PHYSICAL REVIEW X 9, 011024 (2019)

First Observation of Optical Activity in Hyper-Rayleigh Scattering

J.T. Collins,l’2 K.R. Rusimova,l’2 D.C. Hooper,l’2 H.-H. Jeong,3 L. Ohnoutek,l’2 F. Plradaux—Caggiano,4
T. Verbiest,5 D.R. Carbery,z‘4 P. Fischer,S’6 and V. K. Valev'*"
'Centre for Photonics and Photonic Materials, University of Bath, Bath, BA2 7AY, United Kingdom
*Centre for Nanoscience and Nanotechnology, University of Bath, Bath, BA2 7AY, United Kingdom
*Max Planck Institute for Intelligent Systems, Heisenbergstrasse 3, 70569 Stuttgart, Germany
4Department of Chemistry, University of Bath, Bath, BA2 7AY, United Kingdom
5Laboratory of Chemical and Biological Dynamics, Katholieke Universiteit Leuven,
Celestijnenlaan 200 D, B-3001 Heverlee, Belgium
®Institute of Physical Chemistry, Pfaffenwaldring 55, University of Stuttgart 70569 Stuttgart, Germany

® (Received 11 July 2018; revised manuscript received 29 November 2018; published 6 February 2019)

Chiral nano- or metamaterials and surfaces enable striking photonic properties, such as negative
refractive index and superchiral light, driving promising applications in novel optical components,
nanorobotics, and enhanced chiral molecular interactions with light. In characterizing chirality, although
nonlinear chiroptical techniques are typically much more sensitive than their linear optical counterparts,
separating true chirality from anisotropy is a major challenge. Here, we report the first observation of
optical activity in second-harmonic hyper-Rayleigh scattering (HRS). We demonstrate the effect in a 3D
isotropic suspension of Ag nanohelices in water. The effect is 5 orders of magnitude stronger than linear
optical activity and is well pronounced above the multiphoton luminescence background. Because of its
sensitivity, isotropic environment, and straightforward experimental geometry, HRS optical activity
constitutes a fundamental experimental breakthrough in chiral photonics for media including nano-

materials, metamaterials, and chemical molecules.
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I. INTRODUCTION

Chirality is shown by systems existing in two distinct
mirror-image states that are interconverted by space inver-
sion but not by time reversal combined with any proper
spatial rotation [1]. It is exhibited by almost all biochemi-
cally and many pharmaceutically important molecules.
Amino acids on Earth are almost all exclusively “left
handed” and sugars “right handed.” The determination
of chirality by optical means relies on linear optical activity
(OA) [2,3]—the polarization change of light as it travels
through a solution of chiral molecules. Specifically, chi-
rality can affect the absorption and/or phase velocity of
circularly polarized light. Therefore, by illuminating chiral
molecules consecutively with left- and right-hand circularly
polarized light, it is possible to measure, for instance, a
difference in absorption directly related to the molecules’
chirality. This form of OA measurement is known as
circular dichroism (CD).
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With the invention of the laser, access to high-intensity
light enabled the discovery of nonlinear optical counter-
parts of OA, including second-harmonic-generation opti-
cal activity [4,5] and the corresponding effects in sum
frequency generation (SFG) [6-8]. These techniques
require high concentrations and have not been adopted
as routine chiroptical probes. A major drawback is that
SFG intensities cannot distinguish between left- and right-
handed molecules [9]. As for SHG, these processes
require symmetry-breaking interfaces and are more suited
to examining solids than liquids [10,11]. In solids,
however, molecules can exhibit other properties that
can easily mask the chiral response; such properties
can be referred to as “anisotropy” and they include linear
dichroism, linear birefringence, and circular birefringence
[12]. In solids, disentangling chirality from anisotropy
effects is challenging, particularly for nonlinear optics
[13,14]. More chiroptical processes have been reported in
higher-order nonlinearities, for instance, two-photon
absorption circular dichroism [15-17]—a third-order
process. However, higher-order nonlinearities are gener-
ally weaker, and the associated experimental techniques
are complex. Therefore, nonlinear optical effects capable
of distinguishing chiral forms in a liquid, similar to
Pasteur’s OA, are highly desirable.
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Hyper-Rayleigh scattering circular dichroism produced by plasmonic nanohelices. (a) Schematic of the HRS CD effect.

