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Determining the chirality of molecules and nanoparticles often relies on circular dichroism and optical
rotation: two chiral optical (chiroptical) effects in the linear optical regime. Although these linear effects
are weak compared to nonlinear chiroptical effects, they have the advantage of being measured in isotro-
pic liquids — free from the complications of anisotropy. Recently, a nonlinear effect: hyper-Rayleigh scat-
tering optical activity (HRS OA) has been shown to reliably distinguish between the two chiral forms of Ag
nanohelices, suspended in isotropic liquids. However, this first demonstration of HRS OA also opened
new questions. For instance, at a fundamental level, it is not clear what the role of interactions between
nanoparticles is. Moreover, the influence of the ultrafast pulse chirp is unknown. Here, we demonstrate
HRS OA from well below two Ag nanohelices in the illumination volume, precluding any interactions.
Additionally, we performed the first measurements of HRS depolarization ratios in this system and find a
value of 1. We also show that HRS is highly robust against the chirp of the ultrafast pulses. An important
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reason for the strong (down to single nanohelix) sensitivity of our experiments is the large chiroptical
interaction at the fundamental frequency; this point is illustrated with two sets of numerical simulations of
the electromagnetic near-fields. Our results highlight HRS OA as a highly sensitive experimental method

rsc.li/nanoscale for characterization of chiral solutions/suspensions, in tiny illumination volumes.
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1. Introduction

Because they lack mirror symmetry, chiral nano/meta-
materials have promising applications in areas such as photo-
nic devices'™ and nanorobotics.””> The materials have also
sparked discussions about hyper-sensitive chemical characteriz-
ation using superchiral light.®® These applications have been
enabled by theoretical breakthroughs in understanding the chir-
ality parameters for metamaterials, namely geometrical chirality”
and optical chirality.'">"" However, whereas these parameters are
straightforward to include within electromagnetic (e.g. constitu-
tive) equations, they can be very difficult to measure experi-
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mentally. When assembled on thin films, chiral nano/meta-
materials can exhibit extrinsic chirality,"*"* false chirality,"* and
various anisotropies''® that all complicate the measurement of
true chirality. Hence, highly sensitive experimental methods that
can probe the chirality of nanoparticles, as they revolve and drift
freely in an isotropic liquid are highly desirable.

In liquids, the characterization of chiral molecules and
nanostructures is often performed through linear optical
means, such as by measuring optical rotatory dispersion
(ORD) and circular dichroism (CD). However, both are very
weak effects and consequently require large numbers of nano-
particles in solutions/suspensions. Nonlinear chiroptical
effects'” ' are usually much more sensitive to chirality (typi-
cally 10° times more®**"). Nevertheless, these effects are often
better suited to investigating chirality at material surfaces/
interfaces (especially in solids) than in 3D isotropic liquids.
Among nonlinear chiroptical effects, hyper-Rayleigh scattering
optical activity (HRS OA) stands out,”” because it is both well-
suited to isotropic liquids and it is highly sensitive.

Hyper-Rayleigh scattering (HRS) is an incoherent nonlinear
optical process, during which light is scattered at harmonic
frequencies of the incident light.>*"*® In 1979, it was theoreti-
cally predicted that optical activity should exist in HRS*” and,
in 2019, this effect was experimentally demonstrated for sus-
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pensions of silver nanohelices.”” Soon after, the effect
was observed in chiral molecules and gold helicoids.*®*°
Recently, optical activity has also been observed in third har-
monic Rayleigh scattering®® and third harmonic Mie
scattering.’

Possible interactions between individual scatterers are of
fundamental importance for the origin of the HRS signal. The
latter is attributed to the sum of the intensity of light scattered
by individual scatterers, assuming that the scatterers are inde-
pendent.** In the first experimental observation, HRS OA was
measured from an illumination volume of 107" m?®, where
~100 000 nanohelices were present. For such conditions, a
possible interaction between the nanohelices cannot be com-
pletely ruled out.

Here, we use HRS OA to determine the handedness of
single silver nanohelices. This sensitivity is achieved by redu-
cing the illumination volume from ~10™"" m? in ref. 22 to 4 x
10™"7 m?, here. Our results rule out interactions between nano-
helices and they are in good agreement with those in ref. 22.
Moreover, we present the first measurements of HRS depolar-
ization ratios in silver nanohelices and report that their value
is ~1. We also show that HRS OA is very robust and flexible: it
can be adapted to setups with optical components that greatly
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affect the quality of the fs pulses with no significant effect on
the HRS OA results. Crucial for the single nanohelix sensitivity
is the strong light-matter interaction that depends dramati-
cally on the direction of circularly polarized light and on the
chirality of the nanohelices. We illustrate this point by numeri-
cal simulations of the optical near-fields at the surface of a
nanohelix, calculated with both the finite-difference time-
domain (FDTD) method and the potential-based boundary
element method (PB-BEM). The simulation results are pro-
vided for illumination with left and right circularly polarized
light.

