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Chirality conferral is fundamental for understanding the origin of life,
anditis of directimportance for synthesizing new pharmaceuticalsin
the face of growing antibiotic resistance. Human-made, self-assembling
nanostructures replicate the biological chirality conferral processes
utilizing covalent and non-covalent bonds. However, chirality conferral
from one form of matter to another via electromagnetic fields is more
subtle and less explored. Here we report chirality conferral between
gold nanohelices and achiral molecules (crystal violet). This conferral
enables the experimental observation of a physical effect predicted in
1979—hyper-Raman optical activity. To benefit from Fermi’s goldenrule,
the chirality conferral system was designed as doubly resonant, with the
nanohelices and molecules resonating at the fundamental frequency and

at the second-harmonic, respectively. We provide a theoretical framework
for our results that expands the original mathematical formalism to include
surface-enhanced hyper-Raman scattering and the chirality conferral
process. Our results demonstrate that field-driven chirality conferral
mechanisms are opening up entire fields of research, as exemplified by the
discovery of a physical phenomenon.

Inlife asin human-made self-assembly processes, chirality is conferred
between building blocks and across hierarchically organized assem-
blies with emerging and increasing complexity' . Chirality confer-
ral can occur, for instance, within chemical reactions®, from chiral
molecules to achiral inorganic materials, or from chiral inorganics to
achiral molecules®. Molecular chirality has been conferred to achi-
ral plasmonic silver nanoparticles', gold nanorods", gold nanopar-
ticles and solid-state lattices in organic-inorganic perovskites™.
Conversely, the chirality of chiral nanotubes has been conferred to
organic molecules”. The chirality conferral processis not trivial', and it
should be noted that some achiral molecules that adsorb oninorganic

surfaces canbecome chiral or form chiral organic-inorganic entities''s,

Chirality can also be conferred from the macroscale to the nanoscale,
forexample viamacroscale twist of amaterial that contains plasmonic
nanoparticles”. Several previous works, including work from some
of the co-authors here, have focused on the chirality conferral from
plasmonic nanoparticles to achiral molecules, but crucially, they have
notestablished the dependence onintrinsic chirality by showing rota-
tion invariance of the results?*~*. Moreover, while previous studies
have explored photon-to-matter chirality transfer?, chirality confer-
ral from the electromagnetic field of nanoparticles to molecules has
hardly been explored.
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Fig.1| CV molecules on Aunanohelices constitute a doubly resonant

system for hyper-Raman scattering. a, Schematic diagram of the reported
hyper-Raman optical activity effect: illumination with LCP and RCP resultsin
differentintensities of hyper-Raman scattering. b, The nanohelices have strong
resonances at1,064 nmand not at 532 nm, as demonstrated by simulations of the
Rayleigh scattering cross-section spectra. ¢, The crystal violet (CV) molecules
have strong resonances at 532 nm and not at 1,064 nm, as shown by their
absorbance spectra. d, Surface-enhanced Raman scattering (SERS) (top) and

surface-enhanced hyper-Raman scattering (SEHRS) (bottom) circular intensity
sum (CIS) spectra of CV. e, Scanning electron microscopy (SEM) and scanning
electron transmission microscopy (STEM) images of Au nanohelices. Left: SEM
images present left- and right-handed nanohelix arrays on Si wafer. Middle:
STEMimages present a single nanohelix isolated and deposited ona STEM grid.
Right: SEM images present top-down views of left-handed (left) and right-handed
(right) Au nanohelices.

Here, we unambiguously demonstrate chirality conferral
from the electromagnetic field of chiral plasmonic nanoparticles
(Au nanohelices) to crystal violet (CV) molecules that are achiral (on
average, as we explain below). This conferral resultsin the discovery of
anew chiral optical effect—hyper-Raman optical activity—that was pre-
dicted 45 years ago by one of the co-authors (et al.)*. Previous attempts
to demonstrate this phenomenon have been reported unsuccessful,
duetopolarization artefacts and due to thermal effects associated with
high-power laser illumination”. We recorded that, uponillumination at
1,064 nm, there is a difference of hyper-Raman spectra (that is, those
around 532 nm) for right- and left-handed circularly polarized light
(RCPandLCP, respectively), knownasthecircularintensity difference
(CID)*. The CID spectrum from the achiral CV changes sign, depending
on the handedness of the nanohelices. Importantly, we demonstrate
that our data correspond to intrinsic chirality”’. The arrays of nanoheli-
ces exhibit extrinsic chirality in linear reflection, in second-harmonic
generation circular dichroism (CD)?® and in second-harmonic genera-
tion optical rotation®’. The extrinsic chirality results in a sign change
of the ‘chiroptical’ response upon rotating the sample; such sample
rotation effects have also been shown to affect Raman scattering™.
By contrast, sample rotation that does not affect the Raman spectra
isassociated with antisymmetric Raman tensors, which Barron intro-
duced to explain true Raman optical activity* *. We demonstrate that
the sign of the Raman and hyper-Raman peaks in our CID spectradoes
notdepend onsample rotation, which isanunambiguous signature of

chirality. We also show that no hyper-Raman optical activity is observed
fromachiral gold nanostructures coated with CV, thereby confirming
the role of the nanohelices’ geometry. While in our observation we
make use of chirality conferral by plasmonic nanohelices to achiral
molecules, the original paper on hyper-Raman optical activity focused
onchiral molecules alone. To take this difference into account, here we
expand the original theory to surface-enhanced hyper-Raman scatter-
ing (SEHRS) and we include the chirality conferral mechanism. We pre-
sent the leading light-matter interaction processes and their quantum
amplitudes, whose modulus square yields the measured hyper-Raman
signalintensity. We show how the chiroptical response emerges from
the sum of electric dipole quantum amplitude contributions and terms
that include contributions from magnetic dipoles or electric quad-
rupoles. Our work demonstrates that chirality conferral can lead to
new physics, asillustrated by the observation of anew phenomenon.

