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Optical Activity in Third-Harmonic Rayleigh Scattering:

A New Route for Measuring Chirality

Lukas Ohnoutek, Hyeon-Ho Jeong, Robin Raffe Jones, Johannes Sachs, Ben J. Olohan,
Dora-Maria Rdscddean, Gheorghe Dan Pantos, David L. Andrews, Peer Fischer,

and Ventsislav K. Valev*

In 3D isotropic liquids, optical third-harmonic generation is forbidden, with
circularly polarized light (CPL). Yet the associated nonlinear susceptibility
directly influences the optical properties at the fundamental frequency by
intensity dependence (Kerr effect). Here, the hidden third-harmonic optical

properties upon CPL illumination are revealed by demonstrating a new effect,
in hyper-Rayleigh scattering. This effect is succinctly enunciated: the intensity

of light scattered at the third-harmonic frequency of the CPL incident light
depends on the chirality of the scatterers. It is referred to as third-harmonic

(hyper) Rayleigh scattering optical activity (THRS OA) and was observed from
Ag nanohelices randomly dispersed in water. The first analytical theory model

for the new effect in nanohelices is also provided, highlighting the role of
localized transition dipoles along the helical length. THRS OA is remarkably
user-friendly. It offers access to intricate optical properties
(hyperpolarizabilities) that have so far been more easily accessible by
computation and that are essential for the understanding of light—matter
interactions. The new effect could find applications in hyper-sensitive
characterization of the chirality in molecules and in nanostructures; this

chirality plays a fundamental role in the function of bio/nano-machinery, with

promising applications in next generation technologies.

1. Introduction

Chirality — the lack of mirror symme-
try — is exhibited at all scales in nature.
It is present in sub-atomic particles,!!
in amino acids and DNA,?l in snail
shells,’l in local tornadoes and plan-
etary cyclones,!*! and in solar systems
and spiral galaxies as they travel through
space. Coming full circle, the galaxy
chirality might have originated from
chiral sub-atomic interactions in the
early Universe.’] Like the shape of hu-
man hands, many biological objects are
chiral and each chiral form is said
to exhibit “handedness;” for instance,
all sugars, including ribose that forms
the backbone of DNA, are defined as
right-handed based on their interac-
tion with polarized light. The chiral-
ity of molecules can be of vital im-
portance, as illustrated by pharmaceuti-
cals such as Thalidomide,[®! Naproxen,!”]
Levodopa,® and Penicillamine,®) whose
mirror-images can cause birth defects,
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liver poisoning, chronic bacterial infection, and neurotoxic-
ity, respectively. Light can serve to identify the chirality of
molecules.

Circularly polarized light (CPL) is also chiral.l'®) Noting that
there are two directly opposite conventions in current usage, here
we define left-handed CPL as follows: Looking from the point of
view of the source, along the direction of propagation, the elec-
tric field of left-handed CPL traces a helix in space that curls anti-
clockwise. However, because of the large difference in scale be-
tween the chirality of molecules (a few nm) and light (hundreds
of nm), the chiroptical interactions are usually very weak. Re-
cent progress in nanotechnology has bridged this difference of
scales.[11:12]

Chiral nanostructures have atleast one dimension in the range
of 0.1-100 nm. Metal nanostructures usually have at least one di-
mension in the tens of nm. This confinement causes the elec-
trons at the metal surface to oscillate coherently upon illumi-
nation with visible light, forming a surface plasmon resonance.
Surface plasmons effectively compress the wavelength of light,
thereby enabling novel and enhanced light-matter interactions.
Chiral nanotechnology is currently driving interest in materi-
als with negative refractive index,['3] nanorobotics,!*1¢ chiral
molecular sensing,!'”) and optical components for manipulat-
ing CPL, that can in turn find applications in spintronics!*®! and
quantum-optical computing.'! It could enable hyper-sensitive
characterization of molecular chirality (e.g., amino acids,!*!
proteins,?!l and DNA)® and of the chirality in nanostruc-
tures (including nanorobotic components!'*?2l and DNA origami
assemblies);!?}] this chirality plays a key role in the function of
bio/nano-machinery,** with emerging applications in next gen-
eration technologies.[!!]

Another way to bridge wavelength scales resides in the non-
linear optical processes of harmonic generation and scattering,
where n photons at the fundamental wavelength are annihilated
to produce a single photon at the wavelength A/n. Not surpris-
ingly, the combination of these nonlinear optical effects with
nanostructured materials and surface plasmon resonances leads
to enhanced chiroptical interactions.[>>?°l However, whereas
chiral (bio)molecules are naturally freely revolving in water,
the artificially made chiral nanomaterials (or chiral “metama-
terials”) consist of immobile nanoparticles, often arranged in
well-ordered arrays, or rigid networks. This immobility and
artificial order can result in the appearance of “false chirality,”1?’]
anisotropy effects,”®?! linear dichroism, circular dichroism
in the angular distribution of photoelectrons,3*33 pseudo
chirality,**l or extrinsic chirality.3>3¢]

Observing optical activity in the nonlinear optical processes
directly, using frequency conversion within liquids has been
quite elusive. The possibility was first suggested in 1979%7) but
it took 40 years for an experimental demonstration using Ag
nanohelices,*] emitting at the second harmonic frequency (i.e.,
for n = 2). Soon after, this second harmonic effect was observed
in chiral molecules®! and in chiral gold cuboids.!*!

