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We use vortex photon fields with orbital and spin angular momentum to probe chiral fluctuations within
liquid crystals. In the regime of iridescence with a well-defined pitch length of chirality, we find low energy
Raman scattering that can be decomposed into helical and chiral components depending on the scattering
vector and the topological charge of the incident photon field. Based on the observation of an anomalous
dispersion we attribute quasielastic scattering to a transfer of angular momenta to rotonlike quasiparticles.
The latter are due to a competition of short-range repulsive and long-range dipolar interactions. Our
approach using a transfer of orbital angular momentum opens up an avenue for the advanced
characterization of chiral and optically active devices and materials.
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The competition of long-range dipolar interactions with
short-range repulsion is known to lead to interesting phase
diagrams with a variety of exotic phases and fluctuations.
Examples are found in superfluid helium [1], trapped
dipolar Bose-Einstein condensates (BECs) [2,3], exciton
states of 2D semiconductors, and micromechanical net-
works with further distance force elements [4]. Also
phonons of chiral semimetals and layered micropolar
compounds are discussed in this context [5-7]. Here, we
highlight inelastic light scattering using Laguerre Gaussian
(LG) laser beams with the helical phase front of the photon
field. Using such structured light, it seems feasible to gain
novel insight into chiral fluctuations. We propose chiral
liquid crystals (LCs) to realize a model and tabletop system
for the study of exotic phases. LCs have large and
anisotropic optical polarizabilities that are advantageous
for optical probes. The observed smectic and chiral phases
that can be tuned by temperature in a convenient regime,
offer pronounced fluctuations that originate from the inter-
play of short-range repulsion with long-range dipolar
interactions.

In this Letter, we analyze the phase front of scattered
Raman photons and discriminate the transfer of orbital
angular momentum (OAM) versus spin angular momentum
(SAM) to the chiral phase of LCs. Interestingly, we observe
two different signals with different linewidth and energy.
For a small momentum transfer there exist finite-energy
Lorentzian fluctuations with a dominantly helical polari-
zation (SAM). With larger momentum transfer, we observe
low-energy Gaussian fluctuations with chiral polarization
(OAM). This constitutes a previously unobserved
dichotomy in Raman scattering (RS). We attribute the
anomalous low energy modes to chiral, rotonlike quasi-
particles, in analogy to superfluid helium.
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LG modes with OAM and SAM components of the
vortex beam are often referred to as structured or twisted
light. This is due to their helical phase front along the
direction of propagation. OAM photon fields are beneficial
for quantum information transfer, optical tweezers, super-
resolution microscopy, and enhanced sensing of molecular
optical activity [8,9]. The discussion of light matter
interaction and OAM-based optical activity remains con-
troversial since positive [10—-12] as well as negative results
[13] exist. However, it is confirmed and widely accepted
that the phase of LG modes does not couple to dipole
matrix elements in the paraxial regime [14,15]. More
recently, higher order effects, resonances, and focussing-
induced spin-orbit coupling have been discussed [16,17].

LG laser beams are paraxial solutions of a wave equation
and consist of both spin (helicity, SAM) and orbital
(chirality, OAM) components. We have prepared such
combined chiral and helical photon fields with SAM and
OAM of different topological charge £ = £1, +2,+3, +4
by transmission of left-handed (LH) and right-handed (RH)
circular polarized light (CPL) through corresponding vor-
tex phase retarders (Thorlabs). Despite a normalizing
factor, the operator mode expansion for the transverse
electric displacement field for a LG beam is given by [18]
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The Hermitian conjugate is H.c., é° the electric polarization
unit vector, ay . (kz) the annihilation operator, and
fi¢.p(r) the radial distribution function. e/***“%) is the
azimuthal dependent phase factor accountable for the OAM

with the topological charge .
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We use the well established, left-handed LC cholesteryl
nonanoate, (C35Hg,O,) (Sigma-Aldrich), as a model sys-
tem. Its chiral nematic phase can be rationalized as a chiral,
photonic crystal with anomalous real and imaginary part of
the dielectric constant. We thereby achieve a localization of
light, similar to a metamaterial. The building block of this
functionality is the highly polarizable, anisotropic molecule
that tends to spiral due to the competition of shape, van der
Waals, and dipole-dipole interactions. Previous studies
have shown that LCs have exceptional, nonlinear optical
properties [19] allowing the realization of numerous
photonic devices [20], including lasers with topological
effects [21]. Therefore, they are also candidate materials for
a search of OAM light matter coupling.