Figure 1ashows a diagram of our experiment, where LCP and RCP
areincident on an array of left-handed plasmonic nanohelices, made
of gold. The dimensions of the helices and the chemical formula for CV
areshownininset. As canbe seen, the CV molecule’s formulais achiral;
however, it is energetically unfavourable for the three branches to
remain coplanar. Due to steric hindrance, the molecule exhibits rota-
tional flexibility, with the branches rotating to adopt left-handed and
right-handed orientations, in an overall propeller-like configuration.
Each molecule can transition between these configurations. There-
fore, the molecule is achiral because of its dynamic behaviour, which
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Fig. 2| Extrinsic chirality that s clearly presentin reflectivity measurements
with circularly polarized light does not seem to affect the rotationally
averaged Raman spectra. a, Diagram of the reflective microscope setup

(FL, filament lamp; P, polarizer; A\/4, quarter-waveplate; CPL, circularly polarized
light; BS, beam splitter; A, analysing polarizer (analyser); M, mirror).

b, Rotationally averaged ellipticity from reflection spectroscopy are not mirror
images for the two enantiomorphs. ¢, Reflection ellipticity versus sample angle
(rotation) at 532 nm and 1,064 nm reveal extrinsic chirality—the ellipticity
depends strongly on the sample rotation and changes sign several times.

d, Diagram of the hyper-Raman instrument (4/2, half-waveplate; L1and L2,

Raman shift (cm™)

Raman shift (cm™)

collimation lenses; M, mirror; P, polarizer; DM, dichroic mirror; A/4, quarter-
waveplate; A, analysing polarizer (analyser)). e, lllustration of the mapping
technique used—illumination was performed in 5-by-6 arrays, with alternating
right- and left-handed circularly polarized light (RCP and LCP, respectively)
illumination for each spot. f, The difference of SERS and SEHRS spectra, acquired
for RCP and LCP illumination, from CV molecules deposited on left- and right-
handed Au nanohelices. g, The sum and difference of hyper-Raman spectra
acquired for RCP (top) and LCP (bottom) illumination, from CV molecules on
commercial achiral SERS substrates. The inset shows an SEM image of the sample
surface.

allows a continuous conversion between the left- and right-handed
configurations, at room temperature. Strictly speaking, a CV molecule
is achiral ‘on average’. With many molecules, at any moment in time,
there is a racemic mixture of left- and right-handed configurations.
Depending on the handedness of circularly polarized light, the inten-
sity of the Raman scattered light from CV changes. The nanohelices
were designed to exhibit a peak in their scattering cross-section at
the fundamental frequency of laser illumination (1,064 nm) but not
at the second-harmonic frequency (532 nm), as it is shown in Fig. 1b
and Supplementary Fig. 1. Details of the simulation parameters are
provided in Methods. Conversely, the CV molecules lack resonances
at 1,064 nm but exhibit pronounced energy states around 532 nm,
as can be seen in Fig. 1c. This combined system is therefore doubly
resonant, which favours the expression of hyper-Raman scattering,
by Fermi’s goldenrule.

Thesurface-enhanced Ramanscattering (SERS) and SEHRS spectra
ofthe CV canbe obtained by summingthe spectrarecorded for LCPand
RCPillumination, onbothleft-and right-handed nanohelices, as shown
in Fig. 1d. All the Raman spectra were acquired with a Raman spectro-
meter (InVia, Renishaw), and the CV spectra are in agreement with
previousreports®. Animportant feature of the plasmonic nanohelices
is that they are oriented—all are facing the same direction, as dem-
onstrated by the scanning electron microscopy (SEM) and scanning
transmission electron microscopy (STEM) imagesinFig.le. This orien-
tation suggests that strongextrinsic chirality is present in the system.

Inchiroptical studies, itisimportant to distinguish intrinsic/true
from extrinsic chirality, anisotropy effects on the polarization and
artefacts™. In the case of ordered materials, such as our metal nano-
structures, the ordering itself can produce chirality-like effects—a
behaviour that has been referred to as ‘pseudo chirality”® or ‘extrinsic
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Fig.3| Thessign of the Raman spectra does not change upon sample rotation, which indicates that the effect originates from intrinsic chirality. a,b, The SERS (a)
and SEHRS (b) CID spectra are plotted for eight different samples rotation angles. The CID spectra are consistently negative for CV on left-handed nanohelices (in red)

and positive for CV on right-handed nanohelices (in blue).

chirality””. To address this question, we characterized the reflectance
of our samples, using the setup described in Fig. 2a. For each of them,

we calculated the ellipticity (6), defined by
180

6= ?tan_1 [(W—W)/(W+ ILCP)],

where R and /-°P represent the intensities of detected light for RCP
and LCP illumination, respectively. Figure 2b shows the rotationally
averaged ellipticity at 532 nm and 1,064 nm, respectively. The data
were extracted from the CD spectra shown in Supplementary Fig. 2.
We note that at 532 nm and at 1,064 nm the sign of the ellipticity is
opposite for left- and right-handed helices. Although for left- and
right-handed nanohelices, the ellipticity plotsin Supplementary Fig.2
are close to mirror images, at each wavelength, a very strong sample
rotation dependence can be observed, as seen in Fig. 2c. Figure 2c
shows the ellipticity as a function of sample rotation for 532 nm and
for1,064 nm. The plots were obtained from averaging 11 curves in the
528-536 nmrange and in the 1,056-1,072 nm range, respectively. We
note that thereis little spectral variation across these ranges and that
the Ti:Sapphire pulse used inthe hyper-Raman experiments at1,064 nm
isabout15 nminwidth. Forall curvesin Fig. 2c, the ellipticity changes
sign four times upon sample rotation. Because chirality is invariant
upon rotation, this ellipticity cannot be measuring chirality alone.
There are several physical mechanisms that affect these measurements.

