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Manipulation of Scattering Spectra with Topology of Light

and Matter
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Structured lights, including beams carrying spin and orbital angular
momenta, radially and azimuthally polarized vector beams, as well as
spatiotemporal optical vortices, have attracted significant interest due to their
unique amplitude, phase front, polarization, and temporal structures,
enabling a variety of applications in optical and quantum communications,
micromanipulation, and super-resolution imaging. In parallel, structured
optical materials, metamaterials, and metasurfaces consisting of engineered
unit cells—meta-atoms, opened new avenues for manipulating the flow of
light and optical sensing. While several studies explored structured light
effects on the individual meta-atoms, their shapes are largely limited to
simple spherical geometries. However, the synergy of the structured light and
complex-shaped meta-atoms has not been fully explored. In this paper, the
role of the helical wavefront of Laguerre-Gaussian beams in the excitation and
suppression of higher-order resonant modes inside all-dielectric meta-atoms
of various shapes, aspect ratios, and orientations, is demonstrated and the
excitation of various multipolar moments that are not accessible via
unstructured light illumination is predicted. The presented study elucidates
the role of the complex phase distribution of the incident light in
shape-dependent resonant scattering, which is of utmost importance in a
wide spectrum of applications ranging from remote sensing to spectroscopy.

on the collective excitation of electro-
magnetic waves and electrons at metal-
lic interfaces,!*5! high refractive index
engineered dielectric nanoparticles, or
meta-atoms, have been shown to pro-
vide an alternative route to manipulate
light through the excitation of different
cavities, or Mie resonances, which de-
pend on both the material and topol-
ogy of the meta-atoms.I*1% In particu-
lar, these types of resonances become
prominent when the meta-atom is either
made of a high refractive index mate-
rial or its size is comparable to the free
space wavelength of light.>] Recently, a
variety of high-index materials including
germanium,!7! gallium nitride 223
silicon,2#26] and titanium dioxidel?’-2%]
has been used to explore various radiat-
ing and non-radiating states within meta-
atoms consisting of a single or a clus-
ter of subwavelength particles of differ-
ent geometries and configurations, such
as trimer, quadrumer, and hexamer.30-32]

1. Introduction

A century after the pioneering work of Gustav Mie, exploring
various scattering phenomena in micro- and nanoparticles with
both single and cluster configuration is still an active field of re-
search and has enabled several promising applications ranging
from biological agent detection to the enhancement of nonlin-
ear interactions.['*] While early studies were primarily focused
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In addition to the studies of resonant ex-
citations of individual meta-atoms, two-
dimensional periodic arrangements of
these subwavelength particles, called metasurfaces, have been
also shown to facilitate many exotic phenomena and ap-
plications, including beam steering,***) actively controlled
scattering patterns,338] holography,[***!l nonlinear harmonic
generation,*>*1 Kerker, anti-Kerker, and transverse Kerker
effects.[1048] Moreover, an immense effort has also been put
into understanding the underlying physical mechanism of Mie
resonances for both types of plasmonic and all-dielectric ma-
terials, which significantly contributed to this emerging field
of research.[**=>°] Nevertheless, it is noteworthy that a major-
ity of the related studies in the realm of light-matter interac-
tions with complex resonant meta-atoms were limited to con-
ventional Gaussian light beams. However, in parallel, several ap-
proaches including spiral phase plates,[**>’] g-plates,[4-%°] spa-
tial light modulators (SLM),[®!] and optical metasurfaces!336263]
have been developed to generate and manipulate more complex
beams, which has led to the emergence of a new category of light
beams known as structured light.[64-6¢]
Structured lights, including beams with a spin and orbital an-
gular momentum (SAM and OAM, respectively), radially and
azimuthally polarized vector beams, and spatiotemporal optical