(b) Dimensions (center to center) of the nanohelices isotropically dispersed in water. Helix height is 110 nm, loop diameter is 50 nm,
loop pitch is 55 nm, and wire diameter is 25 nm. (c) TEM images of left- and right-handed helices. (d) Linear characterization of the
nanohelix solutions. Left: Ellipticity spectra as measured with a CD spectrometer through a 1-cm path length filled with left- and right-
handed nanohelix suspensions. Right: Corresponding normalized extinction spectra from the left- and right-handed nanohelix
suspensions. Extinction is obtained from the transmission spectrum and describes both absorption and scattering losses.

Here, we demonstrate optical activity in hyper-Rayleigh
scattering (HRS), 5 orders of magnitude more pronounced
than linear OA. HRS [18-20] occurs when incident light at
a fundamental frequency is scattered at the second-har-
monic frequency and is used to determine the symmetry of
randomly oriented molecules in a liquid [21,22]. HRS has
also been used to characterize plasmonic nanoparticles [23—
29]. A theory for hyper-Raman and hyper-Rayleigh optical
activity was proposed 40 years ago [30]. For the exper-
imental demonstration, we make use of metamolecules
(chiral metal nanohelices) and demonstrate a strong HRS
signal, well distinguishable above multiphoton lumines-
cence. Polarization analyses of the HRS establishes that the
nanohelices are isotropically arranged in the liquid. The
nanohelices give rise to a HRS CD signal that reverses for

opposite chirality of the nanohelices and is much larger
than the two- and three-photon luminescence CD.
Moreover, the HRS and HRS CD signals unambiguously
follow variations in fundamental wavelength. Crucially, in
comparison to linear OA, the HRS CD occurs only near the
focal point of light, which opens up a range of applications
in tiny volumes of liquids.

Figure 1(a) schematically shows the HRS CD effect.
Incident light at a frequency w is left circularly polarized
(LCP) or right circularly polarized (RCP). Metamolecules
in a liquid scatter the incident light into the second-
harmonic frequency 2. This hyper-Rayleigh scattered
light can be detected at 90° to the incident beam propa-
gation direction. Because of the chirality of the scatterers,
HRS of different intensity is produced for LCP and
RCP light.
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II. THE CHIRAL NANOHELICES

The metamolecules are Ag “nanohelices” suspended in
water; 3%—5% Ti is codeposited with the Ag in order to
improve the structural fidelity of the nanoparticles while
causing little change in their optical properties [31]. The Ti
results in a rapidly forming oxide layer at room temper-
ature, which quickly saturates at 3.5 nm. In principle, this
layer changes the optical properties of the helices; however,
once the layer has rapidly formed, it grows extremely
slowly (taking approximately a year to grow from 4 to 5 nm
[32]). Therefore, the oxide layer will not change signifi-
cantly over the course of the experiment. Additionally,
since the layer has already formed from oxygen exposure, it
protects the Ag from any further degradation while sus-
pended in water. For these experiments, Ag nanohelices are
used over Au nanohelices (such as those examined in our
previous work [13,14]) due to their much stronger plasmon
resonance with the same geometry and volume.

The nanohelices’ dimensions presented in Fig. 1(b) are
substantially smaller than the wavelength of illumination
(720-780 nm). Since the wire radius (12.5 nm) is compa-
rable to the skin depth of Ag for 760-nm light [33], each
helix acts as a continuous helical arrangement of effective
dipoles. Transmission-electron-microscopy (TEM) images
of both chiral forms (enantiomorphs) are shown in Fig. 1(c).
After preparation on Si wafers (details in Appendix A),
the wafers are cut into 1-cm? pieces that are each sonicated
into 1.4-ml water, with 1 mM of sodium citrate stabilizer
to create approximately 20 picomolar suspensions. These
suspensions are stable over several days and can be
dispensed into standard glass cuvettes for characterization
with linear and nonlinear optical techniques.