Here, we report the first observation of chiroptical third-
harmonic scattering (i.e., for n = 3), from a suspension of
silver nanohelices in water. Because energy is conserved in
both light and matter, this harmonic process is elastic and
we refer to it as third-harmonic (hyper) Rayleigh scattering.
Upon varying the fundamental wavelength, we demonstrate
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that the measured signal is consistently emitted at 4/3. The
intensity of the measured signal follows a cubic power law
on the fundamental intensity. For a given handedness of the
nanohelices, there is a clear difference in the measured sig-
nal depending on the chirality of light; upon reversing the
handedness of the nanostructures, this difference reverses. No
difference is observed upon illuminating a racemic mixture
of chiral nanohelices, that is, a 50:50 mixture of both handed-
nesses. We identify the origin of this new effect as an interplay
between electric dipoles along the length of the nanohelices, as
evidenced by theoretical calculations and rigorous numerical
simulations.

The third-harmonic (hyper) Rayleigh scattering optical ac-
tivity (THRS OA) effect reveals the most direct expression of
the chiroptical nonlinearity. Until now, this chiroptical nonlin-
earity has only been known through phenomena, such as the
intensity-dependent effect at the fundamental frequency, 1=
which affects both circular dichroism!* and optical rotation
measurements.!*) Such effects are indirect, as information on
the nonlinearity needs to be separated from the linear behavior
and the required high incident light intensity leads to thermal
complications.[*~*8] By comparison, THRS OA measures directly
chiroptical nonlinearity, at the third-harmonic, with zero back-
ground from the fundamental frequency. Third-harmonic gener-
ation (THG) circular dichroism(?®! is also a background-free chi-
roptical effect, however it requires emission coherence between
its sources and it is forbidden in isotropic liquids—the medium
of choice for chemistry and bio-technology. By contrast, THRS
OA is an incoherent scattering effect in liquids. Other valuable
nonlinear scattering chiroptical effects are two-photon absorp-
tion circular dichroism!*-!l and circular differential two-photon
luminescence;l*?! both are sensitive to the chiroptical nonlinear-
ity, however they are non-elastic, that is, they require real energy
states that restrict the frequencies at which these effects can be
observed. At variance, THRS OA results from an elastic process,
where the initial and final quantum mechanical states of the ex-
cited electrons are identical. Consequently, there is no restriction
on the frequency of the incoming light, since only virtual states
are involved.

2. Results

THRS OA is schematically illustrated in Figure 1a. CPL with
wavelength A is incident on a silver nanohelix, which leads to
scattering at the third-harmonic wavelength /3. The intensity
of the scattered light is dependent on the direction of circular
polarization of the incident light. The measured difference in in-
tensity of the scattered light thus provides information about the
handedness of the scatterers.

The samples we investigate in this work are silver nanohelices
suspended in an isotropic liquid. Their dimensions, indicated in
Figure 1b, are much smaller than the wavelength of the incident
light (i.e., < 4/10) and the nanoparticles can thus be regarded
as meta-molecules. Scanning electron microscopy images of the
nanohelices on a silicon wafer (Figure 1c) show well-defined ge-
ometry and good homogeneity over the imaged region for both
of the chiral versions (enantiomorphs) of the nanohelices. The
results of dynamic light scattering experiments (see Figure 1d)
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Figure 1. Well-defined silver nanohelices, which are investigated in our third-harmonic Rayleigh scattering optical activity (THRS OA) experiments. a)
Schematic illustration of THRS OA. A silver nanohelix is illuminated with a laser beam with wavelength 4, which leads to scattering at the third-harmonic
frequency (i.e., 4/3). The intensity of the scattered light depends on the polarization of the incident light (RCP = right circular polarization, LCP = left
circular polarization). b) Dimensions of the silver nanohelices. c) Scanning electron microscopy (SEM) images of the nanohelices on a wafer. The top
part of the image is a side-view, the lower part is an aerial view. LH = left-handed, RH = right-handed. d) Dynamic light scattering (DLS) in suspensions
of the nanohelices. €) Linear optical regime ellipticity spectra of left- and right-handed nanohelices suspended in 1 mwm trisodium citrate measured with
a commercial circular dichroism (CD) spectrometer, in the near-ultraviolet (NUV) spectral region (left) and in the near-infrared (NIR) region (right). The
red-shaded region corresponds to the wavelength range of the incident light in our THRS experiments. The violet-shaded region indicates the wavelength
range of the detected light in these experiments.

performed on nanohelices in a suspension confirm the relatively Cuvette'w” Beam dump
narrow distribution in the sizes of the fabricated nanohelices. A
close agreement between the results obtained for the left-handed
and the right-handed nanohelices can also be seen.