© 2023 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

vortices have been shown to enable a plethora of distinct light—
matter interactions and applications in optical communication,
particle manipulation, quantum information processing, sens-
ing, and microscopy.%’] In the context of meta-optics, several
studies indicated that the properties of light beams themselves
can be engineered to excite new resonances in the case of, atleast,
simple spherical particles. In particular, Wozniak et al. demon-
strated that by tailoring the spatial structure of a light beam, in-
dividual multipole resonances can be selectively excited while
other multipoles are simultaneously suppressed.l®”] Moreover,
Das et al. theoretically predicted the possibility of manipulat-
ing the scattering properties of spherical particles using engi-
neered radially polarized (RP) and azimuthally polarized (AP)
light beams,[®] while Zeng et al. discussed the excitation and
applications of the magnetic moment within all-dielectric sil-
icon cone using a tightly focused AP light beam.[®] Further-
more, the combination of two RP and AP vector beams for
achieving tunable unidirectional scattering has been discussed
in.l’%71 In addition, the interference of various Mie-type res-
onances has been shown to enable unique spectral properties
of all-dielectric structures. In this perspective, it was demon-
strated that the electric and toroidal dipole moments can de-
structively interfere with one another, leading to zero scatter-
ing with simultaneous confinement of fields within the nanores-
onator. Such a non-radiating mode, called an anapole state,l”?]

k2 exp (ikyr)
Esct (n) = %
0

has recently gained significant attention owing to its potential
applications for cloaking, nonlinear optics, and wireless power
transmission.l”>7%] In a related study, a particular spatiotempo-
ral beam, the so-called flying doughnut pulse has been utilized to
enable an anapole moment within an all-dielectric sphere.l’I The
possibility of exciting different kinds of anapole states via two an-
tiphase counter-propagating beams with radial and azimuthal po-
larization has also been discussed in.[””78] In a more recent study,
Saadabad et al. have theoretically investigated the toroidal dipole
and anapole excitation in a dielectric nanodisk by the tightly fo-
cused RP beam and the focused doughnut pulse.[”! Finally, struc-
tured light-induced Mie resonances have been also exploited in
the context of nonlinear optics. For instance, cylindrical vector
beams have been utilized to selectively excite the desired multi-
polar moments such that both second and third harmonics are
generated inside AlGaAs and Si scatterers, respectively.(#08]
Despite significant progress in the field of structured light in-
teraction with resonant Mie particles, the majority of the studies
focused on spherically or cylindrically symmetric particles,[#233]
while the synergy of structured light beams and complex shaped
meta-atoms has not been fully explored. Here, we show that
the interaction of an OAM-carrying light beam, in particular
Laguerre—Gaussian (LG) beam, with nanocuboids and randomly
tilted meta-atoms with varying aspect ratios results in entirely
new scattering characteristics and degrees of freedom for selec-
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tive excitation, suppression, and manipulation of individual res-
onant modes of these scatterers as compared to those obtained
with a conventional Gaussian beam and spherically/cylindrically
symmetric particles, opening new prospects for applications such
as remote sensing and communications in scattering media.

2. Theoretical Formulation

We start with a multipole decomposition of the fields scattered
by the particle to investigate the role of the beam structure, such
as an intensity modulation and a helical wavefront of the incom-
ing light beam, on the optical response of a stand-alone arbitrary
shape meta-atom.!®*%] Here, the surrounding environment is as-
sumed to be free space, while the incident wave is considered to
be linearly polarized along the y axis, i.e., (0, e, 0), with its wave
vector pointing toward k = (k,, 0,0) direction as it is schemati-
cally shown in Figure 1. Upon the interaction of light with the
meta-atom, the induced polarization is related to the field distri-
butions within the particle via P = ¢, (e, — €4) E,,, where €, €, and
€, are the free space, particle, and surrounding medium dielec-
tric constants, respectively, and E, is the total electric field inside
the scatterer. The scattered field is given by the superposition of

different multipole moments (up to the electric octupole term)
[85]
as

. , 2
<[n><[D><n]]+%[m><n]+lk?0 [nx [nxQn” +% [ann] +% [nx [nxf)(nn)]]) (1)

where D corresponds to the exact total electric dipole (TED) con-
sisting of both electric dipole (ED) and toroidal dipole (TD) mo-
ments, m is the exact magnetic dipole (MD) moment, and O, O,
and M represent the electric quadrupole (EQ), electric octupole
(EO), and magnetic quadrupole tensors, respectively; n = r/r is
the unit vector directed from the particle’s center toward an ob-
servation point, and c¢ is the speed of light in vacuum. Using
these notations, the far-field scattered power can be readily re-
lated to the scattered fields of Equation (1) with the aid of a
time-averaged Poynting vector as dPg, = 0.5v/€,/u,| Es.,|*7dQ,
wherein dQ = sin 8d0dg represents the solid angle.3# There-
fore, combining Equation (1) with the given relation of scattered
power and performing the integration over the total solid angle,
the scattering cross-section, defined as oy, = Pg./I,, with I, be-
ing the maximum beam intensity in a focal plane, can be written
as follows (8]
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Figure 1. The schematic depiction of Mie resonance manipulation using OAM beams. By utilizing an SLM to change the structural features of the
incoming y-polarized light beam, from a Gaussian beam having a topological charge of m = 0 to LG possessing m = 1, the excited multipole moments
within the polycrystalline silicon particle can be manipulated and “turned-on and off” on demand.