Figure 1(d) shows linear ellipticity and extinction spectra
(left and right panels, respectively) for both enantiomorphs
obtained with a commercial CD spectrometer. The ellip-
ticity (¢) is a measure of the CD:

a (\/IRCP \/ILCP> ! @AACHIO)
VIrcp +V1icp 4 4 )
(1)

where Iycp and /1 cp denote the intensity of RCP and LCP
light, respectively, and AA = A; cp — Agrcp 1S the difference
in the attenuation of LCP and RCP light transmitted
through the cuvette. The ellipticity spectra exhibit charac-
teristic bisignate signatures associated with Kuhn’s sum
rule [34], which states that the circular dichroism must sum
to zero over all wavelengths. As expected for CD origi-
nating from true chirality, the response reverses with the
handedness of the nanohelices. Their small asymmetry in
peak maxima is due to a slight difference in concentration
attributable to experimental variation in the sonication
process. Additionally, because the two chiral forms of
the nanohelices are grown separately, small imperfections

O(deg) =

in the structural dimensions are also present, resulting in a
slight shift in peak wavelength. The small effect of these
imperfections can be seen from the extinction spectra,
where the lines deviate only above 550 nm. The extinction
is proportional to both the absorption and the scattering
from the nanohelices; such a scattering can also occur at the
second-harmonic frequency of illumination.

III. HRS AND ITS OPTICAL ACTIVITY

Figure 2(a) shows the experimental setup used to
measure HRS CD (details in Appendix A). To begin with,
720-780 nm light pulses (100 fs) are linearly polarized and
directed through a rotatable quarter-wave plate to produce
RCP or LCP light. Afterwards, a long-pass filter blocks any
residual SHG from the laser. The filtered light is then
focused inside a standard glass cuvette filled with a
suspension of nanohelices. The light scattered by the
nanohelices is collected with a collimating lens, one focal
length from the beam focus. Light scattered on the opposite
side of the cuvette is backreflected by a spherical mirror,
increasing the collection efficiency. A 10-nm FWHM band-
pass filter then selects the wavelength of scattered light to be
measured, blocking unwanted light frequencies. Finally, the
selected scattered light is focused onto a photomultiplier
tube detector and measured with a gated photon counter. By
changing the band-pass filter in 10-nm increments, a
spectrum of the multiphoton scattering is measured.

Figure 2(b) shows the obtained multiphoton scattering
spectra for both left- and right-handed nanohelix suspen-
sions under LCP and RCP illumination at three funda-
mental wavelengths: 720, 740, and 780 nm (shown in blue,
green, and red, respectively). The second harmonic is
marked by a vertical line, with the shaded region denoting
the bandwidth of the band-pass filter used. At all three
fundamental wavelengths, a clear peak is observed at the
wavelength corresponding to the second-harmonic fre-
quency, i.e., to hyper-Rayleigh scattering well above the
multiphoton Iuminescence background. At frequencies
shorter (longer wavelengths) than the second harmonic,
two-photon photoluminescence results in a broad measur-
able scattering signal. This luminescence occurs upon
absorption of a pair of photons, followed by nonradiative
energy dissipation, and then followed by photon emission
at frequencies lower (higher wavelengths) than the second
harmonic. In our experiments, a small signal is also
measured at higher frequencies (lower wavelengths) than
the second harmonic, originating from three-photon photo-
luminescence. This luminescence occurs upon absorption
of three photons, followed by nonradiative energy dissi-
pation, and then followed by photon emission that can
occur at higher frequencies (lower wavelengths) than the
second harmonic. In all cases, the HRS signal at the second
harmonic is significantly stronger than the signal from
multiphoton absorption effects. Background measurements
are taken by measuring the HRS of the sodium-citrate water
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FIG. 2. Clear hyper-Rayleigh scattering signal depending on the chirality of the nanohelices, against the multiphoton luminescence
background. (a) Schematic diagram of the hyper-Rayleigh scattering circular dichroism experimental setup. QWP, quarter-wave plate;
LP filter, long-pass filter; BP filter, band-pass filter. (b) Multiphoton scattering spectra for left- and right-handed helices, under LCP and
RCP illumination. Results obtained for fundamental wavelengths of 720, 740, and 780 nm are shown in blue, green, and red,
respectively. Vertical colored lines mark the HRS (second-harmonic) wavelength, demonstrating clear peaks above the multiphoton
luminescence background. The HRS unambiguously follows variations of the fundamental. The error bars are well within each symbol
shown. (c) Circular difference (INgp — IMS,) in multiphoton scattering intensity for both left-handed (LH) and right-handed (RH)
nanohelix suspensions. Again, pump wavelengths of 720, 740, and 780 nm are shown in blue, green, and red, respectively, and vertical
colored lines mark the HRS (second-harmonic) wavelength. The HRS circular difference clearly reverses between nanohelix
enantiomorphs.