()]

These nanohelices are arranged in arrays that exhibit alocal hex-
agonal lattice. Because of the way they are fabricated (that is, all at
once), the nanohelices are oriented in the same way, with termina-
tions pointing towards the source of deposition. Thus, the samples
also exhibit unidirectional anisotropy. Moreover, it is possible that
the nanohelices are locally slightly tilted, with their main axis devi-
ating from the z axis, which could be another source of unidirec-
tional anisotropy. When illuminated, electromagnetic resonances
are excited both within each helixand between helices, depending on
the wavelength of illumination. The intrinsic chirality of the helices
plays arole, but the extrinsic chirality due to unidirectional anisot-
ropy is a strongly competing effect. Additionally, because we use
achromatic waveplates, the retardationis notidentical across the full
spectrum of operation—thereis aslight linearly polarized component
and it depends on wavelength. At each wavelength, for LCP and RCP
positions of the waveplate, the linearly polarized components are at
90° to each other. Therefore, rotating the sample for LCP and RCP
illumination affects several wavelength-dependent mechanisms.
Distinguishing and optimizing these individual mechanisms is very
important for the field of metasurfaces—for instance, to produce
ultrathin polarizers for circularly polarized light (CPL). In the present
context, the key pointis that the ellipticity is observed to change sign
several times, as the sample rotates. Itis clear that, in these reflection
experiments, polarizationimperfection (also identified asa problem
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in previous attempts to observe hyper-Raman optical activity)* and
material anisotropy are present. But would they affect the (hyper-)
Raman scattering of CV?

Thediagram of the Raman and hyper-Raman scattering setup can
beseeninFig.2d. Circularly polarized light was obtained with the help
of a polarizer and a quarter-wave plate (1/4). Possible contributions
fromexperimental artefacts, such aslight circularity (Supplementary
Fig. 3), quenching or photodecomposition of CV, variations in the
number of illuminated molecules and so on, have been addressed
(Supplementary Information).

InFig. 2e, the rotationally averaged SERS and SEHRS spectra were
obtained fromaveragingatotal of 360 RCP (/") and 360 LCP (/*“") spec-
tra. Withineach sample, the plotted CID (/%" - /*°*) is therefore free from
artefacts related to the number of molecules or quenching. Because
the left- and right-handed nanohelices are grown separately, there are
geometrical (batch) difference between them. Moreover, the left- and
right-handed nanohelices were spin-coated with CV separately; hence, a
differenceinmolecular concentration exists. Accordingly, theamplitude
of the CID peaks in Fig. 2f differs between left- and right-handed nano-
helices.However, the sign of all the peaksis opposite, for both SERS and
SEHRS, whichis anindication of the hyper-Raman optical activity effect.

To confirm the role of the nanohelices, we repeated our experi-
ments using achiral nanostructures from a commercial (Silmeco),
SERS substrate, made of Au. An SEM image of the substrate surface
is displayed in the inset. Figure 2g shows SEHRS results for (/R + °7)
and (" - IP) in the top and bottom panels, respectively. The former
is simply the hyper-Raman spectrum of CV, as also shown in Fig. 1d
(bottom). The latter demonstrates that there is no measurable CID
on these achiral substrates, at stark contrast to the sign-changing
peaks observable with nanohelices. Now, the key question is: does
this sign change upon rotating the sample? If it does, the sign change
would beindicative of extrinsic chirality and, hence, not a signature of
hyper-Raman optical activity.

Figure 3a,b shows the SERS-CID and SEHRS-CID spectra of CV
molecules on left- and right-handed nanohelices, for eight sample
rotation angles (¢). Clearly, there are some fluctuations of the peak
heights. These are attributed to millimetre-scale non-uniformity across
the samples that results in variable CV concentration and quenching
rates. Importantly, though, inboth Raman and hyper-Raman scattering,
the sign of the CID spectrais independent of sample rotation.

ThedatainFig.2cindicate four sign changes that are periodic. Itis
impossible for aset of eight equally spaced points (45° step) to exhibit
the same sign with such a periodicity. Therefore, we conclude that the
sign of the SERS-CID and SEHRS-CID spectrais independent of the
sample rotation. This conclusion excludes extrinsic chirality, and itis
consistent with the presence of an antisymmetric Ramantensors, char-
acteristic of Raman optical activity and of hyper-Raman optical activ-
ity, respectively. For clarity, Fig. 3a,b focus on the most pronounced
Raman and hyper-Raman peaks, in the 1,500-1,700 cm™ region. The
full1,000-1,800 cm™region comprised three hyper-Raman peaks, and
they all keep the same sign uponrotation, as shownin Supplementary
Fig.4.Moreover, while the datain Supplementary Fig. 4 were acquired
in May 2023, rebuilding and recalibrating the experiment to repeat
the measurements in February 2024 produced very similar results, as
shown in Supplementary Fig. 5. The observed effects are robust, and
they originate from a chirality conferral from the electromagnetic
field of the plasmonic nanohelices to the achiral molecules. But how?