where 7, and y, are the impedance and permeability of free
space, respectively, and x;, x,, and x; represent the different com-
ponents of each tensor. As was shown in ref. [85], each of the pre-
sented moments in Equation (2) can be expressed in terms of the
induced current within the particle (J = 0P/dt) as

. 'kZ (k.7
£ iyt () a4 5 g )

D= >
20 (kdr/)

[3(¢-J)r' —r?|ar

_3 jl(kdr,) ’ ’
m—E/W[r X]]dr

topology. The readers are referred to Section S1 (Supporting In-
formation) for more information about spherical and Cartesian
(also known as a long-wavelength approximation) multipole mo-
ments. It should be noted that in particular, there are two ap-
proaches for studying the light-matter interactions in dielectric

(o
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po g d = i6k? d =
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where jj(x) is the Ith order spherical Bessel function, k, is the

wave number in the surrounding medium, I is the 3 X 3 unit
tensor, and the operators of -, X, and ® represent the scalar, vec-
tor, and tensor products, respectively. It should be noted that A
is an auxiliary tensor whose components are obtained accord-
ing to A, y, =8, Vi, + 6, Vs, +8,, V,,, which x; = (x,7,2),
X, = (%, 7 2), %3 = (%, 2) and § is the Kronecker delta while V =
0.2[2(" - J) ® ' + 1"* J].1¥] The expressions given by Equation (3)
are known as spherical (exact) multipole moments and are valid
for any arbitrary shaped particles regardless of their size and
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meta-atoms. The first method relies on the expansion of elec-
tromagnetic fields in terms of the spherical harmonic coeffi-
cients, which then can be used to obtain information about the
contributing moments for a particular meta-atom.”>#”] The sec-
ond approach, which has been implemented in this paper, is
based on the multipole decomposition of the Cartesian compo-
nents of the current density inside the particle such that when
it is illuminated by an arbitrary shaped beam, the expressions of
Equation (3) can be used to describe the optical response of the
scatterer.[888]
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3. OAM-Induced Mie Resonances

To investigate the synergy between the complex-shaped beams
and topologies of the meta-atoms, the numerical simulations are
carried out using the finite-element method (FEM) implemented
in the commercial software COMSOL Multiphysics. In particular,
we utilize the Wave Optics Module to solve Maxwell’s equations
in the frequency domain together with proper boundary condi-
tions. Here, we use a spherical domain filled with air and a ra-
dius of 44 as the background medium, while perfectly matched
layers of thickness 0.64 are positioned outside of the background
medium to act as absorbers and avoid undesired scattering. Tetra-
hedral mesh is also chosen to ensure the accuracy of the results
and allow numerical convergence. The refractive index of the
polycrystalline silicon, which was obtained from our ellipsom-
etry measurements, is used in our numerical simulation instead
of the original COMSOL model for silicon (see Section S2, Sup-
porting Information for more details and comparison) and the
standard expression of the LG beam, which is not tightly focused,
is directly utilized as the background field with its radial index set
to zerol®! as

Im| 2 .
w2 P ikp” .
Einc_cmw(x)<m> EXP<—<W(X)> - ZR(x)>eXP(—W(P)