solution without nanohelices. In these experiments, no  (INgp — IMS,) for both enantiomorphs. At all three funda-

HRS or multiphoton luminescence counts are detected  mental wavelengths, a clear peak in circular difference is
during the 30-sec counting window. observed at the second harmonic, reversing sign between

Importantly, a clear difference in HRS intensity between  enantiomorphs indicating an intrinsically chiral origin.
RCP and LCP illumination is also observed. This = The HRS CD is significantly larger than the neighboring
effect is emphasized in Fig. 2(c), which shows the  two- and three-photon luminescence CD, which are also
circular difference in multiphoton scattering intensities  recorded.
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FIG. 3. The nanohelices are isotropically suspended in water.

(a) Schematic of the setup used to measure hyper-Rayleigh
scattering of linearly polarized incident light. (b) P-polarized
(blue crosses) and S-polarized (orange dots) HRS intensity at
360 nm, as the polarization of 720-nm incident light is rotated.
Both left-handed (LH) and right-handed (RH) nanohelix suspen-
sions exhibit no variation outside of experimental uncertainty,
demonstrating a clear isotropic arrangement of helices within the
liquid suspension.

To further verify the chiral origin of the measured HRS
CD, linearly polarized HRS measurements are performed.
Figure 3(a) shows the setup used in these measurements.
Here, the incident polarization is linear and can be freely
rotated. An analyzing polarizer is placed before the
detector, allowing the HRS signal to be decomposed into
P-polarized (horizontal) and S-polarized (vertical) compo-
nents. Both left- and right-handed nanohelix suspensions are
examined at an incident wavelength of 720 nm with a 360-nm
band-pass filter at the output, selecting the HRS. Figure 3(b)
shows the P- and S-polarized components of HRS intensity
as the incident polarization is rotated. For both P- and

S-polarized HRS, and for both enantiomorphs, it can be seen
that HRS intensity remains constant. This result establishes
an isotropic arrangement of nanohelices and indicates a
purely dipolar origin of the HRS response [25,35].

IV. DISCUSSION

Within the electric dipole approximation, the second-
order induced polarization of a single scatterer is described
by the hyperpolarizability tensor ;. The indices i, j, and k
describe the Cartesian directions of the fields and
can represent x, y, or z. This tensor relates the induced
polarization of the particle u, to a driving electric field by
1i(2w) = € E j(@) Ex(w). For asingle scatterer, the HRS
intensity is thus proportional to the square of the hyper-
polarizability tensor ﬂfjk. In liquid suspensions, the total
measured HRS intensity originates from the incoherent sum
of randomly oriented scatterers within the illumination
volume. The measured HRS intensity is thus proportional
to the rotational average of the square of the hyperpolariz-
ability tensor (I(2w)) o (f?). Inahomogeneous suspension
of structurally isotropic particles, HRS is forbidden within
this electric dipole approximation. By acting on the hyper-
polarizability tensor with rotation matrices for all three axes
and equating to the unrotated tensor for any arbitrary rotation
(thus, enforcing true three-dimensional isotropy), every
component of the hyperpolarizability tensor reduces to zero.

In our HRS experiments, the individual nanostructures
are anisotropic but randomly oriented on average. During a
single laser pulse, and over the sample volume, slight
deviations from perfect average isotropy occur—an “aniso-
tropic excess.” This anisotropic excess prevents HRS from
completely canceling out, allowing for nonzero signal
during the laser pulse, with intensity and polarization
dependent on the orientation of the anisotropic excess.
By integrating over 42 x 10% pulses (in 30 sec, 1.7%
chopper duty cycle), the orientational dependence of the
HRS is averaged out, and general structural information can
be obtained. Mathematically, the averaging process is
equivalent to integrating the HRS intensity from a single
structure over all orientations, and it can be described in
terms of the normalized triple integral:

1 3 2r 2r 2z ,
1(2w)o<(ﬂ> 177 [ paepadapan. @)

Note that this process is different from symmetrizing the
tensor, which involves integrating  rather than . Here,
1k (0, ¢, w) describes an effective hyperpolarizability ten-
sor after rotation about the z, y, and x axes by angles 6, ¢,
and y, respectively. Applying parity inversion to the
hyperpolarizability tensor and performing the same aver-
aging operation produces an identical nonzero expression.
While nonzero HRS is permitted, HRS CD is forbidden

within the electric dipole approximation. Surprisingly, clear
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HRS CD is nevertheless experimentally observed in our
data. This observation strongly suggests that our nanohelix
structures cannot be treated as pointlike scatterers that are
described by hyperpolarizability tensors. How then should
they be described?