2. Ag nanohelices with strong
chiroptical properties

The Ag nanohelices studied here are grown using nanoglan-
cing angle deposition. The growth of individual Ag nanohe-
lices is seeded with an array of Au nanoparticles on a Si sub-
strate. A detailed description of the fabrication process can be
found in the Methods section. Fig. 1(a) shows scanning elec-
tron microscopy images of wafers with the prepared nanohe-
lices. The top panels of the images reveal well-formed helices
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Fig. 1 Silver nanohelices with strong chiral optical properties. (a) Scanning electron microscopy images of wafers with left-handed (LH) and right-
handed (RH) silver nanohelices. Bottom left: photographs of pieces of wafers used for preparing nanohelix suspensions. The surface areas of the
two wafers are ~0.9 cm? and ~1.1 cm?. (b) Dynamic light scattering measurements of LH and RH nanohelices. The inset shows the nominal dimen-
sions of a single LH nanohelix. (c) Extinction (absorption + scattering) spectra of suspensions of LH and RH helices in a 2 mM aqueous solution of tri-
sodium citrate. OD: optical density. (d) Measured circular dichroism (CD) spectra of suspensions of LH and RH helices in a 2 mM aqueous solution of

trisodium citrate.
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with a different handedness on each of the wafers. A different
view (from above the substrate) is shown in the bottom right
panels to illustrate the dense surface coverage. The bottom left
panels show photographs of the samples from which their
surface areas are calculated. Dynamic light scattering (DLS)
results from left-handed (LH) and right-handed (RH) nanohe-
lices dispersed in aqueous trisodium citrate are shown in
Fig. 1(b). The nominal dimensions for LH nanohelices are
shown in the inset. The height of 110 nm is in good agreement
with the DLS results.

The linear chiroptical properties of the nanohelices sus-
pended in 2 mM trisodium citrate are studied by measuring
spectra of extinction (which is the sum of absorption and scat-
tering) and circular dichroism (CD). The extinction spectra of
the two chiral forms, enantiomorphs, have a similar spectral
shape but differ slightly in their amplitude (see Fig. 1(c)). The
difference in amplitude can be caused by a different concen-
tration of the suspensions and by a slight variation in the
physical dimensions between the two enantiomorphs. The CD
spectra in Fig. 1(d) exhibit a characteristic bisignate profile,
with the most prominent feature situated close to 650 nm.
Crucially, the CD spectra have opposite sign for the suspen-
sions of the two enantiomorphs as expected for chiral struc-
tures that are mirror images of each other (although not
perfect mirror images). The difference in the amplitude of the
CD spectra can again be attributed to a slightly different con-
centration and morphology.

For the HRS experiments, Si wafers covered with Ag nanohe-
lices are cut into pieces of a similar size. The bottom left parts
of the images in Fig. 1(a) show photographs of the wafer
pieces with LH and RH helices. The surface areas of the pieces
are ~0.9 cm® and ~1.1 cm?, respectively. Because a square of
area a® has an equivalent area to an equilateral triangle with
sides 2a/ \/ﬁ, the areas of the samples correspond to equilat-
eral triangles with sides 1.44 cm and 1.59 cm, respectively.
These nanohelices are arranged on the substrate in quasihexa-
gonal arrays with a spacing of %90 nm. Consequently, the equi-
lateral triangles have ~160 187 and ~177 093 nanohelices on
each side, respectively. The total number of LH and RH nano-
helices on the wafers is therefore ~1.28 x 10'® and ~1.57 x
10", respectively. Each of these samples is then placed into a
beaker with 1.4 mL of 1 mM trisodium citrate and sonicated.
Sonication causes the nanohelices to detach from the wafer
and disperse in the liquid. Assuming that all of the nanohe-
lices disperse in the liquid during sonication, the concen-
trations of the suspensions are ~9.16 x 10" nanohelices per
m?® (LH nanohelices) and ~1.12 x 10'® nanohelices per m® (RH
nanohelices). These numbers are the upper limits of concen-
trations. The concentration of our samples can be lower (if
some nanohelices stay on the substrate during sonication) but
not higher. Based on the concentrations, we can estimate the
mean inter-particle distance in the suspension. If we consider
a hypothetic cubic arrangement of the nanohelices in the
liquid (solely as an example of a regular lattice), the mean
inter-particle distances are 4.79 pm and 4.46 pm for the LH
and RH nanohelices, respectively.
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3. Nonlinear optical experiments

