig. 6b. In general, we can write 
the relative permittivity of a metal as

𝜀metal = 𝜀int + 𝜀Drude = 𝜀int ―
𝜔2

p

𝜔(𝜔 + 𝑖𝛾)

Where 𝜀int corresponds to the effects of interband transitions 
at high frequencies, and 𝜀Drude accounts for the response of the 
metal as a conductor and can be approximated as Drude-like 
metal with the parameters of plasma frequency, ω𝑝, and 
effective dissipation rate, γ. Additional dissipation channels, like 
charge injection and electron-surface scattering can also be 
phenomenologically described by introducing additional 
contributions to the effective dissipation rate.163,164 On the 
other hand, the scattered power can be computed by  
integrating the Poynting vector of the scattering fields, 𝐒scat, 
over a surface surrounding the nanostructure

𝑄scat =
surf

𝐒scat ⋅ d𝐀 =
𝜀env

𝜇0 surf
𝐄scat,𝜔 × 𝐁scat,𝜔 ⋅ d𝐀

Returning to the geometry-dependent response of a plasmonic 
nanostructure, the first general point that we can make is that 
its optical response depends on its size. Nanoparticles much 
smaller than their resonant wavelength, i.e. within the 
quasistatic approximation, can have their dynamic response 
well described by a point dipole. Also, in this regime the 
absorption cross section is typically dominant.165 See in Fig. 6c,d  
for instance the cases of a small Au nanosphere (NS) and the 

different modes of a Au nanorod (NR), all of which satisfying this 
condition. Note that the AuNR remains small with respect to the 
resonant wavelength due to the large change in resonant 
wavelength when changing the aspect ratio of the resonator. 

Figure 6. (a) Schematic diagram of a plasmonic nanosphere being excited by an external electric field at a frequency lower than its resonance 
frequency. The charges follow the external field excitation and accumulate on the metal surface. (b) All the different decay processes involved 
in a nanoparticle after interacting with an electromagnetic field. (c) Normalized absorption and extinction cross section for different-sized 
nanoparticles (diameters of 15 nm and 100 nm) and a 15 nm x 100 nm nanorod (longitudinal and transversal mode). (d) The surface charge 
density for a 15 nm nanosphere and a 15nm x 100nm nanorod at their corresponding plasmon resonance.
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This, in turn, exemplifies how the optical response depends not 
only on the size, but also the shape of the nanostructure. By 
changing the overall size and aspect ratio of Au NRs, their 
longitudinal resonances can be tuned into the near infrared 
(IR).20,166 On the other hand, the larger 100 nm AuNS is a simple 
example of a particle that is large enough for its dipolar mode 
to be able to radiate more effectively to the far-field, therefore 
scattering at its resonant mode. This larger gold sphere also 
shows retardation effects—i.e. those arising from part of the 
structure experiencing the exciting light wave at different 
phases—that give rise to multipolar modes, such as the 
quadrupolar one depicted in Fig. 6d. Overall, the main point that 

we would like to stress here is the large sensitivity of plasmonic 
resonances to the geometry that supports them. Now, what if 
this geometry is chiral?
Let us examine the plasmonic response of a chiral nanoparticle 
under CPL through the example of one pitch of gold nanohelix, 
as shown in the inset of Fig. 7a.167 This is a nanostructure 
composed of a metal, Au, with an achiral crystalline structure, 
but with a geometry possessing a helical shape and thus chiral. 
The extinction cross section of this nanohelix under CPL of 
opposite handedness is shown in Fig. 7a, and metrics of 𝐶𝐷ext 
and 𝑔ext are shown in Fig. 7b. For illustration purposes, these 
data are all obtained for only one direction of incidence of light, 

Figure 7. (a) Extinction cross section of a gold chiral helix (inset). (b) Extinction g-factor (left axis), circular dichroism (right axis). (c) Comparison of CD from 
the extinction obtained from the full field simulation and from the multipolar expansion of the dynamic charge distribution up to the electric quadrupolar 
moment. The figure also includes the curves arising only from the electric dipole (ED), magnetic dipole (MD), and electric quadrupole (EQ). (d,e) Current 
density, alongside normalized vector fields showing their direction, when excited at a wavelength of 715 nm and 920 nm for RCP and LCP. Insets in panels 
a and d,e show a grey arrow marking the direction of propagation of the incident light, and red and blue circular arrows indicating the direction of rotation 
for the electric field of LCPL and RCPL, respectively. Data in all the panels were obtained under this single illumination condition. The helix has a radius of 
30.5 nm and a pitch of 70 nm, while the wire has a radius of 10.5 nm. We arbitrarily chose a right-handed helix; a left-handed helix would show opposite 
results.
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as indicated in the inset of Fig. 7a,c, where LCP and RCP are 
represented by the red and blue circular arrows, respectively. 
However, we should keep in mind that this is an intrinsically 3D 
chiral structure, so it also shows a chiroptical signal if we 
consider the orientational averaging expected from a sample in 
solution.167 In Fig. 7a we observe two strong resonances, at 715 
nm and 920 nm, although a weak resonance occurs at 630 nm 
under RCPL, which matches the handedness of the nanohelix. 
At 715 nm, it interacts more strongly with RCPL, while the 
opposite occurs at 920 nm. This results in a CD that, naturally, 
changes sign between these values (Fig. 7b). The g-factor, 
shown in the same panel, has a qualitatively distinct spectral 
profile, e.g. with a much more pronounced peak at 630 nm due 
to the absence of a plasmon peak for LCP, highlighting the 
normalized character of this metric. 
It may be useful to reflect on the analogies and differences 
between the optical response of chiral molecules and chiral 
plasmonic nanostructure. The data used above to evaluate the 
polarization-dependent response of the helical structure uses 
an explicit, complete description of the plasmonic structure and 
its dynamic physical response. However, we can also describe 
its charge distribution using a multipolar expansion, to draw 
parallels with the evaluation of molecular transition dipolar 
modes to compute the chiroptical activity of a molecule. In 
doing so, we could reasonably expect that excitation of small 
plasmonic nanostructures will be well described by its dipolar 
modes, but this will not hold as the nanoparticle becomes 
larger, in relation to the wavelength of the incoming light. Also, 
nanostructures with a local chiral response can require larger 
multipolar moments to describe the induced asymmetric 
charge distribution. Let us examine this point using our example 
helical geometry in Fig. 7. We can compute the extinction cross 
section of the system from the terms of a truncated multipolar 
extension of its charge distribution under illumination, as168