Inthe following, we identify all the lead mechanisms for the light-
matter interactions that play arole in our experiments (Fig. 4) and we
calculate their quantum amplitudes, whose modulus square relates
to the hyper-Raman signal intensity that we measure. First, we con-
sider the hyper-Raman process in the CV molecules. It involves the
annihilation of two incident photons (at w) and the emission of a
Stokes frequency-shifted second-harmonic (at w’ = 2w — w,;,), where
., is the vibrational frequency of the CV molecule. In the electric

dipole approximation, the molecular response depends on the vibra-
tional derivative of the molecular hyperpolarizability that can be
written as®®

B jm = Q°10Bm(@)/0Ql @

Here and below, the prime symbol denotes a vibrational transition.
The molecular hyperpolarizability tensor S for theinput frequency w
(i,j and m are the Cartesian coordinates) comprises three terms cor-
respondingtothe three possible sequences of absorbing two photons
and emitting one at the second-harmonic, in amolecule. Equation (2)
uses the Taylor series expansion of the tensor in terms of the normal
mode coordinate Q for the activated molecular vibration, whose
matrix element (1|Q|0) for a fundamental 1 < O transition is repre-
sented as Q'“°. The hyperpolarizability derivative in square brackets is
evaluated at the equilibrium configuration Q,. The expression on the
right-hand side of equation (2) couples with a product of input and
output polarization vectors, e;(w)e;(w)eé’ ,(w"), the overbar denoting
complex conjugation where necessary for circular polarizations.
Hence, for the CV molecules, the quantum amplitude takes the form
B jneiw)e(w)é’ n(w), using the implied summation convention for
repeated subscriptindices. Next, we take the nanohelix into account.

Inour data, the observed CID in the hyper-Raman signals can only
be generated through coupling between the electromagnetic field
generated by chiral Au nanohelices and the achiral CV molecules, where
nearest-neighbour interactions can be assumed the strongest. Consid-
eringthe nanohelix + CV molecule as anentity, each of the three-photon
events canoccur at either site, within the span of an optical wavelength.
The dynamic coupling may be represented as a quasi-instantaneous
two-body interaction. We consider the lowest non-vanishing order of
perturbation theory to derive the quantum amplitude for the overall
process—fourth order, comprising third order in single-centre light-
matter interactions and first order in a two-centre coupling.

Asour systemis doubly resonant, we now consider the case where
the two incident photons are annihilated in the nanohelix, and the
hyper-Raman photon emerges from the CV; energy is conserved by
near-field dynamic coupling between the two entities. There are 12
contributory pathways for this specific form of interaction, repre-
sented by the 12 topologically distinct diagrams shown in Fig. 4a. For
gold, the world line is represented with a width as a visual aid, and its
tensor response is a nonlinear susceptibility ()(ffu)) in contrast to the
molecularresponse ofthe CV (a’ cy), where tilde denotes values associ-
ated withinput at the optical harmonic (2w). For this form of interac-

tions, we can write )((2)m a'~,» where the symbol N denotes
Au CvV

electrodynamic coupling. Corrective factors in the coupl%Jng, associ-
ated with plasmonic effects in the gold nanoparticles, are assimilated
within the coupling tensors, as is shown for energy transfer by the
methods of Schatzet al.” *. Inthe electric dipole approximation, sum-
ming over all 12 contributions and over the repeated indices k, [, we
obtain

n
{Xfu) af'cv} = X;\.”(z)(—Zw;w,w)Vk,(Zw/c’,
U ..
ijm

3)
_ 10 Ccv

Rev — Ra) Q0|02 /0] | .

where Ry and Ry, represent the local position vectors of the CV and

nanohelix, respectively, and where the ¢’ denotes the local permittivity-

corrected speed of light*>. The expression on the right-hand side of

equation (3) again couples with a product of input and output polariza-
tion vectors to give the first estimate of the quantum amplitude:

" o
Xy Fovp (@) p(w’). “)
U y
ijm
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Fig. 4 |Feynman diagrams of the leading electrodynamic interactions that
contribute to SEHRS. a, The 12 possible interactions when the two incident
photons are annihilated at the nanohelix and a Raman-shifted photonis emitted
atthe CVmolecules. Time progresses upwards. The Au nanohelix is represented
by the vertical gold-coloured world line on the left in each case, its thickness
signifying bulk response. The world line for the CVis represented by the black
line on the right, its final state in purple exhibiting vibrational excitation. The
input photons are shown as black wavy lines and the signal output photon as

red, and each radiation field-matter interaction is shown as agreen dot. The
horizontal dashed line represents dynamic coupling in the near-zone limit. Line
intervals between interaction dots on either side represent virtual states. b, The
six possible permutations of annihilated and emitted photons. ii-viillustrate
different cases, with the same temporal ordering in which at least one of the input
photon annihilations takes place within the CV, withiv-vi further distinguished
by the emitted photon originating from the nanohelix. ¢, Leading forms of mixed-
multipole counterparts to b(i). Here, the green dot signifies an Elinteraction,
orange M1and blue E2. For clarity, the M1and E2 interactions are highlighted with
anasterisk and a triangle, respectively. Similar counterparts exist for each of the
remaining subpanels withinb.

Inequation (3), V designates the retarded resonance dipole-dipole
interaction, a second rank tensor whose argument exhibits explicit
dependence on frequency and the vector displacement of the CV
molecule from its counterpart nanohelix. However, within the
near-zone the leading term of the tensor is frequency independent*
and we can approximate the result in terms equivalent to static
coupling Vj,2w/c’,Rey — Ray) = VO(Rey — Ray)-Equation (3) features
the Raman tensor for the CV, the quantity in square brackets denot-
ing the mode derivative of the polarizability at the equilibrium
configuration.