The nanohelices have strong chiroptical properties in the lin-
ear regime, as demonstrated by Figure le. The graphs show the
ellipticity (a measure of circular dichroism, see Section 5 for de-
tails) spectra from left- and right-handed nanohelices, plotted
with continuous blue and dashed red lines, respectively. These
measurements are obtained with a commercial CD spectrome-
ter (see Section 5 for details). In order to cover the whole spectral Figure 2. lllustration ofthe user-friendly experimental setup for measuring
range that is of interest for our third-harmonic experiments, two  third-harmonic Rayleigh scattering. A laser beam, modulated by a chop-
detectors are used, from 300 to 800 nm and from 400 to 1130 nm.  per blade, passes through a polarizer and a quarter-wave plate (WP) to
The ellipticity spectra are clearly bisignate (in agreement with obtain circularly polarized light. A long-pass filter removes wavelengths

Kuhn’s sum rule)[53] and the spectra of the two enantiomorphs below z‘950 nm from‘the Iasgr beam. The ‘beam is focused mtp a cyvette
filled with a suspension of silver nanohelices and scattered light is col-

of the nanohelices present opposite signs, as expected. lected perpendicularly to the incident beam. Bandpass filters are used to
The experimental apparatus for measuring THRS is illustrated  select light in a desired range of wavelengths for detection.

in Figure 2. In essence, a circularly polarized laser beam is fo-

cused into a cuvette containing a suspension of Ag nanohe-

lices. Scattered light is collected by a lens placed next to the THRS ellipticity 655 is calculated using the following for-

side of the cuvette. Bandpass filters are placed in front of the =~ mula:

light detector to select light in the desired wavelength range for

detection. The setup is very user-friendly and could be widely

adopted as a chiroptical measuring tool of molecular and nano- 180 \V Iifé’[’, -/ Iﬁ;"}l

materials. A detailed description of the apparatus can be foundin ~ Orrs = -, aretan| —————

. (30) (30)
Section 5. V IRgP + V ILcwp
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where Igg’l), and I(L3C";,) are the detected third-harmonic Rayleigh

scattering intensities under illumination with right circularly po-
larized (RCP) and left circularly polarized (LCP) light, respec-
tively.

As a third-order nonlinear optical process, THRS scales cubi-
cally with incident power. To verify this dependence and to rule
out any significant laser-induced damage to the nanohelices, we
measure THRS intensity as a function of incident laser power (up
to 35 mW). In Figure 3a—c, the illumination wavelength is set to
1095 nm and the measured wavelength is 365 nm. The exper-
iments are performed for left-handed nanohelices in (a), right-
handed nanohelices in (b), and a racemic (i.e., 50:50) mixture of
the two enantiomorphs in (c). All the data points are fitted with
a cubic function and the corresponding R* values are shown in
the figure insets, demonstrating a good agreement with a cubic
power dependence. No significant laser damage can be observed
(such damage usually results in a deviation from the expected
power dependence, above the damage threshold).

Furthermore, in Figure 3a the detected intensity clearly de-
pends on the direction of circular polarization of the incident
light. This dependence is an indication of chiroptical interaction,
however, it could also be due to the presence of unaccounted chi-
rality in our setup. Importantly, in Figure 3b it is apparent that
the difference reverses with the chirality of the samples. Also sig-
nificant is the fact that, in the case of the racemic mixture in
Figure 3c, the power dependence is cubic but there is no appre-
ciable signal difference, depending on the direction of incident
circular polarization. Therefore, there is no unaccounted chiral-
ity in our setup and the observed chiroptical signatures in Fig-
ure 3a,b can be attributed to the THRS OA effect. In each case, the
corresponding THRS ellipticities (calculated using Equation (1))
are shown in the lower part of the figures. These ellipticities re-
main relatively constant, as a function of laser power. They are
of ~ +3 ° for left- and right-handed nanohelices, respectively and
~ 0° for the racemic mixture. The contribution of the solvent in
which the nanohelices are dispersed (1 mwm trisodium citrate) to
the results presented in Figure 3 is negligible, as even at the max-
imum incident power (35 mW) the THRS intensity detected for
pure solvent is on the order of 0.3 counts s7'.

In order to clearly attribute the measured signal to third-
harmonic scattering, this signal needs to be distinguishable from
the multiphoton luminescence background and it needs to follow
the frequency of illumination. Figure 3d presents the emission
spectra of the nanohelices, for three illumination wavelengths:
1065, 1095, and 1125 nm. The emission is determined with the
use of four bandpass filters, whose bandwidth is indicated by the
horizontal error bars. The error bars along the vertical direction
correspond to standard deviation. The data demonstrate a sig-
nificant multiphoton emission background that increases with
emission wavelength. However, for all three illumination wave-
lengths, the harmonic signal (indicated with violet vertical lines)
is always above that background. Moreover, the intensity of this
harmonic signal depends on the direction of CPL and this de-
pendence reverses with the chirality of the samples. Therefore,
we confirm that we have observed the THRS OA effect. Next, we
examine the polarization of the THRS.