For a single meta-molecule, the induced dipole moment in the
Cartesian framework of the inset of Fig. 1(b) is:*°

Hi = aiEj + ﬁijkEjEk + viuEiERE + ..., (1)
where i, j, k and [ can represent any of the Cartesian directions,
a is the polarizability tensor, f is the first hyperpolarizability
tensor, y is the second hyperpolarizability tensor and E; is the
electric field component at the fundamental frequency of
light, along the j Cartesian direction (that can be x, y or z). The
induced dipole moment per unit volume at the second harmo-
nic can then be written as:

Pi(2w) = yijkEj(w)Ex(w), (2)
where y;; is the macroscopic second-order susceptibility. In
isotropic media, such as achiral (meta) molecules in liquids,
the average value of y;; is zero. For an isotropic chiral medium
though, such as an enantiopure suspension of nanohelices,
Xijk IS non-zero.

The isotropic chiral symmetry group belongs to one of the
seven Curie limiting point groups of anisotropic materials.*
In Hermann-Mauguin notations, it is represented by coco. The
Zijx tensor can be expressed as y;ix = yogyr, Where e is the Levi-
Civita symbol and y, is a constant.>* Therefore, there are only
6 non-zero tensor elements and they are related according to
Xxyz = —Xvxz = Xzxy = —Xxzv = Xvzx = _)(ZYX-ss These tensor
components are tridimensional and can be referred to as
chiral.

In cases where the fundamental and harmonic frequencies
are far from material resonances, Kleinman symmetry applies
and gy = ywij = Xjki- As a result yo = 0, which leads to P;(2w) = 0,
signifying that the second harmonic generation (SHG) chirop-
tical effects are forbidden, with collinear beams and within
the electric dipole approximation.*® Even outside Kleinman
conditions, due to symmetry, the last two indices of our tensor
components can be exchanged, meaning that yxy,; = yxzv; Yvxz
= yvzx and yzxy = yzvx- This relationship can be easily under-
stood, since in our experiments, the two electric fields at the
fundamental frequency are collinear. It follows again that the
SHG chiroptical effects are forbidden.>

For reference, chiroptical effects in isotropic chiral liquids
have been observed using sum frequency generation, by
means of two non-collinear beams with different frequencies,
(w; and w,) and having perpendicular polarizations.®” In this
case, the nonlinear polarization is given by P(2w) = yE(w,) X E
(w,).*® By comparison, HRS OA is a significantly less intricate
technique.

Although for SHG the average nonlinear -chiroptical
response is forbidden, a second harmonic signal can orig-
inate from the temporal and spatial orientational fluctu-
ations of the (meta) molecules around this average; it is
these instantaneous deviations from isotropy that cause the
HRS signal.**

This journal is © The Royal Society of Chemistry 2022
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Assuming that the scatterers do not interact, the total HRS
intensity is the sum squared of the electric fields scattered by
each nanohelix in the illumination volume:*

IHRS(Zw) = G(ﬂHRszﬂ(w)Z, (3)

where () indicates orientational averaging and G is the instru-
mental efficiency that depends on the scattering geometry, the
local field factors, the concentration and on the direction
cosines.”® To rule out interactions between nanohelices, it is
convenient to measure HRS from no more than 1 nanohelix in
the illumination volume.

Fig. 2(a) presents a schematic diagram of the HRS OA
experimental setup. A fused quartz cuvette containing a sus-
pension of Ag nanohelices is irradiated with circularly polar-
ized, ultrashort, 730 nm laser pulses. The laser beam is
focused into the cuvette with a long working distance micro-
scope objective and scattered light is collected at a 90° angle to
the incident beam. A bandpass filter centered at 365 nm is
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placed in front of the light detector to measure signal only at
the HRS wavelength. A detailed description of the experi-
mental setup is available in the Methods section.