where in C,, = Ejy/1/z(|m|!) is the normalization constant,

w(x) = wyy/ 1+ (x/%z)” is the beam size, R(x) = x[1 + (x/x3)°] is
the radius of curvature with w, = A being the beam waist and
xp representing the Rayleigh range. Moreover, the constant m
in Equation (4) is known as topological charge (TC) and ®(x) =
(tan(x/xy))” represents the Gouy phase.[®®! As can be seen from
Equation (4), the structure of the LG beam differs from the reg-
ular Gaussian beam (plane wave) with an extra phase term of
exp(—img), which leads to a phase singularity along the beam
axis ( &, direction) and a dark central spot in its cross-section. In
this study, we consider two types of particles: polycrystalline sil-
icon cuboids and cylinders with the dimensions of W x W x H
and R x H, respectively, where W is the width of the sides of the
cuboid in y and z directions, R is the radius of the cylinder, and H
is the height of the cuboid or cylinder, as shown in Figure 1. Note
that the key point in the evaluation of scattering cross-section is
the calculation of the induced polarization (or equivalently the
currents) within the resonator and then associating the multipo-
lar moments according to the given expression of Equation (3),
which do not depend on the illumination type. That is, regard-
less of the shape of the illuminating beam, once the current dis-
tributions within the meta-atoms are obtained via full-wave nu-
merical calculations, the provided expressions of Equation (3) can
be readily implemented to determine the optical response of the
scatterer.l7679:9091]

To investigate the effect of the aspect ratio of the cuboid meta-
atom on its scattering characteristics, we fix its height to H =
260 nm and change its width-to-height aspect ratio (« = W/H)
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from 0.5 to 2, while the operating wavelength is swept in the
range of 700-1000 nm. The contributions of the various multi-
polar moments were obtained by integrating the displacement
current induced within the meta-atom using Equation (3). The fi-
nal scattering cross-sections, as well as their normalization, were
numerically calculated and are shown in Figure 2a,b for the cases
of Gaussian (with the topological charge (TC) of m = 0) and LG
(m = 1) illumination, respectively.

By comparing the total scattering cross-sections, we conclude
that once the topological charge of the incident beam is changed
from m = 0to m = 1, the scattering response of the cuboid meta-
atom varies significantly, yielding the emergence and suppres-
sion of new resonant modes for various aspect ratios. In partic-
ular, for @ < 1.5 the optical response of the nanocuboid is sup-
pressed as the incoming beam is changed from Gaussian (un-
structured) to LG (structured) possessing singularity in its phase
distribution and a dark central spot in its intensity. However, for
a > 1.5, new resonant modes emerge at longer wavelengths as
the cuboid aspect ratio further increases. Such phenomena are
attributed to the coupling of light to various higher-order mo-

exp (i (1 + [m]) ® (x)) “)

ments once its wavefront acquires a helical shape. To further clar-
ify the origins of these newly emerged and suppressed resonant
features, we plotted the contribution of each higher-order mul-
tipolar moment in Figure 2c,d for the cases of Gaussian and LG
illumination. Figure 2c shows that under the Gaussian excitation,
the scattering response of the meta-atom is mainly dominated by
the lower electric and magnetic dipolar moments while the con-
tributions of quadrupole and octupole moments are almost neg-
ligible. On the contrary, in the case of the LG beam, the optical
response of the meta-atom is governed by the higher quadrupolar
and octupolar moments, while the dipolar counterparts become
suppressed. In particular, when the aspect ratio varies between
1.5 < @ < 2, new resonant features emerge within the cuboid
meta-atom whose spectral positions depend on the meta-atom
dimensions and are not accessible via Gaussian excitation. Tak-
ing a = 2 as a particular example, it is evident that the response
of the meta-atom under LG illumination is dominated by the EQ,
MQ, and EO moments, at A = 945, 1 = 870, and A = 725 nm, re-
spectively.

As was mentioned earlier, the synergy of structured light beam
and complex-shaped meta-atoms has not been fully explored,
and therefore, it would be of interest to study the light-matter
interaction between OAM-carrying light beams and different
shape meta-atoms. In this perspective, we have also investigated
the effect of nonzero azimuthal LG mode on the optical response
of a polycrystalline silicon-based nanocylinder. As before, we
fixed the height of the cylinder to H = 260 nm, while its aspect
ratio, f = R/H, changes from 0.5 to 2 over the wavelength range
of 700-1000 nm. Following the same procedure, the multipole
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Figure 2. The normalized total scattering cross-section of the cuboid meta-atom under the illumination with a) Gaussian (m = 0) and b) LG (m = 1)
beams. The contribution of ED, MD, EQ, MQ, and EO multipolar moments excited within the meta-atom as functions of aspect ratio and operating
wavelength under the illumination of c) Gaussian and d) Laguerre-Gaussian beams.

decompositions of such a meta-atom are calculated and collated
in Figure 3.