First, an analyzing quarter-wave plate (AQWP) is positioned
between the collection lens and the analyzing polarizer (ana-
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lyzer), then the polarizer and analyzer are crossed, with polarizer
along the vertical (S) direction and analyzer along the horizontal
(P) direction. THRS intensity measured for various angles of the
AQWP is shown in Figure 4a,b for left-handed and right-handed
nanohelices, respectively. The results confirm the THRS OA
effect—there is a very clear difference of THRS intensity de-
pending on the direction of polarization and handedness of the
nanohelices. Moreover, the THRS intensity does not depend on
the AQWP angle; only random variations are visible. This result
demonstrates that for incident LCP and RCP light, the THRS is
unpolarized.

The polarization of the THRS can be further quantified
using the depolarization ratios. For this purpose, the AQWP
is removed and the analyzer is placed between the collection
lens and the filter wheel in Figure 2. Table 1 shows the THRS
intensity measured for the main orientations of the polarizer
and analyzer; S and P correspond to vertical and horizontal
directions, respectively.

Depolarization ratios are defined as % for incident P-

THRS

polarized light and % for incident S-polarized light, where

THRS
(I gy and (I3, . ) indicate an average THRS intensity mea-

sured with the analyzer oriented along P or S, respectively. For the
S P
left-handed nanohelices, % = 0.87 and ‘) = 082, For

IEHRS> " <I'?'HRS> »
the right-handed nanohelices, % = 0.90 and % = 0.97.
All depolarization ratios are close to 1, indicating that due to the
orientational averaging effect, the particulate medium is close

to centrosymmetric, which is a good effective approximation of
1![13]

1o«

Pendry’s “chiral spheres.

Next, we address a possible alternative explanation: Our result
could be produced by coherent, forward-propagating THG from
the glass interfaces, followed by linear optical regime Rayleigh
scattering.>*! To rule out this possibility, we rebuild the detection
arm of our experiment and examine the forward emission signal,
at the third-harmonic wavelength.

Figure 4c presents the schematic diagram of a THG setup.
Upon varying the position of the focusing lens, for linearly po-
larized light at 1095 nm, THG is observed from the 4 interfaces
of the cuvette: air/SiO,, SiO,/water, water/SiO,, and SiO,/air.
This THG signal is shown in Figure Sla, Supporting Informa-
tion. However, upon illumination with LCP, the THG signal de-
creases by >2 orders of magnitude. Therefore, it is impossible for
CPL from the interfaces to produce enough THG to account for
the scattering we observe in Figure 3.

Figure 4d shows the forward emission at the third-harmonic
wavelength. Specifically, the figure presents the third-harmonic
intensity as a function of incident laser power, for LCP and RCP
light at 1095 nm. Upon comparing with Figure 3a, it is immedi-
ately apparent that the forward emission signal is much smaller.
All lines in Figure 4d are fits to the cubic function y = Ax®. For
both the left- and right-handed nanohelices, a minuscule amount
of OA appears to be present and its sign matches that of the
THRS OA, see Figure 3a,b. This forward emission signal could
be attributed to a multiple particle scattering or to the lightning
rod effect (e.g., from the tips of the nanohelices). Importantly,
no strong THG signal is present and therefore we can conclude
that the results in Figure 3 are due to the THRS OA effect. The

© 2021 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 3. Clear third-harmonic Rayleigh scattering optical activity in suspensions of silver nanohelices. a—c) In the top panels, third-harmonic Rayleigh
scattering (THRS) intensity plotted as function of incident power for the left- and right-handed nanohelices and for a 50:50 mixture of the enantiomorphs,
respectively. THRS intensity is measured as a function of power for left circular polarization (LCP) and right circular polarization (RCP) of the incident
light at a wavelength of 1095 nm. The error bars represent the standard deviation based on 6 measurements. The solid and dashed lines are best fits with
the function y = Ax®. Bottom panels: THRS ellipticity calculated for suspensions of the left-handed nanohelices, right-handed nanohelices, and a 50:50
mixture of the enantiomorphs, respectively. The dashed gray horizontal lines are guides for eye. d) Emission spectra of suspensions of left-handed (top
panels) and right-handed nanohelices (bottom panels) when illuminated with light of a fixed wavelength (1065, 1095, or 1125 nm). The vertical error
bars represent the standard deviation based on six measurements. The horizontal error bars indicate the bandwidth of the filters used for detection. The
violet vertical lines indicate the third-harmonic wavelength of the incident light.
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Figure 4. THRS polarization and forward emission. Measurements of third-harmonic Rayleigh scattering (THRS) intensity as a function of the angle of
an analyzing quarter-wave plate (AQWP) for a) left-handed and b) right-handed nanohelices, upon illumination with left-circularly polarized (LCP) and
right-circularly polarized (RCP) light at 1095 nm. The AQWP is positioned in the detection arm of the setup after the collection lens. At the angle of 0 °,
the fast axis of the AQWP is oriented along the horizontal (P) direction. The AQWP is followed by an analyzing polarizer, whose transmission axis is
fixed along the horizontal (P) direction. c) A schematic diagram of the third-harmonic generation (THG) and forward emission setup. WP: quarter-wave
plate. d) Third-harmonic intensity as a function of incident power for left-handed (LH) and right-handed (RH) nanohelices, upon illumination with LCP
and RCP light. The lines are best fits to the function y = Ax®. The illumination laser wavelength A is 1095 nm.

