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Abstract

Chirality is inherent to a broad range of systems, including in solid-state and wave
physics. The precession (chiral motion) of the magnetic moments in magnetic mate-
rials, forming spin waves, has various properties and many applications in magnetism
and spintronics. We show that an optical analog of spin waves can be generated in
arrays of plasmonic nanohelices. Such optical waves arise from the interaction between
twisted helix eigenmodes carrying spin and orbital angular momenta. We demonstrate
that these optical spin waves are reflected at the interface between successive domains
of enantiomeric nanohelices, forming a heterochiral lattice, regardless of the wave prop-
agation direction within the lattice. Optical spin waves may be applied in techniques

involving photon spin, ranging from data processing and storage to quantum optics.
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Chirality is a universal symmetry property of matter and waves that is important in
biology,! medicine,? physics,®* and materials science.® In optics, chiral effects usually involve
chiral light, characterized by helical waves carrying angular momentum.®*? The helical phase
structure or field pattern rotation produces orbital angular momentum (OAM), while the
rotation of the light polarization vector introduces spin angular momentum (SAM).'

Analogies between electron and optical spin effects have recently led to the investigation
of novel chiral states of light, such as photonic skyrmions.'>!¢ Similar to their magnetic
skyrmion counterparts, these spin-optical textures are topologically protected against exter-
nal perturbations.

A wave-type manifestation of the electron spin arises with spin waves, which originate
from spin precession in magnetic materials. These collective excitations in magnetically or-
dered media, quantized as magnons, result from the mutual coupling between precessing
magnetic moments.!'” Spin waves propagate irrespective of the prevailing orientation of the
magnetic moments and can be reflected at the boundary between ferromagnets with oppo-
site magnetizations (i.e., developing magnetization precessions of opposite handedness). 82
Similar to light, spin waves show polarization degree of freedom, which is locked to the
circular eigenstate in ferromagnets, enabling magnetization precession with only one hand-
edness. 2%

In this study, we show that an optical analog of spin waves in ferromagnets can be
generated within a one-dimensional array of gold-coated carbon helices. These optical waves,
which arise from near-field coupling between adjacent homochiral helices, possess an intrinsic
angular momentum locked to the handedness of the nanostructures. These optical spin
waves propagate irrespective of the helix direction and can be reflected at the interface
between two domains of enantiomeric nanohelices, forming a heterochiral array, regardless
of their propagation direction. The investigation of these optical spin waves may inspire new

research on the manipulation of light, with direct applications in classical and quantum data

processing and telecommunications. From a quantum perspective, an elementary optical



spin wave excitation can be viewed as an optical magnon, a quasiparticle transported in a
lattice of chiral nanostructures carrying twisted eigenmodes.

In the traveling wave regime,?* a metallic helical nanoantenna operates as a chiral waveg-
uide that propagates optical modes similar to spoof surface plasmons. 27
The plasmonic helix being periodic along its axis, the field components of the travelling

waves can be expressed with the elementary wave function:?®

W(r, b, 2) ZF r) exp [i(£m)¢] exp{ (k + %m) z} , (1)

where k, is the Bloch wave vector, (r, ¢) are polar coordinates and (0z) matches the helix
axis. The radial function F,,(r) can be viewed as a solution of the Bessel equation of order
m.

The phase term exp [i(£m)¢] of Eq.1 is that of vortex modes described by the topological
charge m that governs the phase increment of the waves around the helix axis (i.e., the center
of the vortex).? The ”+” and ”-” signs in front of the topological charge m applies for the
right and left-handed helices, respectively. Therefore, right- and left-handed helices produce
vortex eigenmodes with opposite helical wavefronts (i.e., carrying opposite intrinsic OAM).