σext ≃
ω

2𝐼0
Im[𝐸∗

0(𝑟0) ⋅ 𝑝] +
𝜔

2𝐼0
Im[𝜇0𝑯∗

𝟎(𝒓𝟎) ⋅ 𝐦(𝒓𝟎)]

+
ω

24𝐼0
Im[{∇𝐸∗

0(𝑟0) + (∇𝐸∗
0(𝑟0))𝑇}:𝑄𝑒(𝑟0)]

In this expression we see the electric and magnetic dipoles, 𝐩 
and 𝐦, respectively, and the electric quadrupole, 𝑄𝑒. The last 
two are computed at the reference point 𝒓𝟎, which we take as 
the origin in our example. Note also the double-dot product 
between the sum of Jacobian matrices of the electric field and 
the quadrupolar moment. Importantly, these moments are not 
transition moments connecting two electronic states, as it was 
the case discussing the molecular excitation, but expressions 
describing the charge and current densities, 𝜌 and 𝐉, across the 
metal. They can be computed from the electromagnetic 
simulation results with their usual expressions:

𝐩 = 𝑑3 𝑟 𝐫 𝜌(𝐫)

𝐦 =
1
2 𝑑3 𝑟 (𝐫 × 𝐉(𝐫))

𝑄𝑖𝑗 = 𝑑3 𝑟 (3𝑥𝑖𝑥𝑗 ― 𝑟2δ𝑖𝑗)ρ(𝑟0)

Now, we can compare the magnitude of 𝐶𝐷ext as computed 
from the full numerical simulations with that obtained through 
the expression above accounting for specific moments in 

multipolar expansion of the dynamic response of the helix. The 
relevant data is presented in Figure 7c, in which also the 
different contributions are distinguished. From these data it is 
clear that, although the electric and magnetic dipolar moments 
are responsible for a significant amount of the final dichroism, 
the contribution of the electric quadrupolar moment is patently 
important. We can also see, from the imperfect match between 
the full-field simulation and the 𝐶𝐷ext obtained up to the 
electric quadrupole, that the contribution of higher order 
moments is not negligible either.
We can complement this point by observing the spatial 
distribution of currents excited at the surface of the helix, 
shown in Fig. 7d,e, which inform us about the overall symmetry 
of the two main plasmonic modes supported by this chiral 
geometry. For the mode excited under 715 nm light, we can see 
in Fig. 7d how the plasmonic mode has two internal changes of 
polarity within the length of the helix. This qualitative 
observation matches the relatively large contribution of electric 
quadrupole moment to the CD at this wavelength, as seen in 
Fig. 7c. In contrast, the mode excited at 920 nm presents a single 
inversion of the current direction along its length. This smaller 
spatial frequency, relative to that of the mode excited at 
715 nm, is expected from a resonance excited at a longer 
wavelength. Overall, we can see that both polarizations excite 
the modes with similar patterns, even though each of them 
couples more strongly to one of the modes, in accordance with 
the data in Fig. 7a. Naturally, the polarization exciting the 
strongest currents also suffers the largest extinction at each 
wavelength. 
Through this analysis we have tried to create an intuitive bridge 
between the origin of chirality in small molecules and in 
plasmonic nanostructures, which are ultimately connected 
through their interaction with electromagnetic fields exciting 
them. It can be seen how in both cases the chiral signal arises 
from the asymmetric distribution of the charge displacement 
produced by the optical excitation. But this analysis also 
highlights important differences between both systems, such as 
the different typical size scales at which their chiroptical 
response originates and the corresponding relevance of larger 
multipolar moments in describing the plasmonic excitation. 
And, more fundamentally, they differ in the electronic nature of 
their respective optical excitations, because in the case of 
molecules we are computing optical transition dipoles that 
describe discrete transitions between electronic states, while in 
the case of plasmonic nanostructures we compute dynamic 
spatial charge distributions. The former is a property of the 
molecule, which can be preferentially excited by one 
polarization of CPL. The latter is a property of the combined 
system of nanostructure and light. Now, having used the 
chirality in small molecules as a scaffold to discuss and contrast 
with chiroptical response in plasmonic systems, we leave the 
molecules behind and focus on light-to-matter chirality 
transfer. This is a phenomenon that, incidentally, forgoes chiral 
molecules to seed this asymmetry into plasmonic structures, 
using CPL instead to induce permanent chirality in achiral 
plasmonic structures.

4. Light-to-matter chirality transfer
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After discussing chiral light and its interaction with chiral 
matter, let us now explore the interaction of chiral light with 
achiral matter, and how light-to-matter chirality transfer can be 
achieved. It is important to clarify that we will focus on the 
development of intrinsic chiral features under CPL in fully 
microscopically achiral systems. We can contrast such 
transformation with two different scenarios. The first 
contrasting scenario is one having a sample with pre-existing 
cryptochirality, i.e. constituted of chiral constituents—either 
molecules or nanostructures—but displaying no chiroptical 
signal,169 that develops optical activity upon enantioselective 
processes driven by light. This can occur, e.g., by selectively 
modifying enantiomers in a racemic mixture170–172 or by 
separating the enantiomers composing it.64,173,174 Here there is 
no development of microscopic intrinsic chirality. The second 
contrasting scenario is one in which light-induced chirality is 
transient. Examples include inducing rotational currents inside 
a metal nanoparticle,175 or exert torque and initiate the rotation 
of plasmonic nanocrystals.176 Here there is a microscopic 
system developing chirality in a manner that is discontinued 
once illumination with chiral light is interrupted. In contrast, 
light-to-matter chirality transfer involves exploiting 
mechanisms to imprint such transient microscopic chirality into 
developing nanostructures with intrinsic chirality. 
Then, light-to-matter chirality transfer would be characterized 
by transforming systems fully lacking microscopic chirality into 
intrinsically microscopic chiral ones through changes driven by 
CPL, so that they develop intrinsic chirality that remains once 
the illumination ceases. When discussing molecular media, 
light-to-matter chirality transfer can correspond to the 
subcategory of chiral photocatalysis known as photochemical 
asymmetric fixation, in which chiral light will induce a 
transformation of an achiral compound into a chiral one.172 It 
can also occur by inducing the preferential conformation of 
chiral supramolecular aggregates from achiral building 
elements177–179.  When discussing light-to-matter chirality 
transfer in plasmonic nanostructures, which is the focus of this 
article, the starting point is a fully achiral seed, that under CPL 
illumination changes its geometry or its immediate 
environment to develop permanent intrinsic chirality. In this 
case, the changes effected by CPL can be considered 
continuous, due to the comparatively large scale of the 
structures, rather than discrete chemical and conformational 
changes in molecules. Let us now explore specific details 
regarding the physical mechanisms capable of initiating 
continuous chiral transformation of plasmonic systems, as we 
discuss the possibilities they afford while reviewing current 
demonstrations of light-to-matter chirality transfer in 
plasmonics.