Our sample is placed in a rectangular, optical cuvette
(10 mm, Hellma Analytics) mounted on a thermoelectric
Peltier cooler and heater (Belektronig BTC-LAB-A2000).
The optical setup allows experiments in backscattering and
transmission geometry with the same sampling optics
(aperture). The latter defines the scattering vectors of the
experiments.

Previous circular dichroism experiments on LCs have
shown that a possible effect of OAM must be very
small [13,14]. Therefore, we probe the ratio of RS with
opposite helicities (I} y/Iry) or opposite chiralities (+£)
(Iy—1/1,—_,). This approach is known from Raman optical
activity (ROA). It allows us to discriminate effects due to a
transfer of SAM or OAM, respectively [22]. Contributions
independent of angular momentum cancel out. We refer to
Ref. [23] for more general RS experiments. All back-
scattering RS experiments use a focused laser beam with
Aexe = 532.1 nm excitation wavelength, P.,. = 4-15 mW
and an angle of incidence of 20° with respect to the normal
of the sample-cuvette interface. This reduces elastic scat-
tering. In transmission RS we use a corresponding angle
of 7°.

We determine the temperature and frequency interval of
iridescence in the chiral nematic phase using spectroscopi-
cally resolved reflectivity measurements (Hamamatsu,
minispectrometer). The intensity difference Iy — Iry,
using a RH and LH CPL in Fig. 1(a) shows a sharp
intensity maximum in the temperature range between 81 °C
and 88 °C (see inset) with a linewidth of 30 nm FWHM.
The maximum energy shifts towards shorter wavelength
with increasing temperature. This reflects the temperature
dependent pitch length, [(T) of the chiral liquid.
Furthermore, we find that the chiral LC is predominantly
a LH reflector and the RH component giving a background
signal. This maximum in the regime of iridescence is a
significant fingerprint of resonant light matter interactions.
We find that the peak position of the maximum wavelength
also depends on the incident angle of the light with respect
to sample normal. With larger angles the maximum
decreases in wavelength. Light diffracted into the liquid
probes the respective projection of the pitch length with
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FIG. 1. (a) Spectroscopically resolved reflectivity /1y — Ixy for

different temperatures. The inset (squares) shows the intensity of
a maximum fitted by a Gaussian. (b) Differential scanning
calorimetry (DSC). The box corresponds to the regime of our
OAM RS experiments. (c) X-ray diffraction graph taken at room
temperature after multiple thermal cycling.

respect to the k vector of light. This implies the need of a
well-defined aperture of the sampling optics as it defines
the range of scattering vectors and pitch lengths that is
integrated on.

Figure 1(b) depicts differential scanning calorimetry
(DSC-3, Mettler-Toledo) to determine the thermodynamic
phase diagram using a cooling rate of 20 K/ min. A box in
the figure shows the temperature regime of iridescence and
our RS experiments, described below. Thereby, we ensure
that the observed effects are not due to the phase transitions.
Room temperature powder x-ray diffraction (STADI-P,
STOE & Cie) data were collected after multiple thermal
cycling to verify the phase stability of the samples
[Fig. 1(c)].

In Fig. 2(a) divided RS intensities, I,_,/I,__,, are
shown as a function of temperature. They are consecutively
shifted for convenience. We observe no effect for
large Raman shifts and the spectral division results in
unity, i.e., spectra of different OAM are identical. At low
frequencies (< 150 cm™!), however, a Gaussian linewidth
scattering surplus emerges within the temperature interval

207801-2



PHYSICAL REVIEW LETTERS 129, 207801 (2022)

T\ ~ 83 °C—87°C. The quite small temperature window of
observation points to an underlying resonance effect. The
later is very probably related to the maximum in reflec-
tivity, [see Fig. 1(a)], that exists as a function of temperature
and wavelength due to the T dependence of [(T). We
observe no vibrational modes in [I,_,/I,__,. This is
rationalized by a negligible spin-orbit interaction in these
light element systems.