There are two main theoretical models describing chiral-
ity: the “coupled oscillators model” [34] later extended to the
second-harmonic regime [36], and the “one electron on a
helix model” [37-39] subsequently also extended to the
nonlinear optical regime [40,41]. Accordingly, we can
distinguish two potential origins for the observed HRS CD.

The first possibility consists of modeling the
nanohelices as a helical arrangement of achiral point
dipoles. The nanohelix wire thickness is comparable
to the material’s skin depth; however, the helix dimensions
overall are significantly larger. Extended objects that are
treated as purely electric dipolar can give rise to chiroptical
signals without the need for magnetic dipole (or electric
quadrupolar) transitions, as has been shown in linear light
scattering [34,42,43]. Such an approach is also expected to
give rise to chiroptical nonlinear scattering signals. Across
the span of the helix, phase-retardation effects can lead to a
measurable HRS CD. This description is consistent with
the nonlinear extension to Kuhn’s coupled oscillator model
of molecular chirality [36].

The second possibility consists of introducing HRS
signal contributions from higher-order multipoles (beyond
the electric dipoles [24,44-46]). Importantly, within this
context, we establish that the measured signal is not of
electric quadrupolar origin [see Fig. 3(b)]. However, our
data do not rule out magnetic dipole contributions.
Moreover, magnetic dipole contributions are consistent
with considering the helical nanostructures as conductive
magnetic coils—driving current along the length of the
helix induces a magnetic field parallel to the induced
electric dipole. Such configurations lead to enhanced
optical chirality [47], which could be the origin of our
HRS CD measurements [48]. This description is consistent
with the nonlinear extension to the one electron on a helix
model of molecular chirality [26,40]. How can we distin-
guish between the two possible physical models?

In a recently published work [14], we highlighted the
theoretical prediction that second-harmonic-generation
optical rotation (SHG OR) can conclusively distinguish
between the two theoretical models. Indeed, SHG OR is
permitted only in the chirally coupled dipole description of
nonlinear emission [9]. However, we pointed out that this
distinction requires 3D isotropic samples, which our
samples were not at that time. The present demonstration
of HRS optical activity, in 3D isotropic experimental
conditions, lifts that limitation and paves the way towards
further expressions of HRS optical activity, such as second-
harmonic HRS optical rotation. Following theoretical
predictions, HRS optical rotation should be able to success-
fully distinguish between the one electron on a helix and
the coupled oscillators models of chirality.

TABLE I. Linear and HRS ellipticities [obtained from Egs. (1)
and (2), respectively], for left- and right-handed nanohelix
suspensions. Values are given at the three fundamental wave-
lengths used in the HRS experiments.

Fundamental Linear HRS
wavelength  ellipticity  ellipticity

(nm) (mdeg)  (mdeg)
Right-handed helices 720 920 —3299
740 803 —3356
780 569 —1890
Left-handed helices 720 —370 1811
740 —293 1455
780 —164 1334

In terms of already established chiroptical effects, we can
compare our data with linear CD spectra. For this purpose,
we can characterize the HRS CD by a polarization

ellipticity:
VIS -8
/JHRS | /[HRS - G
Ircp T4/ Iicp
JHRS JHRS

Here, Ip and I7 5y are the intensities of light scattered
at the second harmonic for RCP and LCP illumination,
respectively. The measured linear and HRS ellipticities are
given in Table I. Please note that in these data, the linear
and HRS CD are expected to have an opposite sign, due to
experimental geometry.

Table I indicates that the measured HRS CD effect is 3 to
4 times stronger than the linear CD across the range of
wavelengths studied. However, in the case of HRS CD, the
volume of light-matter interaction is 5 orders of magnitude
smaller compared to the linear case (see Appendix B and
Figure 4). Consequently, the HRS CD effect is significantly
more sensitive than its linear counterpart.