Figure 4b highlights the fact that, although we expect the doubly
resonant system to favour photon annihilations at the helix and emis-
sionatthe CVmolecule, other annihilation-emission photon events are
possible and they cannot be distinguished, under much less than the
span of awavelength. Each of the 12 diagrams in Fig. 4a has four coun-
terparts with the same temporal sequence but differently positioned
photon events. The full forms of associated general equations are the
subject of afollow-up publication, where we further discuss additional
quantum amplitudes contributions and the reasons why they have
been omitted.

Within the E1approximation, no CID canarise. The tensor response
of the complete material system is an eigenstate of the spatial parity

operation Pwith eigenvalue -1;it does not register chirality becauseitis
specifically odd parity**. Therefore, we now need to focus on additional
terms arising fromelectric and magnetic multipole expansionsand the
symmetry-based selection rules. We have the following leading terms
inthe Power-Zienau-Woolley interaction Hamiltonian:

(vet—..., (5)

-m-b-0
M1

Hmult: —l.l'el
E2

int
E1

where e' is the transverse electric field and b the magnetic field. The
magnetic dipole (M1) and electric quadrupole (E2) terms, whose
moments are denoted by m and O, respectively, connect to the first
order of expansion in the vector potential**°, The transverse electric
field et is a polar vector, odd under P, as is the electric dipole m with
whichit couples. In the M1 term, both the field b and the magnetic
dipole mare pseudovectors, even under P; so toois the electric quad-
rupole ©,asecond-rank tensor coupled to the gradient of the electric
field. M1and E2 represent interactions whose associated magnitudes
aresmallcompared with Elif selection rules simultaneously allow both,
which requires symmetry breaking. In consequence, both are com-
monly engaged, together with E1, in chiral interactions.

Each field-matter interaction (green dot) entails all of the con-
tributions given in equation (5)—not just the first. Moreover, the
hyper-Raman signal intensity arises from the modulus square of the
quantumamplitude. In consequence, the leading contribution to any
chiroptically responsive, enantioselective effect comprises a sum of
cross-terms between the leading, fully E1 quantum amplitude contri-
bution associated with equation (2) and terms of the forms exhibited
by equation (4) butinwhichone of the Elinteractionsis substituted by
anMlor E2 coupling. Those substitute interactions must occur at the
Ausite since thatis the sole chiral constituent. Inthis case, the relevant
counterpartsto Fig. 4b(i), for example, are as shownin Fig. 4c.

Each of the graphs in Fig. 4c again has a counterpart within the
other 71time orderings. When the quantum amplitudes for the full set
are summed, in the back-directed Raman signal, we obtain the terms
whose sign changes with the handedness of circularly polarized light
and uponsubstituting the opposite enantiomorph of the nanohelix. Itis
these terms that contribute to the signal measured in our experiments
(for the full details of these calculations, see ref. 47).

Because hyper-Raman scattering (and therefore hyper-Raman
scattering optical activity) probes different physical quantities
(hyperpolarizabilities) than Raman scattering, it offers complemen-
tary vibrational information*®, For instance, it can reveal vibrational
modes that are silentin Raman scattering®. Inmicroscopy of biologi-
calsystems, it combinesincreased penetration depth from convenient
excitationinthe near-infrared (NIR) transparent region with detection
in the visible*”*°; the process also offers reduced (one-photon) auto-
fluorescence and lower photochemical damage, since illumination is
away from most electronic resonances’. Importantly, hyper-Raman
scattering benefits from better enhancement at the surface of plas-
monic nanoparticles and nanostructures®, because it scales as a
power law of the local electric fields*’. Hyper-Raman scattering is
particularly suited for studying molecules with strong hyperpolar-
izabilities, such as push-pull organic chromophores™; it offers a
broader range of pH sensitivity for molecular imaging inside cells®,
and because it requires two incident photons, it can benefit from
entangled photon states®®.

Similarly to Raman optical activity, hyper-Raman optical activity
can be expected to reveal the absolute configuration or conforma-
tion, in proteins, in synthetic chiral polymers andinsimilarly intricate
molecules. Thisisimportantin chiral molecules, especially in pharma-
ceuticals, agrochemicals, natural products and bioactive compounds
are oftenlarge, with complex geometries, containing numerous chiral
centres that each require analysis. Typically, these centres are chiral
carbons bonded to functional groups, such as nitriles” or amines** ™,
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Experimental methods that can distinguish and characterize the chiral-
ity within such molecules are highly desirable®.

In conclusion, we report chirality conferral fromthe electromag-
netic field of gold nanohelices to achiral molecules, the former being
over 100 times larger than the latter. This conferral has enabled the
experimental observation of the hyper-Raman optical activity effect
that was theoretically predicted 45 years ago. The observation has
now been demonstrated in a doubly resonant system, consisting of
plasmonic gold nanohelices and CV molecules, where the chirality of
the nanohelices was conferred to the achiral (on average) molecules.
Care hasbeen taken to eliminate possible artefacts, for example, from
extrinsic chirality inthe nanohelices, fromthe degree of light circular-
ity, from photodecomposition and from differences in the number of
illuminated molecules. When achiral nanoparticles were used as the
SERS substrate (also see Supplementary Fig. 6), the hyper-Raman opti-
cal activity effect was absent, confirming the role of chirality transfer
from the nanohelices. The origin of the effect was revealed by iden-
tifying the lead light-matter interaction processes and by calculat-
ing their quantum amplitudes, whose modulus square produces the
hyper-Raman signal intensity observed. We show that the chiroptical
response originates from the sum of cross-terms between the leading,
fully electric dipole quantum amplitude contribution and terms that
include contributions from magnetic dipoles or electric quadrupoles.