a. Inducing local chirality in plasmonic nanostructures

The geometry of a plasmonic system is crucial in determining its 
dynamic response under excitation, as it constrains the spatial 
displacement of the mobile carriers in the conductor. This is one 
of central characteristics of the optical response of plasmonic 
materials, and a major point of interest for applications due to 

the spectral tunability that this entails. The confluence of a 
nanostructure’s geometry with the polarization of the incoming 
radiation will determine which modes are excited. We have 
seen several examples in Figs. 6 and 7. The local dynamics of the 
mobile charges will then produce far-field responses that are 
characteristic of the combination of system composition and 
geometry, and the impinging radiation. Importantly, different 
local responses can have similar far-field signatures, and 
deducing the former from the latter is in general not possible 
without ambiguity. Consequently, we often rely on exploring 
the local dynamics of plasmonic systems—be it through 
numerical models or other techniques—to fully understand the 
response of a plasmonic system. A relevant example of this 
ambiguity in the context of this overview is that of achiral 
plasmonic nanoparticles being illuminated with CPL, as the far-
field response will not distinguish between opposite 
polarization of CPL, even though they are initiating different 
local charge dynamics. The currents within the plasmonic 
nanostructures will inherit the chiral asymmetry of the external 
fields exciting them. See Fig. 7c for an illustration of this 
distinction in a chiral geometry, and Fig. 8a,b in an achiral 
geometry. The far-field metrics are identical under LCPL and 
RCPL, leading to the absence of CD in the far-field response that 
informs us that the structure is not chiral. The local response, 
however, inherits the chirality of the incoming CPL radiation and 
its excitation pattern is different under the different 
polarizations. In Fig. 8b we can see a map of the differential local 
electric field amplitude between LCPL and RCPL across a cross-
sectional cut of a Au nanoprism, with the local light intensity 
computed as a straightforward extension of the expression for 
the planewave intensity shown above:

Figure 8. Local and far-field responses when CPL excites achiral plasmonic NCs. (a) Far-
field signal of a Au nanoprism of 110×40×40 nm3. The plot shows the computed far-field 
extinction profile of the structure in aqueous solution, also indicating its negligible CD. 
Inset: Schematic diagram of the Au nanoprism being illuminated by LCPL or RCPL, and 
an equal fraction of their power passing through. (b) Near-field differential field pattern 
of the same Au nanoprism under CPL with λ =  540 nm. Inset: Schematic diagram of the 
Au nanoprism being illuminated by LCPL or RCPL, and generating a local near-field 
response. (c) Schematic diagrams of local patterns of differential near-field excitation 
arising when achiral NCs with increasing rotational symmetry are placed under LCPL or 
RCPL. The different colours indicate opposite signs of Δ𝐼𝐶𝐷. Panels a and b were adapted 
from Ref. 180. Panel c was adapted from Ref. 79.
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𝐼(𝐫) =
𝜀0𝑐 𝜀env

2 |𝐄(𝐫)|2

The local pattern of the local field maps under each CPL 
handedness is a transient 2D chiral pattern. In fact, in the case 
of an elongated object such as the prism shown in Fig. 8a,b one 
can achieve a local chiral pattern even with linearly polarized 
light (LPL) if its polarization is not aligned with any of the main 
axes of the object. 82,180 This occurs in systems whose cross-
sectional shape presents a truncated rotational symmetry, 
belonging to the 𝐶2𝑣 space group. Objects in space groups 𝐶𝑛𝑣 
are left unchanged under reflections and proper and unproper 

rotations of 2π/𝑛 radians. It is useful to consider other objects 
in 𝐶𝑛𝑣 groups with 𝑛 > 2, which also have a truncated rotational 
symmetry and will in general develop a chiral local response 
when illuminated with orthogonally incident CPL (but not with 
LPL). We can see in Fig. 8c schematic diagrams of such chiral 
responses in the local fields excited by CPL for 𝐶𝑛𝑣 geometries 

with increasing 𝑛. In particular, they illustrate the critical 
importance of the achiral seed having a truncated rotational 
symmetry, because as it becomes closer to having a continuous 
rotational symmetry the regions with differential response 
become smaller and closer together. In the limit, with 𝑛→∞, we 
have a fully rotationally symmetric circle, in which no local CD 
response is possible.55,79 Then, achiral plasmonic seeds with 
more reduced rotational symmetry will become better 
candidates for creating more notably chiral patterns in the local 
field excitation, and elongated geometries such as rectangular 
nanoprisms are particularly suitable seeds over which CPL can 

develop local chiral patterns. Other considerations that are 
relevant when selecting the geometry of an achiral seed are the 
absolute size of the nanostructure and the wavelength of the 
imprinting radiation, as these choices will affect the field 
distribution of the local chiral pattern and, consequently, the 
growth pattern and ultimately the chiroptical spectrum of the 

a b

540 nm

𝐼(W ∙ cm−2)