To determine the number of nanohelices that interact with
the incident laser beam, we need to estimate the illumination
volume in the experimental setup (an approximate volume, in
which the focused beam is capable of exciting nonlinear
optical effects). More specifically, we can define the illumina-
tion volume as an integral of the beam cross section between
+zg, where zg is the Rayleigh length. Previously, the illumina-
tion volume with the same long working distance microscope
objective as used here was estimated to be 30 ym?® = 3 x 107"/
m? (in the shape of a rotational ellipsoid with its principal
axes 2.3 pm and 11 pm long).>® This number was obtained by
mounting the objective onto a commercial multiphoton micro-
scope and measuring two-photon luminescence of a 200 nm
fluorescent bead. Both two-photon luminescence and HRS
scale quadratically with the intensity of the fundamental
beam. Therefore, the volumes in which these effects are
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Fig. 2 Clear circular dichroism measured in volumes containing <1 nanoparticle, on average. (a) Schematic diagram of the experimental configur-
ation. QWP: quarter-wave plate, LP: long-pass, LWD: long working distance; BP: band pass. (b) and (c) The detected intensity of hyper-Rayleigh scat-
tering (HRS) in suspensions of left-handed (LH) and right-handed (RH) nanohelices, respectively, in 1 mM trisodium citrate solution. The samples
were illuminated with left circularly polarized (LCP) and right circularly polarized (RCP) 730 nm light. Scattered light was detected at 365 nm + 5 nm.
Each data point is an average of 6 measurements. The data points up to (and including) 7 mW were fitted with a y = Ax? function. The error bars are
well within the symbol sizes. (d) Calculated HRS ellipticity for illumination with 730 nm light. The error bars are calculated from the standard errors
of the measurements of HRS intensity.
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excited are also comparable when the same objective is used.
While the fluorescent bead was immobilized on a substrate
and thus was surrounded by air on one side, the nanohelices
float in a liquid. The difference in the refractive indices of air
and the solvent affects the illumination volume, as the para-
meters of a Gaussian beam depend on the background refrac-
tive index, e.g. the Rayleigh length is directly proportional to
the refractive index of the medium. Thus, we can correct for
the change of medium by multiplying the Rayleigh length in
air (5.5 pm) by the refractive index of water (1.33 at 730 nm),
which gives the Rayleigh length in water (7.3 pm). Hence, the
illumination volume in water has a shape of a rotational ellip-
soid with its principal axes 2.3 pm and 14.6 pm long, ie. a
volume of approximately 40 pm® =4 x 107" m®.

Based on the concentration of the nanohelices in the sus-
pensions (9.16 x 10"> LH nanohelices per m® and 1.12 x 10"°
RH nanohelices per m®) and the illumination volume (4 x
10~"” m?), the average number of nanohelices in the measured
volume is calculated to be 3.7 x 10™, for LH nanohelices, and
4.5 x 107, for RH nanohelices.

HRS intensity is measured for right circularly polarized
(RCP, here defined as polarization for which the electric field
of light rotates counterclockwise in a fixed plane perpendicular
to the direction of propagation, when looking along the direc-
tion of propagation) and left circularly polarized (LCP) light
incident on a cuvette containing a suspension of nanohelices.
In Fig. 2(b) and (c), the measured intensity of HRS in suspen-
sions of LH and RH nanohelices, respectively, is plotted as a
function of incident laser power. For lower incident powers,
the HRS intensity follows the expected square-law. For higher
incident powers, the detected intensity deviates from the quad-
ratic dependence. This deviation could be due to photo-
induced damage to the nanohelices or due to an ultrafast
dynamics process, such as hot electron generation.
Importantly, a difference in HRS intensity is observed for the
two incident circular polarizations.

To quantify this difference, HRS ellipticity fygs is calculated
using the following formula:

_ 180 (w— - w“)
Oyrs = —arctan | ————— |, (4)
n VIrce + vIice

where Izcp and I cp are HRS intensities detected under illumi-
nation with RCP and LCP light, respectively.

HRS ellipticities obtained for both enantiomorphs of the
Ag nanohelices are presented in Fig. 2(d). Apart from one
outlier (at 1 mW), the HRS ellipticities of the two enantio-
morphs are clearly separated and have opposite signs. The
HRS ellipticity appears largest for lower laser power and it
remains relatively constant through the whole laser power
range. Laser-induced damage is expected to melt the nano-
structures, eventually transforming them into achiral spheres,
whose HRS ellipticity would be zero.

The HRS ellipticity values are in good agreement with the
results reported in ref. 22. However, in the previous work, the
concentration of nanohelices in the illumination volume was

3892 | Nanoscale, 2022, 14, 3888-3898
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approximately 100 000, compared to approximately 0.5 in this
work. This striking difference corresponds to approximately 6
orders of magnitude.

As the concentration of the nanohelices in this work is
below 1, the illumination volume is sometimes occupied by a
nanohelix and sometimes empty. Considering the length of a
single measurement is 30 s, Brownian motion leads to random
movement of the nanohelix in the illumination volume, which
results in an effective averaging of its nonlinear optical
response with respect to its position and orientation within
the illumination volume.