Our findings show that the chirality conferral mechanism between
chiral nanoparticles and achiral molecules is highly promising for
exploring new science at the organic-inorganic interface, as demon-
strated by the discovery of a new physical effect. We anticipate that
hyper-Raman optical activity will be sensitive to the absolute con-
figuration of chiral molecules that are key for synthetic biology, for
human-made self-assembling nanotechnology, and for pharmaceutical
synthesis. Naturally, asit has taken 45 years between the prediction of
this effect and its first observation, the technological development
of the associate experimental technique and its commercialization
will take time. Important milestones will be to observe hyper-Raman
optical activity in chiral molecules and in those that are of biomedical
relevance. Further optimization of SERS materials and substrates
can lead to even greater enhancements in Raman signals, enabling
the detection and analysis of even lower concentrations of analytes.
Exploring new fabrication techniques and materials with enhanced
plasmonic properties can contribute to this optimization. Exploring
machinelearning algorithms and chemometric methods canaidin the
design and synthesis of SERS materials as well as intrinsically chiral
molecules that meet the above criteria. Optimizing the light sources
for this emerging technique will also be a key advance.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
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Methods

Definition of circularly polarized light

Here, we define LCP as follows: looking from the point of view of the
source, along the direction of propagation, the electric field of LCP
light traces a helix in the space that curls anti-clockwise.

Metasurface fabrication

Nanohelices were grown using the nano glancing angle deposition
(nanoGLAD) technique. Small gold (Au) dots were arranged in a hex-
agonal patternon asilicon (Si) wafer, acting as seed for growth. The sub-
strates were cooled to 90 K and tilted at an angle of 87°. Co-deposition
of metals resulted in alloyed nanohelices (96% Au, 4% Cu). A quartz
crystal microbalance monitored deposition rates, allowing control
over the alloy ratio. Metal vapour impinged on the surface, causing
nanohelices to grow by rotating the surface. The direction of rota-
tion determined the nanohelices’ handedness. Further details of the
nanoGLAD fabrication process can be found inrefs. 62,63.

Achiral SERS substrate

Silicon (Si) nanopillars topped with gold (Au) nanoparticles were pur-
chased from Silmeco. These Au-topped nanopillars are fabricated
through maskless plasma etching of Si wafers followed by electron
beam evaporation of Auto form the nanoparticle tops. Further details
onthefabrication process of the substrate canbe foundinref. 64. The
substrate formed on 3 mm x 3 mm Si wafer was then spin-coated with
0.6 mM CVinethanol solution.

Material characterization

The SEM and STEM micrographs shownin Fig. 1e were captured using a
JEOLJSM-7900F Schottky Field Emission SEM. For SEM, an acceleration
voltage of 10 kV and a working distance of approximately 3-3.5 mm
were employed. For STEM, a small square of nanohelices on a silicon
wafer (approximately 10 mm?) was cut and sonicated in 0.7 ml of chlo-
roform for 20 min before being deposited (a few microlitres) onto
Formvar STEM grids. The STEM images were obtained using an accel-
eration voltage of 30 kV and a working distance of around 10.5 mm.

Reflectance CD spectroscopy

Reflectance CD spectra of the clean (no CV) nanohelix arrays shown
in Fig. 2a-c and Supplementary Fig. 2 were acquired using a Zeiss
Axio imager M2m wide-field microscope. The illumination source
consisted of white light generated by a halogen filament lamp, which
was circularly polarized using a motorized wire-grid polarizer and an
achromatic quarter waveplate. Visible spectroscopy (400-800 nm)
and NIR spectroscopy (900-2,100 nm) were performed using dif-
ferent A/4 waveplates. lllumination of the sample was achieved using
an EpiPlan-Neofluar 5%/0.15 HD DIC objective, and the spectra were
collected in bright-field reflection mode. The reflected light was then
directed through an analysing polarizer. Subsequently, the light was
transmitted through a multimode fibre with a core diameter of 200 pm
(numerical aperture 0.22) to either an Ocean Optics QE Pro spectrom-
eter (for the visible range) or an Ocean Optics NIRQuest spectrometer
(for the NIR range).

To quantify the CD at each rotational position, the ellipticity
(8) parameter was calculated using 6 = 2tan![ (VIRCP —/JLCP)
/(RS £/IF) |, where R and /P represent the intensities of
detected light for RCP and LCP illumination, respectively.

To capture the angular dependence of ellipticity on the orientation
ofthe nanohelix arrays, reflectance spectra were obtained at discrete
sample rotation positions ranging from 0° to 360° with 20° intervals.
Supplementary Fig.2b shows the reflectance CD spectra averaged for
both LCPand RCP data at eachrotational position. For the visible range,
200spectrawere acquired and averaged at eachrotation, while for the
NIRrange, 1,000 spectrawere obtained and averaged. The integration
time per spectrum was set to 100 ms.

Figure 2cillustrates the ellipticity at 532 nmand 1,064 nmasafunc-
tion of sample rotation. The rotational averages are depicted in Fig. 2b.

Absorption spectroscopy
CV powder purchased from Sigma-Aldrich was used to formasolution
with an analyte concentration of 0.3 mM in ethanol.

An Applied Photophysics Chirascan equipped with an avalanche
photodetector was used to collect the absorption spectra presented
inFig. 1c of the main text. To distinguish the absorbance of the CV from
that of the ethanol reference spectraof pure ethanol were taken. These
spectrawere used to subtract the ethanol contributions fromthe final
spectra, leaving only the contributions from the CV.