Near-field enhancement

Photoheatingc e

Precursor containing Au
Reaction products
Hot electrons
Adsorbed Au atoms

Au NC

EM hot spot

Charge carrier injection

d

Figure 9. Energy transfer mechanisms in plasmonic photocatalysis, in the context of light-to-matter chirality transfer. (a) Schematic diagram illustrating an excited plasmonic 
nanostructure and its local environment. The chart indicates the main categories of mechanisms leading to the transfer of energy from the plasmonic mode into the environment. 
The three non-radiative processes can deposit energy locally. (b) Cross-sectional map showing the enhancement light intensity around a rectangular prism illuminated with CPL.  
(c) Schematic diagram depicting intraband hot electron excitation and injection from the plasmonic metal to its environment. The electrons need sufficient energy to traverse 
an interfacial potential barrier or reach empty molecular orbitals. A similar diagram could be shown for hole injection. A typical energy distribution of excited carriers in a 
plasmonic NC (red curve) is overlaid over the states of the metal. The high-energy electrons and holes excited through intraband (depicted) and interband (not depicted) 
transitions can induce redox reactions at the metal’s surface. (d) Diagram depicting the general mechanism of ion aggregation, one of other possible redox reactions that can 
lead to NC growth. (e) Schematic diagram of the steps involved in a photocatalyst prepared to drive a reaction thermically, under pulsed illumination. Panel b was adapted from 
Ref. 180. Panels c and d were adapted from Ref. 55. Panel d was adapted from Ref. 214.
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modified nanostructure. But for the reshaping to occur, these 
transient field patterns, which disappear after interrupting the 
illumination, must induce physical or chemical changes on and 
around the nanostructure’s surface. Let us then now turn our 
attention to the different mechanisms by which they can be 
imprinted onto the NC. 
b. Imprinting local chirality in plasmonic nanostructures

The possibility of inscribing such local chiral field pattern 
becomes available if the plasmonic excitation initiates 

processes changing the nanostructure’s shape, or immediate 
environment, in a manner that preserves their spatial pattern 
of the local charge dynamics. Then, such transformation would 
fix the transient chiral asymmetry in an originally achiral 
structure, achieving light-to-matter chirality transfer. The 
resulting intrinsically chiral nanostructure will then showcase 
far-field chiroptical response. For the nanostructure or its 

environment to change their local configuration, some physical 
or chemical change needs to occur. It is useful, in structuring the 
discussion, to contemplate the different physical mechanisms 
that can affect the nanostructure’s environment under light 
excitation, and in what conditions they can contribute to 
preserving the local asymmetry of the hybrid light-matter 
system. Discussing specific mechanisms would suggest different 
types of candidate experimental scenarios capable of realizing 
light-to-matter chirality transfer. We will consider three 
different families of mechanisms, which are those allowing the 

local deposition of energy from the plasmonic mode (see Fig. 
9a) and underlying the phenomenon of plasmonic 
photocatalysis. The first consists in driving optical processes in 
the environment of the resonator through the strongly 
enhanced electric fields generated around it. Fig. 9b shows an 
excited field around an achiral rectangular prism, with a local 
chiral patter resulting of being under CPL. The second family of 

Figure 10. (a) Atomic force microscopy (AFM) images of a silver bowtie dimer after spin coating of polymer, before (top) and after (bottom) irradiation with light polarized 
orthogonally to the dimer major axis. (b) Gold trimer after polymer deposition and illumination with differently polarized light beams (polarization noted by the black symbols in 
top row). The top row shows AFM images, while the bottom row shows near field maps obtained from numerical simulations. Scale bars are 300 nm. (c) Scanning electron 
microscopy (SEM) images (left) of gold metasurface after driving 2-photon polymerization with light polarized along the horizontal (top) and vertical (bottom) axes, accompanied 
by maps of quadratic near field enhancement, |𝐄(𝐫)|2/𝐸2

0, from numerical simulations (right). Scale bars without label are 200 nm.  (d) Standing plasmon mode in a silver nanowire 
2 μ𝑚 long, showing a SEM image (left) excited by light polarized along its length after driving 2-photon polymerization around it, and with a map of normalized electric field from 
numerical simulations (right). (e) Au nanotriangles excited with different orientations relative to linearly polarized light. The SEM images show the nanotriangles and the hydrogel 
coalesced at their hot spots, while the accompanying panels show in field enhancement maps, |𝐄(𝐫)|/𝐸0, from numerical simulations. Panel a was adapted from Refs. 16,185. Panel 
b was adapted from Ref. 186. Panel c was adapted from Ref. 188. Panel d was adapted from Ref. 189. Panel e was adapted from Ref. 191.
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mechanisms consists in injecting excited charge carriers from 
the metal into its environment, which then can contribute to 
advancing redox reactions. Fig. 9c shows a schematic diagram 
of the different populations of excited carriers in the metal, and 
how some can leave it to occupy external states, while Fig. 9d 
depicts a family of possible redox reactions, triggered by such 
charge carrier injection, capable of reshaping the metal 
structure. The last energy-transfer mechanism consists in 
increasing the local temperatures through photoheating. Fig. 9d 
depicts notable stages on the excitation and relaxation cycle of 
a plasmonic structure under pulsed light, illustrating a strategy 
to induce photothermal catalysis without significantly 
increasing the macroscopic temperature of the sample. Such 
pulsed techniques could also be suitable to provide transient 
inhomogeneous temperature patterns. We will now discuss 
them separately in some detail, while reviewing published 
results that are relevant in the context of light-to-matter 
chirality transfer. 
i. Local fields promoting optical transitions. One of the most 
prominent features of plasmonic systems is the enhanced near 
field surrounding the excited nanoparticle. These intense local 
fields are responsible for the plasmonic enhancement of 
different optical effects, such as molecular fluorescence,181 or 
surface-enhanced Raman scattering (SERS),182 but they also play 
a role in photochemistry, as they can enhance the rate of optical 
absorption in semiconductor catalysts183 or directly in nearby 
reactants,14 or even manipulate the distribution of the sample 
through mass transfer.184 One very interesting feature of these 
fields, in the context of chirality transfer, is that they closely 
track the charge displacement in the metal, which in turn 
follows the symmetry of the light’s polarization. Consequently, 
environmental transformations driven by the near field of 
plasmonic nanostructures under continuous wave illumination 
can retain the local chiral pattern created by the confluence of 
the structure's geometry and the polarization of light.79,180 
Then, choosing an adequate material that can undergo physical 
or chemical transformations in a manner that is sensitive to the 
local pattern of field intensity, and also change its optical 
properties in the process, can inscribe a chiral shape upon the 
achiral plasmonic structure, so that the resulting chiral system 
can be detected through optical methods operating in the far-
field, i.e. measuring CD or ORD.
There already exists exciting, published work exploring the use 
of different polymers to inscribe in the environment features of 
enhanced local fields of plasmonic nanostructures. In fact, some 
of them were even presented as techniques to visualize the 
spatial features of these fields.16 We can highlight several 
categories of approaches that have proven fruitful in this task 
and hold additional promise for being exploited in light-to-
matter chirality transfer using plasmonics. The first uses 
polymers such as polymethyl methacrylate (PMMA) chains 
containing azo dyes that photoisomerize, with the azo dyes 
facilitating that the monomers move along the direction of 
polarization of light (see Fig. 10a).185 Being the photon 
absorption proportional to the local field intensity, the 
migration of these monomers creates physical patterns that can 
be then measured with techniques such as AFM, providing 