Table 1. Detected THRS intensity from suspensions of left-handed and
right-handed Ag nanohelices illuminated with P-polarized (P;,) or S-
polarized (S;,) light at 1095 nm; an analyzing polarizer with its transmis-
sion axis oriented along the P- (P,;) or S- (S,;) direction is placed before
the detector; the THRS intensity is in the units of counts s™.

Left-handed nanohelices Right-handed nanohelices

Pout Sout Pout Sout
P 165.7 144.3 151.3 136.6
S 130.3 159.4 124.4 128.5

conclusion is supported by several control experiments that are
detailed in Figure S2, Supporting Information. Next, we need to
address the physical origin of THRS OA.

Drawing on fundamental electrodynamic and symmetry
principles, theory has been developed to describe THRS from

Laser Photonics Rev. 2021, 2100235 2100235 (6 of 11)

molecules, focusing on its detailed dependence on both polar-
ization and on properties of the nonlinear optical susceptibility
tensor y® (—3w;w,w,w) for the scattering centres.>>) More
recently, this analysis has been extended specifically to elicit
mechanisms and features uniquely associated with chiral
species, > here we extend the theory to the case of nanohelices.

For particles, such as small molecules compared to the wave-
length of light, rigorously described in terms of multipole
coupling,l®’! chiroptical effects primarily emerge from the in-
terference of electric dipole (E1) and two other forms of cou-
pling: magnetic dipole (M1) and electric quadrupole (E2).%8
Since THRS is a four-photon process with a quantum ampli-
tude dominated by E1* couplings, the relevant chiroptical inter-
ferences are E1*~E13M1, and E1*~E13E2. To exhibit the observed
discrimination in handedness, the M1 or E2 interactions must
couple with one of the incoming circularly polarized photons. For
long-wavelength IR light, the E2 coupling is much less significant
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than M1. It is therefore the E1’M1/E1* terms that dominate the
relative circular differential, gry s, Which is defined as:

_ (3w) (3w) (3w) (3w)
Zrirs = 2 (Ich - ILCP) / (IRCP + ILCP) (2)

whose values lie in the range (-2,2).

These features underpin the computations of electric near-
fields in the present work, where the electronic response of the
metal to the circular electromagnetic fields of the input extends
through the entirety of each nanohelix. We develop the long-
established two-group model of optical activity,® here adapted
for electronically continuous media. Until the techniques were
perfected for the nanofabrication of metal nanohelices,!’®! there
were no media for which such a development was necessary; a
basis for describing the circular dichroism of such systems has
only recently been introduced.[*"]

For simplicity in the present account, we consider the electro-
magnetic influence of a beam propagating along the long helix
axis, labelled z. The helix is initially described as a series of dis-
crete transition dipoles,[1*6162] with the limiting case of a continu-
ous medium to be taken in a subsequent integral form. Replacing
a local M1 transition dipole interaction m() with an equivalent,
displaced E1 transition dipole n® (dissymmetrically displaced
from it at a distance R;,) we find for the particular case of re-
sponse to CPL, m{") = icuéz)lez; my) = —icul”kR,,, where x and
y are coordinates in the transverse plane, and k= 27/, where 4 is
the input wavelength. The linear dependence on distance in these
expressions is valid only within the near-zone range kR, < 1,
where retardation effects can be ignored; this is a condition that
holds for all distances between points on the nanohelices that are
the subject of the present study.

A helix of pitch p and radius r, and with t the number of twists
along its length, is assumed for present simplicity to be a wire-
like helix of negligible cross-section, so that locally the discrete
transition dipoles lie along the path of the coil. These assump-
tions lead to the following integral as a measure of the chiral
response:

27t

Grimms = kp / sin b cos [ + (4xrsin (¢/2)/p)?] db ()

0

This limit indicates the maximum relative efficiency of con-
verting one handedness of circular polarization compared to the
other. The ellipticity values can be related to gp s using the rela-
tion:

“)

\/gTHRs +2- \/2 — 8THRS >

[ = —180 arctan
THRS
\/gTHRs +2+ \/2 — ErHRs

For the dimensions of the nanohelices in the present study,
distributed about an average with r = 25 nm, p =55 nm, and t =
2, the results indicate limits on the permissible extent of chiral
discrimination of an ideal system—almost complete chiral se-
lectivity. For 1065 nm input the calculated ellipticity is +7.36°.
The linear dependence of gz on the input wavenumber leads
to slightly lower ellipticity values for the higher input wave-
lengths. The physical effects of dispersion are not accounted for
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at this level of theory. The experimental values indicate an ellip-

ticity of ~3° (specifically, the median values are 611 . = +3.5°,
O =—2.25°, and )X = 0.4°). The highest of these values

indicates a propensity for approaching the maximum degree of
chiral response; the experimental attainment of such optimal val-
ues may require the fabrication of more slender nanohelices with
smaller coil cross-sections. The presence of electric dipoles in our
nanohelices is illustrated with numerical simulations of the near-
fields.