The dispersion relations of the helix’s eigenmodes are shown in Fig. 1(a) for a gold helix
consisting of a wire diameter of 155 nm, a pitch length of 415 nm and an outer diameter of
505 nm. The calculation is detailed in the Supporting Information, Section S1. The m =0
mode (cf. green curves) does not carry OAM. This mode is characterized by maximum
electric and magnetic fields along the helix axis. As p/A approaches zero, this mode leads to
a chiral dipole. The other modes of the plasmonic helix are vortices with topological charge
m equal to £1 and £2. According to Eq. 1, the periodicity of the helix along (0z) induces
mode degeneracy at the boundaries of the Brillouin zone.?® This enables the existence of
vortex travelling waves showing negative refractive indices. The plasmonic vortex modes of
negative effective index are spectrally located in the regions highlighted in gray in Fig. 1(a).

At A = 1570 nm, the helix has a plasmon-like guided mode and a leaky mode that show



positive and negative effective refractive indices, respectively (see Fig. 1(a) and (b)). Note
that the left-handed leaky mode is responsible for the field decay at the input end of low
frequency helical antennas operating in the travelling wave regime. 2

Owing to spin-orbit interaction,'* these vortex modes have longitudinal SAM aligned
with the helix axis. The direction of this longitudinal SAM is determined by the handedness
of the nanostructure and is either parallel or antiparallel to the propagation direction. In
addition to the longitudinal SAM, the evanescent component of the helix eigenmodes gener-
ates transverse SAM oriented perpendicular to the mode wavevector. The interplay between
these two components results in three-dimensional spin texture similar to that observed in
optical Bloch-type skyrmion-like structures.® This spin distribution can be anticipated with
the SAM density, which is defined as:

1

s = 2—Im [eoE* X E + puoH* x Hj (2)
w

where E and H are the electric and magnetic fields, w is the angular frequency, and ey and
o are the permittivity and permeability, respectively.3%3! The SAM density can also be

written as:

s = %0' (3)

where w = 3e0|E[* + $u0/H|? is the energy density and o is the local polarization helicity
vector. The vector components of o define the local helicity of the wave along the three
spatial directions. The amplitudes of o and its components are between 0 and 1 and -
1 and 1, respectively. The values £1 correspond to the circular polarization eigenstates.
The SAM carried by the optical waves propagating along the helix is defined as S(z) =
[[ s(z,y, z)dzdy, where (0,z,y) represents planes perpendicular to the helix axis (0z).
Figure 1(b-e) depict the spin texture of the helix’s guided mode. Figure 1(f) shows that

the travelling waves possess a total SAM that aligns with their propagation direction. The



orientation of this total SAM, either parallel or antiparallel to the wavevector of the guided
mode, is defined by the handedness of the helix. Within the first turns of the helix, the total
polarization helicity ¥ = ‘ [[ o(z,vy, z)duly‘ of the travelling waves gradually increases up
to 0.75 as the negatively refracted leaky mode decays within the structure (after a few turns,
the helix becomes a monomode chiral waveguide).

When many such helices are arranged in a one-dimensional array with a spacing that is
smaller than the wavelength (see Fig. S1 of the Supporting Information), the excited spoof
surface plasmons are waves that propagate across the entire structure, as numerically antic-
ipated in Figure. 2(a). In addition to energy transport along helix axes, a coherent transfer
of excitation from nanohelix to nanohelix occurs by means of interactions between helix’s
guided modes. Arrays of closely spaced metal nanoparticles have already demonstrated co-
herent energy transport via interparticle optical coupling.3?3* Near field coupling between
subwavelength waveguides is also known to provide metamaterials where optical waves freely
propagate.®® We can therefore generate bidimensional optical waves that possess an angular
momentum solely defined by the intrinsic chiral properties of the support material. The
dispersion relation, propagation direction and helicity of optical spin waves are dependent
on the geometrical parameters of the helix array, including the pitch length of the helices
and the inter-helix spacing (see Fig. S2 in the Supporting Information).

The two key elements underlying such optical waves are the twisted eigenmodes of a helix
and the near-field interaction between coupled helices. These two ingredients can be viewed
as optical analogs of the precession of magnetization in the presence of an external magnetic
field and the dipole-exchange interaction between atoms in a magnetic lattice,!” respectively.
In both regimes, the local spin effects are determined by the intrinsic chiral properties of
matter, in terms of geometrical chirality for optical spin waves and gyromagnetic properties
for magnetic spin waves.