Performing HRS depolarization measurements serves to
probe the degree or polarized emission from the (meta) mole-
cules.”* Fig. 3(a) shows the setup for depolarization experi-
ments. A cuvette with a suspension of nanohelices is illumi-
nated with S (vertically) or P (horizontally) polarized light.
Following collimation by a lens, the scattered light passes
through a rotating analyzing polarizer (analyzer) prior to being
focused into the detector. The HRS intensity measured upon
illumination at 730 nm and recorded as a function of the
polarization state of the scattered light is presented in
Fig. 3(b). At 0°, the analyzer is oriented along the S (vertical)
direction. The empty and full symbols correspond to illumina-
tion with S and P polarized light, respectively. For incident S
polarized light, the depolarization ratio is defined as (Ifzq)/
(Brs), where S and P indicate the direction of polarization of
the HRS light. In our measurements, for incident light polar-
ized along S, we measure (Ihpe)/{I3rs) = 77.5/78.3 = 0.99. For
incident light polarized along P, we measure (Ipq)/{Tgs) =
88.3/83.5 = 1.06.

Microscope objectives can contain a high number of lenses
with different dispersion that can broaden and chirp the ultra-
fast pulses. To investigate this effect, we assembled an experi-
mental setup with a single focusing lens and a laser source
that provides variable group delay dispersion (GDD), see
Fig. 4(a).

Fig. 4(b) shows the HRS intensity measured when a suspen-
sion of LH nanohelices is illuminated with circularly polarized
750 nm light with varying chirp (determined by the GDD pre-
set on the laser system). Results for suspensions of RH nano-
helices are presented in Fig. 4(c). For both samples, the HRS
intensity initially increases as the GDD is increased and then
gradually declines. The observed behavior is consistent with
the effect of changing incident peak power. At first, as the pre-
set GDD is increased, it compensates the GDD introduced by
the optical elements. The laser pulses illuminating the Ag
nanohelices become shorter, which translates into a larger
pulse peak power and thus stronger nonlinear emission. A
further increase in the pre-set GDD leads to broadening of the
laser pulses and a corresponding drop in the intensity of the
nonlinear emission.

Eqn (4) can be used to calculate the HRS ellipticity as a
function of the pre-set GDD (Fig. 4(d)). Remarkably, in the
available GDD range, the HRS ellipticity is unaffected by the
varying pulse length/chirp. Therefore, any chirp effect that the
optical components might have on the laser pulses only

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Hyper Rayleigh scattering (HRS) depolarization ratios indicate that the detected light is unpolarized. (a) Schematic diagram of the experi-
mental configuration. (b) The detected intensity of HRS from suspensions of left-handed nanohelices, as a function of analyzer rotation angle. At 0°,
the analyzer is oriented along the S (vertical) polarization direction. The empty and full symbols correspond to illumination with linearly polarized
light, along S (vertical) and P (horizontal), respectively. The illumination was at 730 nm and the average laser power was 14 mW.

results in a change in HRS intensity but does not affect the
HRS OA.

To rule out any possible confusion of the nonlinear optical
effect at study here with two-photon luminescence, next we
investigate the multiphoton emission spectra from our
samples. Fig. 5(a) and (b) show the multiphoton emission
spectra of a suspension of LH nanohelices, upon illumination
at 730 nm and 750 nm, respectively. In each case, the spectra
show clear emission peaks at the second harmonic, ie., at
365 nm and at 375 nm, respectively. Thus, we can conclude
that the signal detected from the samples at study is indeed
HRS and not two-photon luminescence.

4. Numerical simulations

An important reason behind the large sensitivity of our
measurements (down to the single nanohelix) is the strong
chiroptical response of the nanohelices. The origin of this
response is illustrated by the electric near-fields, calculated for
a LH Ag nanohelix illuminated with LCP and RCP light propa-
gating along the three Cartesian directions in Fig. 1(b). The
problem is symmetric for the RH nanohelices. Illuminating a
nanohelix that rotates freely (in suspension) within the refer-
ence frame of the lab is equivalent to a freely rotating laser
beam that illuminates a fixed nanohelix (within its own refer-
ence frame).

The simulations presented in Fig. 6(a) are performed with
the Lumerical FDTD software and the results in Fig. 6(b) are
obtained from boundary element simulations. The details of
all the numerical simulations are provided in the Methods
section.

This journal is © The Royal Society of Chemistry 2022

In both Fig. 6(a) and (b), the amplitude of the electric field
in the y-z section of the nanohelix is plotted as a color map for
various illumination conditions. The left panels of the figures
correspond to illumination with LCP and the right panels with
RCP light. The top, middle and bottom rows show results for
illumination (i.e. k vector propagating) along the x, y, and z
directions, in the reference frame in Fig. 1(b).