Figure 5 presents numerical simulation results of the electric
near-fields, around a left-handed silver nanohelix, viewed in the
y-z plane. The electric fields viewed in the x-z and x-y planes are
presented in Figures S3 and S4, Supporting Information, respec-
tively. The color-coded intensities follow the rainbow order, with
violet being the maximum. The three panels on the left corre-
spond to illumination with LCP and those on the right corre-
spond to illumination with RCP light. In the top two panels, the
propagation vector (k) is parallel to the Cartesian x-axis. In the
middle two panels, k is parallel to the Cartesian y-axis and, in the
bottom two panels, k is parallel to the Cartesian z-axis, which is
the axis of the nanohelix.

For illumination at 1095 nm, Figure 5a shows clearly localized
electric fields that are radiated by localized electric dipole oscilla-
tions discussed earlier. Additionally, for k parallel to x and to z,
strong electric field hotspots can be observed at the end termina-
tion of the helix, where a lightning rod effect can take place, as
discussed above. Moreover, regardless of the direction of k, the
local electric fields are larger upon illumination with RCP, which
suggests a preferential light-matter interaction and is in agree-
ment with Figure 3d.

Results of simulations of the same nanohelix illuminated with
365-nm light are presented in Figure 5b. The data are organized
similarly to those in Figure 5a. Again, clear local electric fields
are evidenced, however the dependence on the direction of CPL
is less clear, in agreement with the results in Figure le.

3. Discussion

Here, we unambiguously demonstrate the new chiroptical effect
of THRS OA. For this purpose, it is crucial that the detected signal
is as unaffected as possible, between its source and the detector.
We have therefore carefully selected our fundamental and har-
monic wavelengths, avoiding any strong linear regime chiropti-
cal effects at the third-harmonic wavelength, see Figure 1e. Such
effects can of course be accounted for, but for the present work
they constitute an unnecessary complication.

Besides tuning the wavelength, several other parameters can
be optimized in order to improve the sensitivity of the technique.
For instance, as Figure 3 indicates, larger incident laser power
will result in a dramatically increased detected signal. This is par-
ticularly promising since no optically induced damage has been
observed so far. It would also be important to investigate the in-
fluence of the laser pulse duration, by comparing fs and ps illu-
mination at the same average laser power.

The volume of illumination versus the concentration of
nanohelices can also be optimized. In this work, the illumina-
tion volume in focus (V) is estimated based on both a mea-
surement and a calculation of the Rayleigh range (z;), see Fig-
ure S5, Supporting Information, and the related discussion in the
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(b) 365 nm
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Figure 5. Strongly localized electric near-fields surround the silver nanohelices and depend on the direction of circularly polarized illumination. For
incident wavelength at 1095 and 365 nm, in a) and b), respectively, the 6 panels in each of the figures present the amplitude of the electric near-field in
the y—z plane for left circularly polarized (in the left panels) and right circularly polarized (in the right panels) light. Top, light propagating with k vector
along (parallel to) the x axis; middle light propagating with k vector along the y axis; bottom, light propagating with k vector along the z axis, which is

the long axis of the nanohelix.

Supporting Information. Upon integrating the beam area around
the beam waist, from —z; to +zg, we find Vi, = 4.56 x 1071
m?>. The concentration of the nanohelices is estimated from the
surface area of the sample wafers, using geometry considera-
tions, see Supporting Information. For left- and right-handed
nanohelices, we obtain concentrations of 1.15 X 10'® nanohe-
lices m~ and 8.35 X 10" nanohelices m=3, respectively. For all
samples measured in this work, we estimate that the number of
nanohelices in Vi, is between 400 and 700. In order to record
larger values of the nonlinear optical ellipticity 61yzs, the nanohe-
lix geometry can also be tuned and the simplicity of our analytical
model affords physical insights.

First, at this level of approximation it transpires that for
all physically realistic dimensions the integral in Equation (3)
is relatively insensitive to the pitch angle, which is given by
tan~!(p/2x7). In fact, as t increases, the integral converges to a
value of approximately zt/2. Since pt = L, the length of the helix,
this signifies that gryrs.cp = Y2kL represents a near-zone limit
that is essentially independent of the pitch angle. For example, a
nanohelix composed of twice the length of coil, but wound more
tightly to keep to the same external dimensions, can therefore
be expected to display a similar level of chiral discrimination.
This can readily be understood; although a greater length affords
more pair-elements to exhibit chiral response through their dis-
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symmetric juxtaposition, the angle between those segments di-
minishes. In the limit of a very long, highly compressed helix,
every local electric dipole lies almost in one plane, diminishing
3D point-pair chirality.

Beyond electric dipoles, a more detailed analysis of the chi-
roptical properties of these nanohelices would need to take into
account electric quadrupoles. In plasmonic nanoparticles, such
quadrupoles can arise from retardation effects,[®! from the gra-
dient of the electric field of light within the material or from the
shape of the nanostructures.[®*! For chiral plasmonic nanoparti-
cles, electric quadrupoles can play an important role in the non-
linear chiroptical interactions, as has been demonstrated in the
case of second harmonic generation.?’!