There remain two important questions: (1) What is the
role of the total angular momentum of light, i.e., can we
differentiate the helicity vs chirality of the chiral phase of
LC? (2) Is there a dependence on the scattering vector of
the experiments? In other words, is there a dispersion of the
observed RS that could be interpreted as a quasiparticle?
The first question is particularly relevant as structured light
(Z # 0) contains helicity (SAM) as well as chirality (OAM)
of the involved photons. In the generation of a finite OAM,
circular polarized light (LH or RH) is transmitted through a
wave plate, leading to a reversal of handedness together
with the generation of OAM of the photon field.

In Fig. 2(b) we compare data with SAM (RH and LH)
only and SAM combined with OAM of varying magnitude
(¢ = +1,£2,4£3, +4) at the temperature of highest selec-
tive reflectivity, 7, = 84 °C. All polarizations show a low
energy surplus scattering (QES) with a 150 cm™' line-
width. Nevertheless, its intensity is largest for £ = +2/ — 2
and smallest for £ = +4/ — 4, see Fig. 2(c). The intensity
of purely helical polarization (Z = 0) is a factor 0.7 smaller
than £ = +2/ —2. We notice that for £ =42/ —2 the
phase factor ¢“? of the Laguerre Gaussian [see Eq. (1)]
leads to an additional resonance with the pitch length. As a
consequence the scattering intensity shows a maximum.

In the following we compare transmission RS data with
the previous backscattering data searching for possible
dispersion effects. Transmission RS has a vanishing scat-
tering vector, Ak = 0, while backscattering involves poten-
tially large scattering vectors, Ak = k; — k; = 2k;, due to
the reversed k vector. Furthermore, we consider that in the
regime of iridescence the wavelength of incident photons is
identical with I(T = Ts) of chirality, the latter giving a
chiral Brillouin zone of Ak = 27/I(T). Also in this sense
the scattering vector of the backscattering experiment
is large.

In Fig. 3(a) we find that transmission data show a finite
energy maximum, E e ~ 150 cm™'. With a line shape
close to a Lorentzian, this signal resembles a broadened
phonon or phonon density of states. This phenomenology
is actually completely different from the previous back-
scattering data showing a broad, Gaussian distribution of
very small energies. In Fig. 3(b) we study the integrated
intensity of the above maxima (blue open squares) as a
function of SAM and OAM. It shows a maximum for £ = 0
and a minimum for £ = +2/ — 2. Thereby, it is opposite
to the one of backscattering data, Fig. 2(c). Finally,
Fig. 3(b) (open triangles) shows the transmitted power at
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FIG. 2. (a) Divided OAM Raman spectra with £ = +2/ — 2 as
a function of temperature, shifted for convenience. (b) Divided
OAM Raman spectra comparing helical polarization (RH/LH)
only and different OAM states at 7, = 84 °C. Full lines show fits
using a Gaussian centered at E ~ 0 cm™!. (c) Integrated Gaussian
intensity (blue circles) and FWHM linewidth (green diamonds) of
(b). OAM = 0 corresponds to helical only, RH/LH, polariza-
tions.

A=532nm at T = T,. We observe a larger transmission
for all RH compared to LH helicities. This is a nice and
independent proof of iridescence being based on helicity
and its transformation as an axial vector. Therefore,
replacing backscattering by transmission reverses the effect
on the measured intensities.

To rationalize these data, we will now discuss qualita-
tively the acoustic dispersion of a system with long-
range dipolar interactions, see Fig. 3(c). Switching on
the interactions, the conventional linear branch at small
momenta crosses over to a maximum and softens to a
minimum. Excitations close by are called rotons and the
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FIG. 3. (a) Comparison of transmission RS (upper curves),
backscattering RS (lower curves) with two polarizations, and fits
to finite-energy Lorentzian and quasielastic, Gaussian functions,
respectively. (b) Transmitted power measurements as a function
of light polarization at 7y = 84 °C. (c) Sketch of an acoustic
dispersion branch, T-dependent roton minima, and suggested RS
signals, see text. The dashed arrows correspond to the softening
of the acoustic dispersion branch due to the roton instability at
certain momenta with different temperatures.

system reaches a roton instability if the minimum touches
E = 0. The term roton has shown remarkable develop-
ment from a nonlocal measure of vorticity, an incipient
crystallization [24,25], to a chirality-induced cross corre-
lation of lattice to electronic degrees of freedom [6]. The
roton minimum can be understood as a fingerprint of
complexity related to the nonlocal pair potential and
induced nonintegrability.