The elliptic distribution of effective refractive index across the helix array (Fig. 2(b)) and

the walk-off angle between the Poynting vector and wavevector (Fig. 2(c)) reveal the optical



anisotropy of the helix structure. This anisotropy stems from the distinct phase velocities of
the two orthogonal propagation axes of the lattice. The slightly asymmetric distribution of
the optical waves propagating to either side of the excitation dipole is due to an asymmetric
local energy coupling from the point-like source to the first helix.

In analogy to magnetic spin waves, optical spin waves are reflected at the interface sepa-
rating two domains of enantiomeric helices (see Fig. 3). On either side of the interface, the
eigenmodes of the helices forming optical spin waves show orthogonal right or left circular
polarizations (right and left-handed angular momenta), respectively. The blocking of the op-
tical spin waves in the heterochiral lattice (see Figs. 3 (a) and (b)) is thus solely attributed to
the angular momentum reversal at the boundary (see Supporting Information, section S2).
The optical field at the right side of the interface (Fig. 3 (b)) results from the interference
between the incident and reflected optical spin waves, with part of the incident waves leaving
the structure without interacting with the interface. The transmitted and reflected optical
spin waves leaving the interface propagate at similar tilt angles from the interface (Fig. 3
(c)). The chirality-induced transmittance of the guided optical spin wave at the boundary
between the enantiomeric domains is calculated to be below 3.1 %.

A bidimensional helix array under normal incidence of light is known to selectively block
one of the two circular polarizations (one of the two available spin states of the incident
waves).?0 However, this spin-dependent reflection is lessened at oblique incidence, where
the intrinsic SAM of the impinging wave is tilted with respect to the helix axes (see Fig.
S6 in the Supporting Information). Angular dependence is largely eliminated when using
optical spin waves. For the conditions of Fig. 3(b), transmittance across the heterochiral
array of helices remains below 3 % for a range of tilted waves whose incidence angles span
from 39° to 65°. Similar spin-dependent reflection has been anticipated for spin waves at
the interface between antiferromagnetically coupled ferromagnets separated by ultranarrow
domain walls. 1#20

To test experimentally our concept of an optical spin wave, we studied energy transport



within fabricated chains of helical nanoantennas (see Section S3 in the Supporting Informa-
tion). Each of the ten elements constituting a chain consists of a six-turn gold-coated carbon
helix lying on 100 nm cylindrical pedestals. The resulting helical nanoantennas were spaced
50 nm apart within the 1D lattices. Five chains of closely spaced nano-helices were realized.
The first chain consists exclusively of left-handed helical nanoantennas. The four last arrays
show two successive domains of enantiomeric helices forming a heterochiral chain, with the
first domain being constituted of left-handed helices. In these four last arrays, the number
of left-handed helices forming the first domain varies from one to four. To probe energy
transport within these fabricated chains of helices, a local excitation at one extremity of the
chain is realized with a rectangle nano-aperture right at the pedestal of the rightmost he-
lix. Upon illumination from the substrate, the rectangle aperture acts as a background-free
local excitation source for a helix array. Fig. 4 shows scanning electron micrographs of the
fabricated helix structures. These images evidence helical antennas with fairly small surface
roughness and minor geometrical discrepancies.

Figure 5 compares measured and calculated far-field patterns for an illumination from
the substrate with a linearly polarized light at a wavelength of 1570 nm. Since the optical
waves leaving the chain hardly deviate from the optical spin waves (see Fig.3(a)), a far-field
pattern gives direct insight into the energy transport within a structure. We measured the
far-field angular diffraction pattern by imaging the helix chain with a specific optical bench
that projects onto an infrared camera the Fourier plane (i.e., the back focal plane) of a
microscope objective focused onto the sample (see Section S3 the Supporting Information).
The camera data are then converted into angular emission distributions.?®