Although third harmonic Rayleigh scattering shares sim-
ilarities with second harmonic Rayleigh scattering (e.g., the
intensity of the signal follows a power law dependence on
the intensity of incident light), there are several important
differences. At the fundamental level, within the electric dipole
approximation, whereas the detected second harmonic emission
typically originates from the surface of the nanostructures,
THRS originates from the entire volume of the nanostructures.
From an experimental point of view, in the case of THRS, the
larger separation between the frequency of illumination and
that of the third harmonic offers practical advantages. On the
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one hand side, illumination in the visible part of the spectrum
allows to access harmonic frequencies in the UV, where many
chiral molecules have a strong response. On the other hand
side, it is possible to access the strong chiroptical resonances of
plasmonic nanoparticles by illuminating them at near-IR, where
the nanoparticles are much less susceptible to optical damage.

Finally, we need to consider the effect of nanohelix sedimenta-
tion during measurements. Traditional chiroptical effects in the
linear optical regime (such as, circular dichroism or optical rota-
tory dispersion) depend very strongly on the optical path length
and the concentration. We have previously demonstrated that due
to non-negligible weight of the nanohelices, there is a small gradi-
ent of concentration in our measurement cuvettes (see Figure 5a
in ref. *8]). To complement these data, here, we investigated the
variations of CD spectra in the linear regime as a function of
time. The results are shown in Figure S6, Supporting Informa-
tion. They show that over a period of 3 h, there is a very small
effect on the CD, which is negligible on the time scale of our data
acquisition for THRS (30 s). Moreover, compared to CD in the
linear regime, the dependence of THRS on the concentration of
nanohelices is much less dramatic. The reason is that whereas
the linear chiroptical techniques are measured against the over-
whelming background of transmitted light that does not interact
with chiral scatterers, in the case of THRS, the signal originates
only from interactions with the chiral scatterers. Increasing their
concentration increases the intensity of the third harmonic light
but not the chiroptical contrast. As a consequence, THRS is ap-
plicable to tiny volumes of illumination, where the traditional,
linear regime chiroptical techniques are not practical. However,
high particle concentration can still have a significant effect on
the THRS results, via multiple scattering events and associated
linear/Rayleigh chiroptical scattering.

4, Conclusion

In conclusion, we have presented the first report of THRS OA.
This new nonlinear chiroptical effect has been observed from
silver nanohelices, randomly dispersed and freely revolving in a
3D isotropic liquid environment. Upon varying the illumination
wavelength, the effect always clearly occurs at the third-harmonic
and is recorded well above the multiphoton background. The
measured third-harmonic signal follows a cubic power depen-
dence and no evidence of laser-induced sample damage is ob-
served during our experiments.

We also present the first theoretical treatment of the effectin a
helical geometry. Our simple continuum discrete-dipole model of
the nanohelix readily indicates a physically sensible upper bound
on the possible extent of chiral discrimination in third-harmonic
scattering, approached by samples in the present study. It also in-
dicates that to secure greater discrimination, the most successful
strategy may be fabricating nanohelices of greater length, that is,
more twists, rather than changing the pitch angle, and that it may
be worth investigating coils of narrower cross-section.

Together with the recently reported second harmonic hyper
Rayleigh scattering effect,®® THRS OA forms the basis of an
entirely new type of “hyper (Rayleigh) chiroptical spectroscopy”
capable of probing increasing orders of chiral hyperpolarizabili-
ties in organic and inorganic chiral structures. Fourth harmonic
Rayleigh scattering optical activity can readily be envisioned as

Laser Photonics Rev. 2021, 2100235 2100235 (9 of 11)

www.lpr-journal.org

a logical next step. This novel spectroscopy can provide a lot
more information, compared to linear optics, because of the
numerous tensor elements in the nonlinear hyperpolarizabili-
ties’ tensors. Although these tensor elements have long been
regarded as a complexity barrier, recent progress suggests that
it is possible to tackle the problem using machine learning
approaches.[®] Such an analysis could offer an unprecedented
understanding of chiral optical interactions, for instance by re-
vealing the role of electric and magnetic dipolar and multipolar
contributions.

5. Experimental Section

Sample  Preparation: The nano Glancing Angle Deposition
(nanoGLAD) technique is employed to grow tridimensional chiral
nanohelices, as reported previously.!™?]

Initially, a hexagonal array of Au dots (10 nm diameter), with 90 nm
spacing between them, was prepared on a silicon wafer (2-inch) by
means of block-copolymer micelle nanolithography.l®®] To summarize
this method, the block-copolymer micelles of poly(styrene)-b-poly(2-
vinylpyridine) (PVP units: 495; PS units: 1056) containing Au salts in the
core were formed by self-assembly in toluene. Subsequently, they were
spin-coated onto the Si wafer, where the micelles form a quasihexagonally
ordered monolayer (with spacing ~90 nm). Plasma treatment reduced the
Au salts to form metallic nanodots with 210 nm in diameter. These Au dots
acted as seeds for the following GLAD treatment.

The Ag—Ti nanohelices were then grown from the Au dots array us-
ing a GLAD system that allowed co-deposition from dual electron-beam
evaporators (base pressure of 1 x 107® mbar). The substrate was cooled
down to 90 K with liquid nitrogen for 1 h and positioned at an angle of
87° with respect to the direction of flux. The alloy stoichiometry was con-
trolled by the deposition rates for each evaporator that was independently
measured by a quartz crystal microbalance (QCM). The nanohelices were
grown with 700 nm thickness of Ag including ~3% Ti through the whole
body of the nanohelices (based on the QCMs) while rotating the substrate
for 720° (i.e., full rotation twice) with 1.8 + 0.1°/nm of the azimuthal ro-
tation rate per unit thickness.[®”] The direction of rotation (clockwise or
anticlockwise) determined the handedness of the nanohelices.