The CV 0.3 mMsolutionwas added toalcm ml™ cuvette. Absorp-
tion spectra were taken with a step size and bandwidth of 1 nm with
ranges from 900 to1,100 nm and 450 to 900 nm. High signal strength
in the 450-900 nm range led to oversaturation of the detector. The
0.3 mMsolution was diluted by 100x to 3 pM and measurementsin the
450-900 nm range were repeated with the same parameters.

Analyte preparation

CV powder was purchased from Sigma-Aldrich. A solution with an
analyte concentration of 0.3 mM was prepared in ethanol. To achieve
uniform distribution and maximize the amount of analyte on the sur-
face for optimal hyper-Ramansignal, 500 pl of the 0.3 mM CVinethanol
solutionwas deposited during a 20 sspinstep at 700 rpm, followed by a
60 sspinstep at1,500 rpm. This spinand deposition cycle was repeated
three times. A Laurell spin coater (WS-650Mz-23NPPB) was used for the
spin-coating process. After the spin steps, the samples were allowed
to dry naturally under atmospheric conditions inside the spin coater
before being removed.

Simulations
Simulations of the nanohelices were performed using finite-difference
time-domain simulationsin ANSYS-Lumerical.

InSupplementary Fig. 1, the finite-difference time-domain simula-
tion region encompassed dimensions of 310 nm in the x axis, 410 nm
in the y axis and 390 nm in the z axis, using perfectly matched layer
boundary conditions. To account for the effects of nearest neighbour
interaction, a pair of nanohelices on aSi/SiO, substrate was simulated,
withaseparation corresponding to the hexagonal array (120 nm). The
nanohelices were generated using Autodesk Inventor, providing a
realistic representation of the structures.

Inthe simulations, a pair of polarized total-field scattered-field
(TFSF) light sources spanning a range from 400 nm to 1.6 pm were
employedinLumerical. Ascattered field analysis group was employed
to observe the scattering cross-section. The TFSF regions, with
dimensions of 270 nm in the x axis, 370 nm in the y axis and 330 nm
in the z axis, were defined with a mesh refinement of 5 nm in each
dimension.

Circular polarization was achieved by superposing the TFSF
regions with perpendicular polarization and a A/4 phase offset. This
phase offset allowed for the simulation of LCP or RCP by shifting the
phase by £90°. By analysing the electric field strength, data were
extracted for the 532 nm and 1,064 nm electromagnetic modes from
the plane bisecting through both nanohelices, specifically the x-zplane
(asshownin Supplementary Fig.1).

Circular hyper-Raman spectroscopy

The modified Renishaw inVia Raman microscope used in this study
has the capability of performing hyper-Raman scattering measure-
ments with circularly polarized light. The incident light source at
1,064 nm was provided by the idler of a Spectra-Physics Inspire opti-
cal parametric oscillator (INSPIRE HF 100) pumped by a femtosecond
Ti:Sapphirelaser (MAITAIHP1040S). The 1,064 nm laser pulse repeti-
tion rate was 80 MHz, with a pulse duration of approximately 180 fs,
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corresponding to a Fourier transform limited spectral bandwidth of
AA=15nm (AK=140 cm™) at1,064 nm.

The bandwidth of a femtosecond pulsed laser system (AK =
140 cm™ at 1,064 nm) is too large to adequately resolve features in
Raman and hyper-Raman spectra, which typically require spectral
resolving power in the region of 10 cm™ to 20 cm™ (refs. 34,65). To
frequency narrow our laser source toalevel suitable for hyper-Raman
spectroscopy, a frequency narrowing system was employed. The fre-
quency narrowing system is illustrated in Supplementary Fig. 3a and
was designed accordingtoref. 66. The size of the setup is determined
by the focal length (f) of the spherical mirror (Auf=750 mm) and the
number of lines permmi in the grating (1,200 lines mm™). The bandwidth
ofthelaser canbe controlled by adjusting the slit width. For this study,
aslitwidth of 2.5 mmwas employed, providing a SEHRS spectral resolv-
ing power of 14.5 cm™, as indicated by the hyper-Rayleigh spectrum of
ZnSe in Supplementary Fig. 3b. A pair of lenses were used to collimate
the beam and optimize the power throughput to the inVia system.
Additionally,a1,064 nmzero-order A/2 plate was positioned before the
4f-line systemto optimize the incident polarization onto the diffraction
grating and enhance the power throughput (Supplementary Fig. 3a).

An Olympus LUMPIlanFL N 60x water immersion objective with a
numerical aperture of 1.0 was employed. A glass cover slip was placed
over the substrate; deionized water served as the immersion medium.
WithintheinViasystem, asecondary beam expander (Fig.2d) provided
control over the laser spot diameter and, thus, the irradiance of the
1,064 nmlight at the sample. A short-pass filter with an -910 nm edge
wavelength was used as a dichroic mirror to direct the 1,064 nm light
onto the sample, while allowing the hyper-Rayleigh and hyper-Raman
light to pass through to the spectrometer. The spectrometer used
a1,024 x 256 pixel charge-coupled device (CCD) detector cooled to
-70 °Cand ablazed 1,800 lines mm™ diffraction grating.