Excellent agreement is seen between the results presented
in Fig. 6(a) and (b). For illumination with k vector along the x
or y directions, the electric field amplitudes around the nano-
helix are not particularly sensitive to the direction of circularly
polarized light. However, for illumination with k vector along
the z direction, i.e., along the axis of the nanohelix, the differ-
ence is dramatic. For nanohelices freely revolving in a liquid,
the orientation with respect to the incident light is assumed to
be random and therefore the average response is determined
by the dramatic effect observed when k is along (parallel to)
the z direction. Similar trends can be observed for the mag-
netic near-fields that can also play a role in the HRS OA
response”” and for electromagnetic fields visualized in the x-z
plane, see ESL.{

The origin of the HRS OA effect can be discussed in terms
of Fermi’s golden rule or the Purcell effect.*” The scattering at
the second harmonic frequency depends both upon the coup-
ling between the initial (fundamental) and final (second har-
monic) states and upon the density of final (second harmonic)
states. Within this context, the nanohelices can be regarded as
‘resonant cavities’. Because of the helical shape and metal
nature, these structures ring; they benefit from prolonged
photon lifetimes inside the ‘cavity’.

In our system, the ‘coupling’ is the frequency conversion
mechanism. As can be seen from eqn (3), HRS intensity is

Nanoscale, 2022, 14, 3888-3898 | 3893
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setup. Laser beam with a varying pulse length At is passed through a quarter-wave plate, a long-pass filter, and a lens before reaching the cuvette
filled with suspensions of Ag nanohelices. Scattered light is collected at 90° to the incident beam. A plot of HRS intensity vs. group delay dispersion
(GDD) for (b) left-handed nanohelices and (c) right-handed nanohelices with both left circularly polarized (LCP) and right circularly polarized (RCP)
750 nm light. The error bars show the standard deviation of 10 measurements. (d) The HRS ellipticity for the left- and right-handed nanohelices as a
function of GDD, calculated using the results in (b) and (c). The average incident laser power was 15 mW for all measurements.
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750 nm. The x-error bars indicate the full-width at half-maximum of the transmission peak of the bandpass filters used. The y-error bars represent
the standard deviation of 10 measurements. The average incident power was 15 mW for both wavelengths.
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determined by the components of the first hyperpolarizibility
tensor of the nanohelices and the intensity at the fundamental
frequency. The numerical simulations presented in Fig. 6
allow us to discern the contribution of the latter to the
detected optical activity. As the HRS intensity is proportional
to the square of intensity at the fundamental frequency, it is
proportional to the fourth power of the (local) electric field.
The dramatic difference in electromagnetic response at the
fundamental wavelength observed in the numerical simu-
lations, depending on the direction of circularly polarized
light, thus significantly contributes to the HRS OA results in
Fig. 2(d). Additionally, the obtained in the
numerical simulations, ie., that LCP light leads to stronger

results

local electric fields for a LH nanohelix, are in agreement with
our experimental results in Fig. 2(b), where Iicp > Ircp (as
stronger local electric fields lead to more scattering at the HRS
wavelength).

Moreover, the surface plasmon resonance of the Ag nanohe-
lices, which can be seen at 365 nm in Fig. 1(c), corresponds to
an enhanced local density of states of the optical field at the
second harmonic (final states, within the framework of
Fermi’s golden rule). As Fig. 1(d) shows, there is no significant
CD in the linear optical regime at 365 nm. Therefore, the
plasmon resonance contributes mainly to an increase in the
intensity of the HRS signal and does not significantly affect
the sign of the HRS OA. The latter is therefore determined by

This journal is © The Royal Society of Chemistry 2022

the sign of the geometry of the helix (hyperpolarizability) and
by the difference in local field enhancements at the fundamen-
tal frequency (shown in Fig. 6).

5. Discussion and conclusion

Chiral scatterometry and circularly polarized luminescence
have previously been shown to enable measurements of single
chiral nanoparticles.”>*” However, in these experiments, the
nanoparticles are measured on a substrate, which can affect
the results due to the fixed orientation of the nanoparticle
with respect to the incident light as well as due to contri-
butions from the substrate. By contrast, HRS OA can measure
the handedness of single (on average) gold nanoparticles, in a
3D isotropic liquid.>® Soon after ref. 29 was published, Sachs
et al.*® reported on time-resolved linear chiroptical measure-
ments of freely diffusing single nanoparticles and showed that
the averaged spectra are equivalent to those obtained on
ensembles of nanoparticles.

Importantly, while HRS OA measured at the single nano-
particle level has been reported previously,”® due to the nature
of the samples studied in this work, the calculated number of
nanoparticles is an absolute upper limit; i.e. any uncertainty
due to experimental procedures can only lower the number of
nanohelices contributing to the HRS OA signal, which would

Nanoscale, 2022, 14, 3888-3898 | 3895
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mean that the likelihood of interactions between nanohelices
is even lower.