It should also be noted that a number of well-known
experimental artifacts can affect measurements such as
ours. In Appendix C, we discuss these issues and demon-
strate that they are well accounted for in our HRS
experiments.

OFRS (deg) = —tan

V. CONCLUSIONS

In summary, our data demonstrate that it is possible to
perform HRS CD characterization in liquid volumes that
are much smaller than the standard glass cuvettes. The
range of available miniaturized cuvettes, narrow capillaries,
microfluidic channels, and hollow-core optical fibers posi-
tion this new chiroptical characterization directly within the
lab-on-a-chip paradigm. Importantly, HRS CD occurs in
isotropic liquids, freely from unwanted anisotropic con-
tributions. Measuring pure chirality (free from artifacts) is
key for optimizing the chirality parameters of metamate-
rials and for unlocking successful applications [11].
Moreover, because it is well established that the chiroptical
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FIG. 4. Comparison of the illumination volume for linear CD
and HRS optical activity in a glass cuvette containing a
fluorescent solution (tonic water). In (a) and (b), illumination
volume with a 2-mm-diameter beam at 400 and at 760 nm,
respectively. In (c), multiphoton luminescence from the illumi-
nation volume using the lens for our HRS experiments. In (d),
760-nm light focused with a x50 long-working-distance objec-
tive. In (e), corresponding multiphoton luminescence resulting
from only the focal volume of illumination.

properties of plasmonic nanoparticles can be leveraged to
increase the optical response of molecules, our new
technology will allow the miniaturized characterization
of synthesized chemicals. For instance, in the case of
many compounds whose synthesis takes months and yields
preciously few milligrams of material, chiral characteriza-
tion needs to be performed at various stages squeezing the
yields even further. Increased chiroptical sensitivity will
dramatically reduce sampling volumes and will ultimately
improve production.
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APPENDIX A: METHODS

1. Nanostructure fabrication

An array of nanohelices is fabricated using nanoglancing
angle deposition, which is a wafer-scale bottom-up growth

scheme that combines block copolymer micelle nano-
lithography (BCML) with glancing angle deposition
(GLAD) [49]. BCML [50] is used to pattern a quasihex-
agonal array of approximately 10-nm Au nanoparticles
with approximately 90-nm spacing on a 2-in silicon wafer,
which serve as seeds for the subsequent GLAD process.
Then, two-turn helices composed of 97% Ag and 3% Ti are
grown onto the BCML seeds at a vapor flux angle of 87°
with continuous azimuthal rotation of the substrate, whose
direction defines the handedness of the structure. The small
amount of Ti into the Ag matrix improves the shape fidelity
over pure Ag, while it has no significant influence in the
plasmonic feature [31]. Finally, the grown Ag nanohelices
are lifted off from the wafer by sonicating a 1-cm? piece of
sample wafer in 1.4 ml of 1-mM sodium citrate in water to
prepare a stock solution.

2. Linear CD measurements

Linear extinction and CD data are obtained using a
commercial Applied Photophysics Chirascan. A N,-cooled
Xe arc lamp is linearly polarized and spectrally separated in
space with a pair of prisms, and a variable-width slit is used
to select a wavelength with 0.1-nm resolution. A photo-
elastic modulator modulates the beam between LCP and
RCP states, which is then directed through the sample
cuvette and onto a photomultiplier tube (PMT) detector.
The Chirascan then simultaneously measures total extinc-
tion and circular dichroism and constructs spectral data by
scanning the wavelength.

3. HRS measurements

Pulsed laser light with a pulse width of 100 fs and a
tunable center wavelength are horizontally polarized (P
polarization) before passing through a quarter-wave plate
mounted in an automatic rotation stage to give LCP or RCP
light. A RG665 long-pass filter removes any existing SHG
from the beam before a 100-mm-focal-length achromatic
lens focuses the incident light onto our cuvette. A 50-mm-
focal-length collection lens positioned 50 mm from the
cuvette, along with a 50-mm-focal-length curved mirror
positioned 100 mm from the opposite side of the cuvette,
collect and collimate scattered light. A 200-mm-focal-
length lens then focuses the collected light through one
of several band-pass filters onto a PMT. The PMT output is
preamplified 25 times and sent to a SRS SR400 gated
photon counter. The photon counter discrimination level is
set at 37 mV, which records a dark count of O counts/sec.