The measured far-field patterns in Fig. 5(a) reveal the theoretically anticipated chirality-
dependent blocking of optical spin waves. When all the helices have the same handedness,
the optical spin waves are transmitted through the structure (first column of Fig. 5). With
a local excitation from the right side, the emanating light waves are tilted on the left side,

thus confirming that optical spin waves travel from the right to the left within the helix



array. When the second and the subsequent helices are inverted (fifth column of Fig. 5),
spin waves undergo back reflection as the released optical waves are mainly tilted on the
right side, with a tilt angle opposite to that of the transmitted waves within the homochiral
array (first column of Fig. 5). Considering the limited length of the fabricated helices, this
extreme configuration guarantees that the entirety of the guided waves interacts with the
heterochiral interface. When the first inverted helix is moved away from the third to the
fifth position within the chain, part of the OSW leave the array without interacting with the
inverted domain. In these intermediate configurations, the optical waves emanating from
the helix array are beamed towards various directions comprised between those of the two
extreme configurations above-described (see the second to the fourth column of Fig. 5(a)).
The numerical predictions shown in Fig. 5(b) agree well with the experimental findings. A
comparative analysis with calculations of a tilted Gaussian wave reflected by a gold mirror
indicates that a heterochiral interface acts as a reflector of optical spin waves (Fig. 5(c)).
Details of the calculation model are available in the Fig. S7 of the Supporting Information.

We show that mono-dimensional arrays of coupled plasmonic nanohelices lead to elec-
tromagnetic energy transport under the form of optical waves whose angular momentum
is locked to the helix handedness. The present light waves possess a SAM determined by
the chiral properties of matter via a photonic spin-orbit interaction. Such optical waves
share similarities with spin waves associated with collective excitations of electron spin in
ferromagnets and can be considered as their photonic analogue. Quantization of OSW may
lead to the concept of optical magnons, a collective excitation of chiral/twisted plasmon
nanoparticles.

The ability of helical antennas to produce OSW at any frequency from visible light down
to microwaves and to control at will the frequency of these traveling waves irrespective
of the material permittivity opens opportunities in the generation of new optical effects,
optical circuits and functionalities over a broad spectral range for information processing

and transfer as well as molecular sensing. Moreover, other forms of OSW may exist within



lattices of a variety of chiral particles, further expanding the scope of exploration within this
field. Note that OSW could also be produced with an electron beam.?’

The ability of OSW to be guided in a chain of subwavelength chiral structures and to be
reflected at the interface between enantiomeric elements holds promise for angular momen-
tum transfer and manipulation in compact integrated platforms. Spin-optical functionalities
may arise from the combination of diverse operations on OSW including waveguiding, focus-
ing, interference, steering and modulation, within metamaterials and metasurfaces possibly