results such as those shown in Fig. 10a. Now, having an achiral 
plasmonic system irradiated under CPL, the chiral spatial 
pattern of local field intensity can also induce a migration that 
follows with the same asymmetry, as demonstrated by Horrer 
et al., using gold disk trimers.186 In Fig. 10b we can find 
contrasted AFM maps and numerical simulations of these 
trimers under light with different polarizations, which show that 
the resulting height patterns of the polymer do follow the near 
fields created by the plasmonic response, and create a chiral 
pattern under CPL. 
Another technique employs epoxy photoresists capable of 
undergoing two-photon polymerization (2pp) that creates a 
rigid structure where the photon density is sufficiently large, 
thus favoring such process within the regions with strong 
plasmonic near fields.187–189 This can be seen as particular 
approach to focusing a laser within the broader field of 2pp 
applications to additive manufacturing.190 After rinsing the 
photoresist, the polymerized structures remain and can be 
measured through AFM and other microscopy techniques. Fig. 
10c includes an example of this process, with SEM images 
showing polymer mapping the electromagnetic hot spots in a 
plasmonic metasurface, alongside numerical simulations of the 
local electric field,188 while Fig. 10d illustrates the same principle 
by mapping a multipolar longitudinal excitation mode in a long 
silver nanowire.189 Multiphoton plasmonic lithography can also 
be performed by inducing the photochemical cross-linking of 
proteins to create hydrogels. Fig. 10e illustrates results by using 
this technique on single gold nanotriangles, coalescing these 
hydrogels at different tips of the triangle depending on the 
linear polarization of the laser, which in turn excites different 
plasmonic modes that develop different near-field patterns 
with distinct electromagnetic hot spots.191 Recent results by 
Morozov et al. also explore this technique in mapping the local 
field distribution of dipolar modes excited in lattices of 
plasmonic nanostructures.192 Altogether, these techniques 
have shown not only the capability of structuring matter around 
the plasmonic nanostructures in a manner that reflects the local 
field patterns, but have also demonstrated that they can 
capture small variations in such patterns under different 
polarizations, including CPL.

ii. Electron/hole transfer. The first stage of the optical 
excitation of a plasmonic nanostructure, in a classical 
perspective, is the initiation of the conduction electron 
movement inside the metal, which oscillates with the frequency 
of the incoming light. This collective oscillation is, then, 
composed of electrons close to the Fermi energy of the metal. 
The diagram in Fig. 9c labels these as Drude-like electrons, 
bringing to mind the image of free electrons moving between 
the ionic lattice of the metal as a consequence of the external 
electric field. This intuitive phenomenological description of the 
excited carriers does not describe well, however, other 
phenomena that are relevant in this context, such as the 
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excitation of high-energy electrons inside the metal.193 In 
contrast with the low-energy, Drude-like electrons moving in 
the collective oscillation, these can have up to the total energy 
of the photon exciting the nanostructure. These high-energy 

intraband electron (and holes) can be excited due to 
mechanisms that allow non-vertical transitions in the band 
diagram of the metal, i.e. processes through which the electron 
gains more momentum than what is available in the photon, 

such as electron scattering with crystal phonons or with the 

Figure 11. (a) Schematic diagram of the planar illumination condition for a Au nanocube, with the nanoparticle being illuminated from a fixed direction, and map 
of the differential rate of intraband hot carrier excitation under both polarizations of CPL. (b) Wavelength-dependent plasmon-induced chiral growth of AuNCs, 
including SEM images of a 100 nm-sized AuNC seed and equivalent nanoparticles after growth under RCP illumination at 565 nm and 640 nm, with the single-
particle scattering CD spectra of these three NC. (c) SEM images, of Au nanoprisms with PbO2 grown following chiral patterns under broadband CPL light of opposite 
handedness. The insets show 3D diagrams of the resulting metal-dielectric chiral hybrids. (d) SEM images of Au bipyramids with PbO2 grown following chiral 
patterns under CPL with wavelengths of 488 nm (left) and 660 nm (right), resulting from illumination with opposite CPL polarization. Insets show 3D diagrams of 
the chiral hybrids. (e) Dissymmetry factor of the Ag metasurface (SEM image in right) after illumination with CPL with opposite polarizations in the 600 nm to 700 
nm wavelength band. (f) SEM images of the nanohelicoids grown under LCPL (Δ) and RCPL (Λ), together with their CD spectra contrasted with that of pillars grown 
under LPL. Panel a was reproduced from Ref. 55. Panel b was adapted from Ref. 204. Panel c was adapted from Ref. 54. Panel d was adapted from Ref. 203.  Panel 
e was adapted from Ref. 205. Panel f was adapted from Ref. 206.
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nanostructure’s surface.194,195 Surface-mediated full-photon 
absorption can be understood in terms of the confinement of 
the electronic wavefunction inside the metal. The metal-
environment interface interrupts the periodicity of the metal 
ions and consequently of the electronic density of the metal 

extending over them. This is a boundary on which the plasmonic 
mode loses coherence, leading to its energy exciting single-
electron states with up to the total energy of the photon 
exciting the nanostructure.196–198 Through this mechanism, light 
in the visible and IR regions exciting a plasmonic resonance can 