In conclusion, we demonstrate HRS OA measured in sus-
pensions of plasmonic nanohelices with the concentration of
0.5 nanohelices in the illumination volume can reliably reveal
the handedness of the nanohelices in the suspension. This
concentration is well below two and therefore precludes any
interactions between nanohelices during the measurements.
As a consequence, the total intensity of the scattered light at
the second harmonic is the sum, squared of the scattered elec-
tric fields from each individual nanohelix. We report the first
measurements of HRS depolarization ratio in Ag nanohelices;
the observed value is 1 indicating that the detected light is not
polarized. The new chiroptical technique is highly robust versus
dramatic variations of the chirp of the ultrafast pulses. Our
experimental results and numerical simulations are in good
agreement, evidencing that a strong chiroptical effect at the fun-
damental frequency contributes to the sensitivity of HRS OA.
These results showcase HRS OA as an exquisitely sensitive
optical method for characterization of chiral scatterers (nano-
particles, molecules, quantum dots, etc.) due to the strength of
the effect (HRS ellipticity measured in this work is 10x larger
than the ellipticity in the linear optical regime) and to the capa-
bility to measure in microscopic volumes.

6. Experimental section/methods
Fabrication of Ag nanohelices

The nano GLancing Angle Deposition (nanoGLAD) technique
is used to grow three-dimensional chiral nanohelices in a
manner previously reported.*®

First, a hexagonal array of 10 nm Au dots with 90 nm
spacing is prepared on a 2-inch silicon wafer by block-copoly-
mer micelle nanolithography.®® Briefly, the block-copolymer
micelles of poly(styrene)-b-poly(2-vinylpyridine) (PS units:
1056; PVP units: 495) containing Au salts in the core are
formed by self-assembly in toluene and then spin-coated onto
the Si wafer where the micelles form a quasi-hexagonally
ordered monolayer (spacing ~90 nm). Plasma treatment
reduces the Au salts to form metallic nanodots with ~10 nm in
diameter. These act as seeds for subsequent GLAD growth.

Next, the Ag-Ti nanohelices are grown on the array of the Au
dots in a GLAD system based on co-deposition from dual elec-
tron-beam evaporators with a base pressure of 1 x 107° mbar. The
target substrate to be deposited on was cooled down to 90 K with
liquid nitrogen for 1 h and positioned at 87° of the flux angle.
The alloy stoichiometry was controlled by the deposition rates
measured by a quartz crystal microbalance (QCM) setup for each
evaporator independently. So, the helices are grown with 700 nm
thickness of Ag including ca. 3% Ti through the whole body of
the helices (based on the QCMs) while rotating the substrate for
720° (i.e. full rotation twice) with ca. 1 = 0.1° nm™" of the azi-
muthal rotation rate per unit thickness.>* This rotation in either
the clockwise or anticlockwise direction results in, respectively,
the array of either the RH or LH nanohelices.
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Finally, the grown Ag-Ti nanohelices are lifted off from the
wafer by sonicating a piece of sample wafer (ca. 1 cm?) in an
aqueous solution of 1 or 2 mM trisodium citrate for ~5 min to
prepare a stock solution.

Hyper-Rayleigh scattering experiments with fixed pulse length

The light source for the HRS experiments was a titanium:sap-
phire laser with 100 fs pulses and 80 MHz repetition rate. A
chopper blade with 1.7% duty cycle attenuated the laser beam
average power, modulating the stream of pulses at a frequency
of 41 Hz, while still maintaining the peak power of pulses. Light
was passed through a coated calcite polarizer and then through
a superachromatic quarter-wave plate. A pair of long-pass filters
(cut-on wavelength = 665 nm) removed any residual second-har-
monic signal from the beam. A long-working distance micro-
scope objective with 50x magnification focused the laser beam
into a fused quartz cuvette filled with the studied samples.

The optics for collecting the scattered light was placed per-
pendicularly to the incident beam. On the one side of the
cuvette, there was a concave mirror, and on the other side
there was a plano-convex collimating lens with 25.4 mm focal
length. Another plano-convex lens (focal length = 200 mm)
was used to focus the collected light into a photomultiplier
tube (PMT). A hard-coated bandpass filter with 10 nm full-
width at half-maximum was placed in front of the PMT to
filter out wavelengths other than the HRS wavelength.

The signal detected by the PMT was pre-amplified 5x before
entering a photon counter. The counter was used in the gated
regime, ie., signal was counted for a specific amount of time
when the chopper passes the laser beam through and for the
same amount of time when the chopper blocked the beam (to
estimate the number of dark and ambient counts). The inte-
gration time of a single measurement was set to 30 s.