APPENDIX B: BEAM VOLUME CALCULATION

For a Gaussian beam at a position z from the focus with a
beam waist w, and a Rayleigh range z(r), the beam radius

1 + (z/zz)* We define the
2

w(z) is given by w(z) = wy
beam volume as the integral of the spot area zw(z)
between two positions z; (initial) and z, (final) as

Vieam = [ aw3[1 + (z/zz)*|dz. For these experiments,
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we assume that significant HRS occurs within the Rayleigh
range of the fundamental beam, so the effective interaction
volume is given by V.., integrated between —zx and zg.
Considering the 10-cm-focal-length lens used in our experi-
ments, with an incident beam of diameter 1.2 mm and A =
740 nm fundamental light, the waist at the focus w; =
(Af)/(mwy) is found to be approximately 20 ym, with a
Rayleigh range of approximately 2 mm. From this Rayleigh
range, we assume that we measure HRS from a 4-mm path
length through the cuvette. The effective beam volume
(Vpeam) is then approximately 107! m® (=10 nl). By
comparison, the commercial CD spectrometer uses a 10-
mm optical path length with an approximately constant
beam radius of approximately 1 mm, giving an effective
beam volume of approximately 10~® m® (=1ml). This
value is 5 orders of magnitude larger compared to the
nonlinear case.
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FIG. 5.

APPENDIX C: ADDITIONAL EXPERIMENTAL
DETAILS

We check for various well-known sources of experi-
mental artifacts.

First, the nanohelices have a non-negligible weight,
and, as a consequence, a small gradient of concentration
is present in the samples. This gradient is illustrated in
Fig. 5(a), where the optical extinction spectra are taken
across approximately 25 mm along the direction of the
gravitational gradient. The letter / indicates the distance of
each spectrum from the bottom of the liquid. The figure
demonstrates that this small gradient is negligible within
the approximately 20-ym waist at focus.

Next, we check that the second-harmonic HRS signal
measured has indeed the expected quadratic dependence on
the incident power. Figure 5(b) shows the HRS signal

800 4 (b) %

700 A
600 -
500 A
400 -

300 A

HRS intensity (counts/s)

0 Wavelength = 720 nm

10.0 12.5 15.0

Power (mW)

2.5 5.0 7.5 17.5 20.0

Wavelength = 800 nm

50 000 A

40000 -

30000 -

20000

Intensity (counts/s)

10000 A

0 50 100 150 200 250 300 350
Wave-plate rotation (deg)

In (a), optical extinction spectra for a suspension of nanohelices. The spectra were taken in 2 mm, from the liquid surface

towards the top of the glass cuvette. A small gradient of concentration can be seen, which is negligible in the focal waist of the HRS
experiments (approximately 20 ym). In (b), the HRS signal is quadratic with the incident power. The red dots correspond to
experimental data, and the black line is a corresponding fit. In (c), the light intensity spectra in transmission through the achromatic
quarter-wave plate placed between crossed polarizers and plotted as a function of wave plate rotation angle. In (d), the light intensity at
800 nm, in transmission through the wave plate, as a function of wave-plate rotation angle.
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intensity as a function of the incident power. The red dots
correspond to experimental data points, and the black
line is a fit to the formula y = 1.997x2. This is an excellent
fit (R*> =0.9958), and the curve goes through zero,
demonstrating the lowest possible dark count noise level
in our experiments.

Moreover, rotating-wave plates can induce small inten-
sity changes due to various alignment issues. Such intensity
variations can be even more significant in the case of
nonlinear optical effects due to the power-law dependence
on incident fields. However, these intensity variations
would not change sign depending on the chirality of the
sample, whereas our results in Fig. 2, clearly do. In our
case, the wave plate is fairly good and well aligned.
Figure 5(c) shows the light intensity spectra in transmission
through a wave plate placed between crossed polarizers
upon rotation of 360°. The intensity is quite constant in all
four lines. The figure also shows that our long-pass filter
successfully blocks any transmission below approximately
650 nm. For extra clarity, Fig. 5(d) shows the intensity in
transmission for 800-nm light as a function of the wave-
plate rotation. The wave plate behaves as expected.
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