merging positive and negative refractive indices.
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Figure 1: Guided and leaky modes within a plasmonic nanohelix. (a) Left: Calcu-
lated dispersion relation of the helix eigenmodes (real part of the effective wavelength versus
the vacuum wavelength). The regions in gray denote the spectral domains in which one of
the guided modes have a negative effective index. Right: Calculated cross-section of the
amplitude of the optical electric field along a 10-turn helix excited with a dipolar source at
A=1570 nm (the dipole is oriented along (0x)). The guided and leaky modes of the structure
are identified with the letters “B” and “A”, respectively, in the field distribution and the
dispersion curves. (b) Calculated amplitude of the optical electric field in the transverse
cross-section of the helix indicated by the dashed line in the bottom panel of (f). (c)-(e):
Calculated local polarization helicity factors along (0x), (Oy) and (0z) within the same trans-
verse plane (0,, 0, and o, respectively). The guided spoof surface plasmons show a 3D spin
texture approaching that of a Bloch skyrmion.!® The local polarization helicity, described
by Eq. 3, obtains its maximum value along the helix axis, with the value approaching 1. (f)
Bottom: calculated field amplitude along a 10-turn helix when it is excited with a x-polarized
dipole positioned at its left end (see inset of the top figure). Top: Normalized projection
of the total SAM S,/|S| and helicity of the twisted waves along the helix axis (X). Inset:
schematic of the simulation setup where the red dot symbolizes the x-polarized dipole in
contact to the structure, and the arrow indicates the propagation direction of the guided
waves.
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Figure 2: Calculated optical spin wave in a chain of homochiral helices. A chain
comprising seventeen 15-pitch helices is excited with a dipole source positioned at the lower
end of the 9th nanostructure. The dipole is oriented along (0y). Note that OSW can also be
excited with y- and z-polarized dipoles. (a) Real part of the electric field component along
(0x). Paired with the chosen dipole for exciting OSW, this field component provides an
optimal view of the wavefronts. Scale bar: 1.5um. (b) Angular distribution of the effective
refractive index of the spin wave with the helix array. The center of the diagram coincides
with the dipole position in the (0xz)-plane. The dashed lines, tilted at £51.1° (also visible in
(a)), evidence the guided-to-leaky wave transition of the optical spin waves. (¢) Dynamical
properties of the optical spin wave averaged within the region delimited by dashed lines.
These lines are spaced by one period of the helix along (0z). Top: average helicity factor of
the optical spin waves at each helix. Bottom: tilt angle of the average SAM, wavevector and
Poynting vector for each helix.
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Figure 3: Reflection of a spin-wave at the interface between two homochiral helix chains of
opposite handedness. (a) Real part of the x-component of the electric field in a homochiral
array of fifteen 19-pitch helices. A schematic of the helix chain along with the dipole source
is depicted in Fig. S1 of the Supporting Information. The array is excited with a y-polarized
dipole source positioned at the bottom end of the rightmost helix (A = 1.55um). (b) The
handedness of the last height helices is inverted, leading to a couple of helix arrays of opposite
handedness. In (a) and (b), the homochiral helix arrays are delimited with dashed lines. The
helix handedness in each domain is represented with an arrow. (c¢) Transmitted and reflected
optical spin waves on either side of the interface. The transmitted waves on the left side of
the boundary correspond to raw data from simulations (see (b)), while the reflected field on
the right side is obtained by subtracting the fields calculated within the homochiral array
(cf. (a)) from the field calculated within the heterochiral array (cf. (b)).
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Figure 4: Scanning electron microscopy images (oblique view) of helix arrays
sustaining optical spin waves. FEach sample consists of ten 6-turn gold-coated carbon
helices fabricated on a 100-nm thick gold layer deposited atop a 1-mm-thick glass substrate.
The helices are spaced 50 nm apart. The structures are locally excited with a rectangle
nanoaperture engraved right at the pedestal of the rightmost helix. Upon back illumination
from the substrate, the nanoaperture non-radiatively couples light to the helix chain as a
dipole oriented parallel to the chain.?” (a) Homochiral chain of left-handed helices. (b)-
(e) Four heterochiral chains constituted of two domains of enantiomeric helices: the first
domain in contact to the rectangle nano-aperture varies from one to four left-handed helices,
respectively.
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Figure 5: Far-field measurement of optical spin waves. Normalized experimental
diffraction patterns (row (a)) and numerically anticipated theoretical patterns (row (b)) for
the five configurations of the helix arrays shown in Fig. 4. Each column of Fig. 5 corresponds
to the distribution of helices depicted above each pattern of row (a). Letters R and L denote
the right and left-handed helices while green arrows indicate a local dipole excitation of the
chiral chains on their right edge. Crosscuts through the far-field patterns of rows (a) and (b)
along the direction of the helix chains are plotted in row (c) for each helix array. Theoretical
and measured diffraction profiles are plotted in blue and red, respectively. These zenithal
angular plots are compared to those calculated from a simplified model, wherein the optical
spin wave and the heterojunction are represented with a tilted gaussian beam and a gold
mirror, respectively (green profiles; see Fig. S7 of the Supporting Information).

18



Optical

IHeeiiEie spin waves

spin waves

S A o NG,

Gyromagnetic chirality Geometrical chirality

Figure 6: For TOC only

19