For the depolarization experiments, the concave mirror on
the side of the cuvette was removed and a coated calcite analyz-
ing polarizer (analyzer) was placed between the collimating
and focusing lens in the detection arm of the setup.

Hyper-Rayleigh scattering experiments with varying pulse
length and nonlinear emission spectra

Light from a Coherent Chameleon Vision-S laser with an
initial pulse length of 75 fs is modulated by an optical chopper
with a 3.3% duty cycle and 43 Hz frequency. The beam was
then passed through a coated calcite polarizer and an achro-
matic half-wave plate for power control. An achromatic
quarter-wave plate was positioned after this. A long-pass filter
was used to remove any light below 665 nm. The light was
focused into a fused quartz cuvette containing the nanohelix
samples using a coated achromatic doublet lens with a focal
length of 40 mm. A plano-convex lens with a focal length of
25.4 mm was placed on one side of the cuvette, perpendicular
to the incoming beam, to collimate the scattered light. The
scattered light passed through a short-pass filter (cut-off wave-
length of 610 nm) to remove any light scattered at the funda-
mental wavelength. The beam was then focused into the PMT
by a plano-convex lens with a focal length of 200 mm. A hard-

This journal is © The Royal Society of Chemistry 2022
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coated bandpass filter with a 10 nm full-width at half-
maximum was placed in front of the PMT. The signal detected
by the PMT was pre-amplified 5x before entering a photon
counter operated under a gated counting regime. The GDD of
the laser pulse was modified by adjusting the laser settings.
The laser power was set to 15 mW for each GDD value.

The nonlinear emission spectra were collected in the same
setup with the GDD set to 0. In these experiments, the incident
wavelength was kept constant, while the bandpass filters in
front of the PMT were changed to collect a spectrum.

Finite-difference time-domain (FDTD) simulations

In Fig. 6(a), the FDTD simulations were performed in
Lumerical. The idealistic silver nanohelix was modelled in com-
puter aided design (CAD) software (Autodesk Inventor) in units
of mm and exported to an STL CAD file format. The STL file was
then imported into Lumerical with a 107® geometric scaling to
shrink the dimensions of the nanohelix from mm to nm units.
The dimensions of the resultant geometry matched that of the
studied LH nanohelix: length = 110 nm, loop diameter = 50 nm,
loop pitch = 55 nm and wire diameter = 25 nm.

A Johnson and Christy material model for silver was
applied to the nanohelix. The simulation domain was 1 x 1 x
1.5 pm with perfectly matched layer (PML) boundary con-
ditions, a background refractive index of unity and initial temp-
erature of 300 K. The elongated dimension (1.5 um) was necess-
ary to ensure that more than half a wavelength of space existed
between the source of the light and the PML boundary along
the propagation axis. A Eulerian mesh with granularity 8.5 nm
was applied to the domain globally with a localized refinement
region (300 x 300 x 300 nm) surrounding the nanohelix with
granularity of 1 nm to enhance the fidelity of the results.

The light source was a 3.2 fs pulse formed from a pair of
superimposed Bloch/periodic plane waves located 500 nm
from the center of the nanohelix. The central wavelength of
the plane waves was 730 nm with a full-width at half-
maximum of 500 nm. The plane waves were polarized at a
right angle to one another and with a phase difference of 90°
to achieve circularly polarized light.

The LH nanohelix was simulated with left- and right circu-
larly polarized light propagating for 1 ps. The pulse of circu-
larly polarized light was simulated in three configurations; in
the first two, the direction of propagation was perpendicular to
the axis of the nanohelix (along the x and y axis). In the third,
the direction of propagation coincided with the axis of the
nanohelix. Hence a total of six simulations were executed.

Boundary element simulations

The simulations in Fig. 6(b) are performed by using a poten-
tial-based boundary element method (PB-BEM).>>™* The
PB-BEM focuses on equivalent surface sources on the bound-
ary of a nanoscatterer. By matching the potentials on both
sides of the boundary, the method provides a set of integral
equations, which further discretizes the boundary with tri-
angular patches and converts the integral equations into
matrix equations. By solving the matrix equations, the method

This journal is © The Royal Society of Chemistry 2022
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obtains the equivalent sources, and maps fields in the space.
In our simulations, we consider the LH and the RH silver
nanohelices immersed in vacuum and excite the structures
with circularly polarized light incident along the positive x, y
and z directions. The permittivity of silver is extracted from
Johnson and Christy’s material model data;’> the nanohelices
are discretized by 2304 triangular patches; the incident light
spans from 400 nm to 1000 nm with 100 sampling points; the
circularly polarized light is defined in the same way as in ref.
56; and the field is mapped at 730 nm with 81 sampling
points in both y and z directions.
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