Thelaser spot was deliberately defocused usinglenses (L;and L,)
shown in Fig. 2d to distribute the laser power over alarger area com-
pared to fully focused conditions. This reduction in laser irradiance
helped minimize quenching effects, which can diminish SERS and
SEHRS and ultimately introduce bias in CID measurements. Itis worth
noting that the collection optics were maintained at the image focus of
thesample surface, where detectionis optimized. To estimate the defo-
cused laser diameter for computing the irradiance, the hyper-Rayleigh
intensity was measured while scanning the defocused laser spot (in a
line map) over the sharp edge of al um layer of ZnSe on GaAs sample.
This is illustrated in Supplementary Fig. 3c,d. The estimated laser
spot diameter was found to be 3.3 £ 0.2 pm. The laser power under
the objective was measured to be 1.1+ 0.1 mW using a Thorlabs S175C
Microscope Slide Thermal Power Sensor. The correspondingirradiance
was computed as (13 +2) kW cm ™.

To align and optimize circularly polarized light at the sample
surface, the polarization (polarizer and analyser) optics for SEHRS
were aligned for vertical polarization before mounting the control A/4
waveplate (u-optic, super-achromatic A/4 waveplate; 380-1,100 nm)
tothe motor (Thorlabs Motorized Precision Rotation Mount PRM1Z8).
Azero-order A/4 waveplate (1,064 nm for SEHRS and 532 nm for SERS)
and wire-grid polarizer were placed in tandem above a Si-amplified
photodetector (Thorlabs; PDA100A-EC,340-1,100 nm) at the sample
plane, with the appropriate relative angle to filter out LCP or RCP. By
measuring the time average voltage readout from a Tektronix oscillo-
scope, the angle of the control A/4 waveplate was swept and plotted to
find aminimum in the measured power. By fitting a weighted smoothed
cubicspline through the data, the precise angle of the control A/4 wave-
plate for LCP and RCP at the sample surface could be achieved. Sup-
plementary Fig. 3e, f shows the measured voltage versus the absolute
motor position (of the control A/4 waveplate shown in Fig. 2d) for the
SEHRS setup asan example. The system was checked for measurement
bias between LCP and RCP by measuring the strength of the 520 cm™
Raman phonon of Si (001) (I-point phonon) for SERS and the strength

ofthe hyper-Rayleigh signal from polycrystalline ZnSe for SEHRS. All
optimization data can be found in the University of Bath repository
(see ‘Data availability’ statement).

Due to quenching effects, measurements of CID could not be taken
repetitively from a single location. Therefore, 5 x 6 point maps (grid
size 25 pm x 30 pm, point separation 5 pm) were acquired to measure
the CIDin SEHRS, with a5 sacquisition time per map point. Cosmicray
removal was performed through nearest-neighbour cross-correlation
post processing. The maps were scanned in a checkerboard pattern,
switching the handedness of light when moving to the next map point.
This sequencing allowed for the collection of all circular Raman infor-
mation fromasingle map and helped minimize stochastic effects from
variations in molecule concentration across the surface and changes
in focus (laser and detection optics) on the sample. This approach is
more advanced thanacquiring separate RCP and LCP maps at different
locations, which canlead to stochastic effectsin CID from inconsisten-
ciesin experimental conditions (for example, variations in molecular
concentration and/or surface quality, changes in optical focusing and
soon;seeref. 20). The automation of this process was achieved using
aLabVIEW VI, which controlled the inViaRaman microscope’s acquisi-
tion and stage position while switching the handedness of light with
the Thorlabs motorized mount (1/4 waveplate shown in Fig. 2d). The
samples were measured at rotational orientations between 0°and 360°
in45°intervals, azimuthal axis of rotation. For each orientation, three
checkerboard maps were acquired from different areas on the sample
to avoid quenching effects. These maps were then averaged for each
angle. Each CID spectrum shown in Fig. 3 represents the average of
three checkerboards per orientation. In Fig. 2f, all azimuthal orienta-
tions and checkerboards are averaged.

Supplementary Fig. 3g shows a time history of the power (voltage
fromSi-amplified detector) forthe SEHRS pulsedlaser. The proportional—-
integral-derivative controller clearly results in cyclic power fluctua-
tions, and thus, theintegration time for SEHRS-CID measurements was
always setto 5 s to ensure that, on average over many acquisitions, the
cyclic fluctuation of the laser power did not introduce experimental
uncertainty.

Circular Raman spectroscopy

The modified inViaRaman microscope is also capable of linear Raman
spectroscopy using circularly polarized light. For this purpose, a
continuous-wave narrow-bandwidth 532 nm laser (Cobolt RL532-
08; 50 mW) served as the incident light source. The irradiated light
and back-scattered Raman light were focused and collected using an
N-plan 50x objective with anumerical aperture of 0.75in air. The spec-
trometer slit width was set to 65 um, resulting in aspectral resolution
of 1.6 cm™. The acquisition parameters and checkerboard mapping
approach were identical to those employed for hyper-Raman CID
measurements.

The laser power was attenuated to 0.10 (+0.01) mW under the
objective. Similarly to hyper-Raman measurements, the laser focus
spot diameter onthe sample surface was deliberately increased using
apairof motorized lenses (L, and L,) to mitigate quenching effects. The
spotdiameter was measured to be 4.0 (+0.3) um by scanning the laser
spot over amasked area of a Si wafer (following the procedure outlined
in reference ref. 65). The corresponding irradiance was estimated to
be 795 (¥143) W cm™. Although the continuous-wave laser used for
linear Raman measurements provided stable power (in contrast to
the Inspire laser shown in Supplementary Fig. 3g), the integration
time at each sample point was maintained at 5 s for consistency with
the hyper-Raman measurements.

Data availability

The data that support the findings of this study are openly available
intherepository of the University of Bath at https://doi.org/10.15125/
BATH-01285.
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