As a final step, the grown Ag—Ti nanohelices were lifted off from the
wafer by sonicating a piece of sample wafer (~1cm?) in an aqueous solu-
tion of Tmwm trisodium citrate for ~5 min to prepare a stock solution. To
minimize the effect of possible variations in structure and concentration,
the same wafer with nanohelices was used for all experiments.

Dynamic Light Scattering: ~ Colloidal solutions (~0.5 mL) of both chiral
nanohelices were measured over 5x using a zeta potential analyzer (Zeta-
sizer Nano ZS, Malvern). The material property of nanohelices was fixed
to Ag (RI: 0.135, absorption: 3.990) and the environmental parameter was
water (RI: 1.333, absorption: 0).

Linear Regime Chiroptical Characterization: Circular dichroism and ex-
tinction experiments were performed on an applied photophysics Chiras-
can circular dichroism spectrophotometer equipped with a Peltier tem-
perature controller using the 10 mm path length of a 10 X 4 mm quartz
cuvette. The ellipticity in Figure Te is obtained from the formula

VI — /1
0 (deg.) = 180 arctan (—RCP LCP> ~ 18—OAA (4) <In 10) (5)
4 Irep + V/ILcp z 4

where Ipcp and [ cp denote the intensity of RCP and LCP light, respectively,
and

AA(A) = Acp — Arcp (6)
is the difference in the attenuation of LCP and RCP light transmitted

through the cuvette at a wavelength A. The background corresponding
to 1 mm trisodium citrate and cuvette’s absorption was subtracted from
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subsequent measurements. The measurements in the 300-800 nm re-
gion were recorded using a standard photomultiplier tube (PMT) acces-
sory, with the following measurement parameters: step 1 nm, time-per-
point 0.5 s, monochromator bandwidth 10 nm. The measurements in the
400-1130 nm region were recorded using an IR3 Extended NIR PMT with
the following measurement parameters: step 1 nm, time-per-point 0.5 s,
monochromator bandwidth 10 nm. All measurements were made at 20 °C.

Third-Harmonic (Hyper) Rayleigh Scattering Experiments: A Spectra
Physics Mai Tai Ti:sapphire laser pumped a Radiantis Inspire optical para-
metric oscillator (OPO). The idler beam produced by the OPO (~200 fs
pulse width, 80 MHz repetition rate) was modulated by an optical chop-
per (50% duty cycle) and passed through an achromatic half-wave plate
(used for laser power control), an uncoated calcite Glan-Laser polarizer
with transmission axis aligned vertically, and an achromatic quarter-wave
plate to obtain CPL. A couple of longpass filters removed light with wave-
length below 950 nm. An achromatic lens (focal length = 30 mm) fo-
cused the laser beam into a fused quartz cuvette containing nanoparti-
cle suspension. A lens (focal length = 25 mm) collected and collimated
light scattered at the right angle to the incident beam. Another lens (focal
length = 200 mm) focused the collected light onto a photocathode of a
PMT. A hard-coated bandpass filter in front of the PMT transmitted light
in the selected wavelength range (full-width at half-maximum = 10 nm).
For the power dependence experiments, a filter centered at the third of the
incident wavelength was used. To obtain emission spectra, measured for
20 mW incident power, measurements were done with various filters in
front of the PMT.

Finite-Difference Time-Domain Simulations: A photonic simulation
software (Lumerical) was employed to model the time dependent electro-
magnetic field properties of a left-handed nanohelix. The dimensions of
the helix were as shown in Figure 1b.

The nanohelices were silver. Hence, a Johnson and Christy material
model was used to compute the refractive index of silver (as a function
of 2) in the finite-difference time-domain (FDTD) simulations. The spa-
tial extent of the Eulerian meshed simulation region was 1 pum X 1T um X
1.5 um; the boundaries of the domain were perfectly matched layers. The
void was a perfect vacuum and the initial temperature of the helix was
300 K. The distance between nodes in the mesh was globally 8.5 nm; the
region surrounding the nanohelix was locally refined to a node spacing of
1 nm to improve resolution and accuracy.

Left- and right-handed CPL was incident on the nanohelix from a dis-
tance of approximately a half-wavelength. The response of the nanohe-
lix was computed for two different incident wavelengths of light at which
the corresponding mode strength of the electric and magnetic field was
extracted. The first simulation set was at the fundamental wavelength
(1095 nm; FWHM 500 nm; pulse duration 5.6 fs) and the second set was
at the third-harmonic wavelength (365 nm; FWHM 250 nm; pulse duration
1.6 fs).

The FDTD simulation processed 1 ps of light propagation. The orienta-
tion of the nanohelix was permutated such that the effect of the direction
from which the pulse of light came could be determined. For both left- and
right-handed CPL, the direction of propagation was tested along all three
of the Cartesian axes.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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