Figure 12. (a) Schematic diagram of the model for continuous CPL illumination of a colloidal Au nanocube, with the effective response being an average of six different directions for the 
propagation of light, and map of the differential rate of intraband hot carrier excitation under both polarizations of CPL. (b) Scheme of transformation of achiral nanobars into chiral ones 
in a colloidal suspension, driving galvanic replacement reaction CPL illumination of colloidal Au@Ag nanoprisms, alongside 3D models of the resulting geometries (obtained with TEM 
tomography), TEM images of the chiral bimetallic structures, and dissymmetry factor of the sample after illumination with CPL at 660 nm. (c) Geometrical analysis of the tomographic 
reconstruction of one of the resulting chiral structures (in blue), together with its mirror image (in red). Four transversal cross-sections of the geometries are shown. Quantitative measures 
of the geometric chirality of the nanostructure and its cross-sections are also shown. (d) Photodeposition of Ag over Au nanorods under 630 nm light. (i) Absorbance of the samples after 
12 h of CPL illumination; (ii) STEM images of the chiral bimetallic samples, with energy-dispersive X-ray spectroscopy maps identifying elemental spatial distribution.; (iii) CD spectra of 
the samples. Panel a was reproduced from Ref. 55. Panels b,c were adapted from Ref. 207.  Panel d was reproduced from Ref. 208.
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excite electron (holes) that can contribute to redox reactions 
around the metal, be it by leaving the metal after their 
excitation163,199 or by directly promoting a transfer between 
electronic states of metal and environment.200 Exciting with 
light of shorter wavelengths (e.g. under ~540 nm, or above ~2.3 
eV, in Au) can also excite interband transitions, that specifically 
create high-energy holes when exciting close to the threshold 
energy, and can also contribute to driving redox reactions.199,201 
The range of surface reactions to which these charge carriers 
can contribute to includes processes that can modify the shape 
of the metal nanoparticle itself, be it through growth or 
dissolution,202 or directing the growth of materials surrounding 
it.54,203 Importantly, these reactions can be triggered in an 
inhomogeneous way that follows the excitation pattern of the 
plasmon. There are two key properties of high-energy 
plasmonic charge carriers causing this. First, these so-called 
“hot” carriers will be preferentially excited at places where the 
electric field is strongest. From this, we know that the overall 
excitation pattern of hot carriers is similar to that of the 
enhanced field of particular plasmonic modes. Second, the 
lifetime of these hot carriers is very short, and shorter the more 
kinetic energy they have.194 In the general context of 
photocatalysis, this is an unfortunate factor that limits the 
achievable internal quantum yield of, e.g. solar-to-chemical 
energy conversion. In this particular context, however, it implies 
that the hot carriers will in general not travel far from their 
excitation point before sharing their kinetic energy through 
electron-electron scattering, so that their contribution to 
surface reaction will be most prominent near their excitation 
point. Consequently, charge injection can be considered as a 
localized phenomenon that also broadly follows the excitation 
pattern of the plasmonic resonance. As the latter will have a 
reduced, chiral symmetry under CPL excitation, this mechanism 
is a good candidate for light-to-matter chirality transfer through 
plasmonic photocatalysis. As such, most of the published 
examples of this phenomenon exploit charge transfer to drive 
redox transformations. In summarizing these results, we can 
classify them in two categories, depending on whether they 
develop chiral nanostructures exploiting intrinsic 2D or 3D chiral 
excitation patterns. Figures 11 and 12 illustrate examples of 
each case. For planar growth, or growth exploiting intrinsic 2D 
chiral excitation patterns, the relative orientation of the 
nanoparticles and the impinging CPL beam is fixed, whereas 
when considering colloidal growth the relative particle-beam 
orientation changes as the particles move and rotate in 
solution. To understands the implications of this difference, it is 
illustrative to compare Figs. 11a and 12a, which show surface 
maps of the local circular dichroism on the excitation rates of 
intraband hot carriers in achiral cubes, obtained through 
numerical simulations, in both configurations.55 The main 
differences between them are the distinct excitation patterns, 
with intrinsic 2D and 3D chirality, respectively, and the absolute 
magnitude of the dichroism in these excitation patterns; for 
which we see a difference in three orders of magnitude. This 
patently points out the comparative simplicity of working with 
supported resonators when pursuing light-to-matter chirality 
transfer. Experimental examples of this planar approach have 

permitted to see the creation of consistently chiral Au 
nanostructures starting from achiral Au nanocubes (Fig. 11b).204 
In this figure we can see how their single-particle chiroptical 
response did not differ much after inducing photogrowth with 
different wavelengths. This is so due to their relatively small size 
and aspect ratio equal to one, so they do not support plasmonic 
modes with markedly different geometrical patterns. Cubes 
also are, due to their four-fold rotational symmetry, 
comparatively challenging geometries to use as seeds for chiral 
growth.55,180 It is not surprising, then, than the demonstration 
of the light-to-matter chirality transfer phenomenon was first 
demonstrated using elongated Au nanoprisms, with an aspect 
ratio above unity and thus reduced two-fold rotational 
symmetry. In a seminal publication,54 Saito et al., demonstrated 
the deposition and growth of PbO2 on a clear chiral pattern over 
Au nanoprisms illuminated under CPL. The SEM images in Fig. 
11c also illustrate how they obtained Au@PbO2 hybrids with 
opposite handedness when using CPL with opposite 
polarization. Recently, experiments by Prof. Dionne’s group 
have shown similar results exploring PbO2 growth over Au 
bipyramidal structures, demonstrating control over the position 
along the metal structure where the dielectric grows by 
changing the plasmonic excitation pattern via illuminating with 
different wavelengths (see Fig. 11d).203 Work in Prof. Tatsuma’s 
group has explored this phenomenon in plasmonic 
metasurfaces,205 which are, incidentally, paradigmatic 2D 
plasmonic materials and thus natural candidates to explore 
light-to-matter chirality transfer in the plane. Fig. 11e shows a 
SEM image of the initial, achiral Ag metamaterial, together with 
the asymmetry factor obtained after driving metal photogrowth 
with CPL beams of opposite handedness. Lastly, recent results 
by Prof. Biteen, Prof. Kotov and others have shown the directed 
photoreduction of silver nanoparticles into substrate-
supported helicoids with handedness controlled by impinging 
CPL, achieving clean, symmetric CD responses (see  Fig. 11f).206