For a chiral liquid we expect a minimum at a character-
istic k(T) = n/I(T). k, will shift with increasing temper-
atures to larger momenta, as derived from Fig. 1(a). Such a

dependence also implies that thermal fluctuations are
correlated with helical fluctuations. This constitutes a novel
contribution to light matter coupling via the strongly
nonlinear electronic polarizability of their molecular com-
ponents. As mentioned before, k, also defines the boarder
of the chiral Brillouin zone and it is locked to the RS
scattering vector Ak. Therefore, we expect that iridescence
leads to a down-folding of the quasiparticle dispersions to
the Brillouin zone center, an important aspect for optical
experiments.

In Fig. 3(c) we sketch the resulting Raman signals at
k~0, i.e., shaded Lorentzian and Gaussians located at
different energies. A broader, finite energy maximum will
result from multiparticle RS due to the large density of
states at the dispersion maxima. This RS follows from the
fluctuation-dissipation theorem and is based on a conven-
tional density-density correlation function. Therefore, we
expect as a linewidth a Lorentzian or related superpositions.
Presently the exact location of this signal with respect to the
dispersion maximum is unknown and could be around 1 to
2E,.x- This is due to multiparticle interaction effects that
are themselves relevant due to long-range dipolar inter-
actions. More importantly, there exist no arguments to
expect a transfer of OAM during such a scattering process.

Finally, we suggest quasielastic RS due to down-folding
and strong fluctuations from k; = z/I(T). As mentioned
before, this signal is related to the locking of thermal to
phase fluctuations of the LCs that also involve OAM. We
assign a Gaussian linewidth to this process as it results from
a relaxation of nonequilibrium states and decay of topo-
logical defects. Such a linewidth is typical for solutions of a
Fokker-Planck equation [26]. Microscopic light matter
coupling of OAM to such processes is far from trivial as
the LG phase front in the paraxial regime does not couple to
dipolar processes [13,14]. However, there exist several
loopholes to allow a considerable coupling in higher order,
e.g., quadrupolar electric matrix elements, electronic res-
onances, as well as strong focusing of the LG wavefront
[17,22,27]. These effects could then be coined as optical
spin-orbit coupling [28]. Please notice that inelastically
induced spin-orbit coupling is a well established technique
in trapped ion, optical lattice clocks [29,30], and very
recently in functionalized Fabry-Perot cavities [31]. While
strong focusing can be disregarded for our experiment,
higher than dipolar order matrix elements and electronic
resonances are definitely relevant for OAM Raman scatter-
ing [32]. Concerning topological defects, our data is still
rather unspecific. So we refrain here from further discus-
sions [21,33-35].

It is noteworthy that spectral intensities /1, presented
in Fig. 3(a) always exhibit positive effects for different
OAM and scattering vectors. This is completely different
from ROA [36] where phonon maxima of both signs are
observed due to interference effects. Hence, we attribute the
former case to a selection rule that allows transitions from

207801-4



PHYSICAL REVIEW LETTERS 129, 207801 (2022)

the left-handed, chiral ground state of the LC to states with
an altered angular momentum.

Summarizing our results, we discriminate helical versus
the more common chiral components of a chiral light
scattering process. For this instance we used vortex photon
fields with a helical phase front and different topological
charge that are scattered off chiral LCs. The components
show up as a finite-energy, more conventional signal as
well as a quasielastic one, with a strong helical contribu-
tion. We emphasize that the polarization of the latter points
to a transfer of OAM during the scattering process. Both
signals are limited to the parameter range of iridescence
within the chiral phase, allowing a certain locking of the
scattering vector and the chiral pitch length. The locking
leads to a resonantlike optical spin orbit coupling. In our
approach it seems critical that we used a Raman optical
activity like the methodology comparing divided spectra of
different OAM/SAM. This leads to an enhanced sensitivity
and a cancellation of conventional vibrational modes
and background signals. In a broader context, such in-
depth work using vortex or structured light is of utmost
relevance and linked to current advances in applications
ranging from nanophotonics, imaging, metrology, to quan-
tum communication.
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1952/2, Metrology for Complex Nanosystems—NanoMet,
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