Driving chiral photogrowth in solution is a more challenging 
proposition, because the reaction times (which can be minutes 
or even many hours)207,208 entail that the relative orientation 
between the nanostructure and the beam, which changes 
continuously for colloidal samples. Computational models such 
as those producing the data in Fig. 12a account for this variance 
by calculating the effective response as an average of 
illumination conditions that model a system spending the same 
amount of time in all orientations. In this case, although the 
excitation pattern remains chiral—as long as the nanoparticle 
does not offer a spherical cross-section to the beam—,55,79,209 
its dichroic amplitude is greatly diminished in relation with the 
planar case (see Fig. 11a), in which the nanostructure is static 
with respect to the CPL beam. There have been, nonetheless, at 
least three demonstrations of light-to-matter chirality transfer 
on colloidal plasmonic nanostructures to date. Kim et al. 
explored the synthesis of chiral aggregates of achiral Au 
spherical NPs directed by CPL illumination.210 This example 
sidesteps the limitations that we described above regarding the 
geometry of the achiral seed by exploiting interparticle 
interactions, so that the multi-particle aggregate breaks the 
rotational symmetry and can lead to their blending into chiral 
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superstructures. Ghalawat et al. demonstrated the 
development of chiral plasmonic nanostructures in both planar 
and colloidal setups through CPL-directed galvanic replacement 
reaction over Au@Ag nanoprisms (Fig. 12b,c).207 The geometry 
of the nanostructures after CPL irradiation while deposited on a 
substrate acquires a patently chiral shape similar to those 
described in the previous paragraph. However, although their 
transformations under CPL while in solution do not present such 
obviously clear geometric chirality, they also showcase clear 

and consistent chiroptical properties (Fig. 12b), and detailed 
geometrical analysis of their shapes, as obtained from electron 
microscopy tomography, clearly reveal their chirality. Saito et 
al. worked with Au nanostructures with different geometries, 

namely spheres, triangular plates and rods, and drove 
photochemical Ag growth over them using CPL light.208 They 
achieved clear, significant chiroptical effects for the Ag 
photogrowth over Au nanorods, especially when exciting them 
at a wavelength closer to their longitudinal plasmon modes (see 
Fig. 12d). These articles are remarkable demonstrations that the 
local chiral excitation of the plasmonic nanostructures is robust 
enough to being imprinted in the noisy context of room 
temperature colloidal suspensions, and pave the way for future 

work in light-to-matter chirality transfer in this medium. 

iii. Photoheating. Lastly, plasmonic excitation will inexorably 
dissipate a significant fraction of the energy absorbed from light 
in the form of heat, also sharing it with its environment. Fig. 13a 
indicates typical timescales for the different stages of energy 
degradation, i.e. from more to less ordered states, in a gold 
nanoparticle after being excited by a short pulse.211 Of course, 
under continuous illumination, all these processes would be 
concurrent, but contemplating the case of pulsed excitation is 
useful to understand the different typical timescales of these 
processes, and is relevant for our discussion on light-to-matter 
chirality transfer. This linear succession of events starts with an 

external pulse exciting a plasmonic mode in a metal 
nanostructure, and this collective electron oscillation entails the 
transfer of radiant energy into electronic degrees of freedom. 
This energy will then be shared across electrons and with the 
atomic lattice supporting the electronic states, raising the 
temperature of the metal. At this point the metal can also 
exchange energy with its environment through phonon-phonon 
coupling, transferring heat around the plasmonic system and 
raising the temperature of surrounding materials, so that it can 
drive phase changes212,213 or chemical transformations.214 Thus, 
plasmonic photoheating can also trigger physicochemical 

Figure 13. (a) Schematic diagram depicting significant stages and approximate timescales involved in the transfer of energy from the highly ordered collective oscillation of electrons 
in a plasmon, to single-particle states, to then the lattice and finally dissipating when heating the local environment. (b) Computational results showing timescales for two types of 
surface inhomogeneity on the lattice temperature of a gold nanoprism: chiral asymmetry and temperature inhomogeneity, as defined in the text. The inset shows the normalized surface 
temperature after being illuminated with a RCPL pulse at 682 nm, at the time of maximum 𝑔𝑇,lattice, at 𝑡 ∼  1 ps. (c) (i-v) Schematic diagram of the transient optical response, indicating 
in different shades of red the excited state of local electronic states, and labelling the different stages with notable phenomena and their properties. (Right) Computational data showing 
the transient values of the electronic temperature, 𝑇e, after pumping with CPL. (Top) Plot indicating 𝑇e at both extremes of the structure, as well as their difference. (Bottom) Surface 
maps of 𝑇e for the resonator at four selected times, with symbol legend shared with the data in the top panel. Panel a was reproduced from Ref. 198. Panel c was reproduced from Ref. 
220.
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changes around the nanoparticle, in a manner that changes 
with its shape or optical response, so it could also generate 
chiral asymmetries under CP illumination through this 
mechanism. 
There are different ways in which metal photoheating can 
create systems with chiroptical activity. Let us explicitly contrast 
them with the kind of temperature-driven chiral photogrowth 
that we aim to discuss in this article. First, one can exploit 
plasmonic photoheating to create macroscopic chiroptical 
activity from a sample composed of a racemic mixture of 
plasmonic chiral nanoparticles or assemblies, by selectively 
destroying one enantiomer170 or facilitating handedness 
switching in chiral assemblies.215 Such an approach mimics what 
can be achieved by enantioselective photodegradation in a 
racemic mixture of chiral molecules,172 thus creating 
macroscopic chirality only if the sample already has chiral 
structures at the nanoscale. Another alternative is using pulsed 
vortex beams, as mentioned in section 2b, to carve twisting 
pillars from metal substrates.107–110 This approach does not 
exploit chiral temperature gradients on the surface of the metal 
structures, as resulting from asymmetric plasmonic excitation, 
but rather depends on directing the mass transport dynamics of 
the overheated metal in a chiral pattern.
For a temperature-directed process that develops chirality in 
achiral plasmonic structures, following the chiral excitation 
pattern created from impinging CPL, it is necessary that the 
metal surface showcases asymmetric distributions of surface 
temperature. This immediately presents a difficulty, due to the 
large thermal diffusivities of typical plasmonic materials like 
noble metals. Thermal diffusivity is a composite magnitude of 
the thermal conductivity, 𝑘, density, 𝜌, and heat capacity, 𝑐𝑝, of 
a material, as in 𝐷T = 𝑘/𝜌𝑐p, which characterizes how fast heat 
is transferred within the material.216,217 So, a plasmonic 
nanostructure sees a rapid homogenization of the temperature 
across the metal through internal heat diffusion, in shorter 
timescales than those characterizing heat exchange with the 
environment.  Then, under continuous wave illumination, 
plasmonic nanoparticles offer no distinct temperature 
gradients across their surface.180

On the other hand, working with pulsed laser offers distinct 
possibilities when working with plasmonic nanoparticles as 
photoheaters. Each laser pulse can concentrate a large amount 
of energy, such that we can even enter regimes in which a 
plasmonic nanostructure is destroyed when excited by it.218 At 
different power regimes we can use trains of short laser pulses 
as, e.g. an energy efficient way of raising the temperature in a 
photocatalytic setup, avoiding heating a whole macroscopic 
sample.214 However, such strategies take advantage of the 
asymmetry between thermal conductivity of the metal and its 
environment, thus creating significant temperature gradients at 
their interfaces, but not necessarily introducing local gradients 
along the metal surface, where lattice temperature 
inhomogeneities will remain short-lived. For diffusivities around  
α ∼  150 nm2/ps, representative of e.g. gold and silver, we can 
estimate typical temperature homogenization times in the 
order of tens of ps for structure with cross-sectional areas 
around 103-104 nm2. Chiral asymmetries will disappear at even 

shorter timescales. To illustrate this, in Fig. 13b we present 
computational results for a gold nanoprism, with dimensions of 
60x70x200 nm, photoexcited with a 100 fs LCP pulse. Its surface 
temperature was computed assuming a 1𝑇 model, i.e. assuming 
a direct energy transfer from plasmon to lattice temperature 
through Joule effect. This can be then considered an 
overestimate of realistically expected temperature 
inhomogeneities, as in the more realistic 2𝑇 model the energy 
in the electronic degrees of freedom also diffuses while 
coupling with the lattice.209 In this panel the magnitudes 
measuring chiral asymmetry and general temperature 
inhomogeneity are derived from the lattice temperature, 𝑇𝑙𝑎𝑡. 
The latter is computed as an integral across the NC surface, 𝑆𝑁𝐶, 
having the average surface temperature as the reference, as

Δ𝑇lat

𝑇lat
=

∫𝑆𝑁𝐶
|𝑇lat(𝐫) ― 𝑇𝑙𝑎𝑡|

𝑇lat

While the chiral asymmetry is computed as the aggregate local 
dissymmetry using a distribution mirrored along the short axis 
of the NC 

𝑔𝑇𝑙𝑎𝑡𝑡 =
∫𝑆𝑁𝐶

|𝑇lat(𝐫) ― 𝑇𝑚𝑖𝑟𝑟𝑜𝑟
lat (𝐫)|

𝑇lat

And where the average lattice temperature is simply computed 
using the surface area of the NC as 

𝑇lat =
∫𝑆NC

𝑇lat(𝐫)

𝐴NC

Then, data in Fig. 13b shows that for the numerical model the 
inhomogeneity in the lattice surface temperature persists for 
over 10 ps, consistent with the above estimation, while the 
more subtle chiral asymmetry decays within a single ps. 
Working with pulsed illumination on larger plasmonic 
nanostructures can lead to more pronounced and longer-lasting 
temperature gradients on the metal surface, but taking 
advantage of phototemperature inhomogeneities for chiral 
development will remain a competition against the rapid 
thermalization in the metal. This will be clearer if we estimate 
the local behaviour in anisotropic plasmonic resonators using a 
coupled 2𝑇 temperature model. With it one models the 
excitation of the conducting electrons with an effective 
electronic temperature, 𝑇e, coupled with the lattice 
temperature, 𝑇lat. In this case, the energy stored in 𝑇e will 
diffuse as it couples with the lattice and raises 𝑇lat,209,219 which 
leads to a lower asymmetry in this latter magnitude. As such, 
Fig. 13c, reproduced from recent work exploring such transient 
chiral modes in achiral plasmonic resonators,220 shows the 
evolution from asymmetric to homogeneous 𝑇e in an achiral 
plasmonic resonator excited under CPL, which would be in turn 
responsible for any asymmetries in the lattice temperature. 
Another limiting factor can be metal reshaping,221  which would 
tend to smooth out fine and sharp features in the metal if the 
temperature is too large. Together with fast thermal diffusion, 
this challenge can perhaps point towards the use of relatively 
large plasmonic achiral seeds, even protected from 
deformation with thin external coatings.222 If any chiral 
temperature pattern on the thermal surface gradients are 
retained on its outer layer, it could drive spatially-differentiated 
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chemical or physical accretion processes. Regardless of these 
challenges, or perhaps because of them, exploiting thermal 
asymmetries produced on plasmonic nanostructures remains 
an interesting scenario, that can be further explored through 
the excitation large anisotropic plasmonic geometries with 
ultra-short CPL pulses.223,42,214 

5. Summary and outlook
Chirality is a geometrical idea with important implications in the 
machinery of life. A subtle concept with large, concrete 
implications at the human scale. Understanding microscopic 
chirality is necessary to advance our understanding of 
nanoscience and nanotechnology in many applications, but 
most critically in biology and medicine. In this article we have 
discussed basic principles of light-matter interaction when 
dealing with chiral matter, to contextualize current ongoing 
research on light-to-matter chirality transfer using circularly 
polarized light to imprint chiral asymmetries on achiral 
plasmonic nanoantennas. This phenomenon also depends on 
subtle mechanisms that direct changes at the nanoscale, even 
at the single-particle level, to produce macroscopic chiroptical 
activity. We have discussed not only the possible mechanistic 
routes through which this can be achieved, but also difficulties 
and limitations to these. As such, experimental setups exploring 
light-to-matter chirality transfer are also valuable scenarios to 
explore fundamental mechanisms in plasmon-assisted 
photocatalysis, through which we can create spatial patterns in 
energy-transfer around the metal with sub-particle resolution 
using only the polarization of light. 
The overview presented here focuses squarely on the use of 
plasmonic nanostructures for light-to-matter chirality transfer 
because, due to the strong and malleable collective electronic 
response as well as their typical sizes, are particularly well-
suited for locally instantiating chiral patterns as excited by light 
in (and near) the visible spectrum. The pioneering experimental 
examples in this line of research, cited above, exploit these 
properties. But the overall phenomenon is susceptible of being 
explored in different systems with appropriately scaled 
electromagnetic responses, such as dielectric metamaterials 
inducing photocatalysis by exciting smaller, embedded 
materials in mesoscale spatial patterns originated by their 
collective modes,224–228 or even molecular aggregates with 
collective behaviour.229–232 Light-to-matter chirality transfer is 
an inherently multiscale phenomenon that stands to benefit 
from, and also enrich, research in light-matter interaction using 
systems with collective electronic behaviour. Moreover, 
clarifying different aspects of how such collective behaviour can 
direct chemical processes over distinct spatial patterns also 
stands to produce insights in how to exploit such 
inhomogeneities to advance research in enantioselective 
photocatalysis using plasmonic nanoantennas in hybrid-
material photocatalysts in multiscale strategies.
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