Figure 3a,b shows that the presence of the phase gradient (due
to the helical wavefront of the incoming beam) changes the over-
all scattering response of the polycrystalline silicon-based cylin-
drical meta-atom by adding and suppressing various resonant
modes. In particular, by comparing the results in panels (a) and
(b), it is clear that for the aspect ratio in the range of 1 < < 1.5,
the scattering response of the meta-atom is suppressed, while for
p > 1.5, new resonant peak emerged. The contribution of each
multipolar moment is also obtained based on Equation (3) at
each operating wavelength and its results for both types of illu-
mination are shown in Figure 3c,d. As can be seen, for Gaussian
incidence, the scattering response of the cylindrical meta-atom
is mainly dominated by the ED and MD contributions, while
once the topological charge of the incoming wave changes to
m = 1, higher order multipolar moments enhance significantly.
The readers are referred to Section S3 (Supporting Information)
for more information about the effect of geometrical tuning on
the optical response of the meta-atoms.

According to the obtained results in Figures 2 and 3, it is evi-
dent that while the geometrical tuning of the meta-atoms yields
the excitation of different moments, the unique structure of the
incident LG beam can also lead to the emergence of new res-
onant features such as electric and magnetic quadrupole mo-
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ments. These results can be understood by considering the in-
terplay between the gradient of the incident electric field and its
phase distribution. In particular, once the topological charge of
the excitation source changes from m = 0 to m = 1, the sign of
the gradient of the electric field, V, E, varies across the phase
change of the beam, yielding the excitation of different compo-
nents of the quadrupole tensor. In other words, various compo-
nents of the quadrupolar tensors (regardless of their kinds) can
be addressed by manipulating the phase of the incident wave
(changing the topological charge), which in turn makes the OAM
charge tuning an alternative approach for enabling the new de-
grees of freedom in the manipulation of the scattering response.
We note that although such a behavior has been observed previ-
ously in the realm of atomic and particle physics, to the best of our
knowledge, it has not yet been considered in the context of Mie
scattering for arbitrary shape meta-atoms. To further elaborate on
the concept of OAM-beam-based manipulation of the scattering
response, we fix the aspect ratios of the cuboid and cylindrical
meta-atoms to @ = 1, and f = 0.65, respectively, and investigate
their scattering responses for different azimuthal LG modes with
the values of m = [0, 1, 2, 3] as shown in Figure 4.

Panels (a) and (b) show that the helical wavefront of the
incoming wave can dramatically alter the optical response of
the subwavelength meta-atoms by adding/suppressing extra
resonant peaks in their scattering spectra. In particular, the
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Figure 3. The normalized total scattering cross-section of the cylindrical meta-atom under the illumination of an LG beam with topological charges
of a) m = 0 and b) m = 1. The contribution of spherical multipolar moments excited within the meta-atom as functions of aspect ratio and operating
wavelength under the illumination of ¢) Gaussian and d) Laguerre-Gaussian beams.

topological charge of the incoming light beam leads to the
excitation/suppression of new resonant modes, which are
not accessible under Gaussian or plane wave illumination. To
investigate the origin of these peaks, the spherical multipole
decomposition for the cases of m = 0 and m = 1 was performed
for both types of meta-atoms as shown in Figure 4c—f. In par-
ticular, panel (c) of Figure 4 demonstrates that the scattering
response of the cubic meta-atom under Gaussian illumination is
mainly dominated by the electric field contribution, with a single
peak of magnetic quadrupole at A = 843 nm. However, once
the topological charge of the incident wave changes to m =1,
the electric contribution of the optical response of the cubic
meta-atom is suppressed significantly, while a new MQ resonant
mode emerges at the spectral wavelength of A = 915 nm. The
newly emerged MQ peak (point P,) demonstrates a strong
tendency to shift toward longer wavelengths, making itself spec-
trally decoupled from the initial peak (P,/P;), while the electric
counterpart is weakly shifted toward the shorter wavelengths.
Such an OAM-induced behavior leads the scattering response of
the meta-atom to be mainly dominated by the MQ contribution
at the operating wavelength of 915 nm, whereas it was previously
influenced by the electric dipole moment (P,). Similar behavior
is also evident for the cylindrical meta-atom as it is shown in
Figure 4e.f. In particular, at the specific point of P (4 = 975 nm),
at which the far-field scattering spectrum of the meta-atom has
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a dip with a simultaneous zero ED moment, the OAM of the
incoming light field alters the scattering response in such a
way that the anapole state is changed to MQ resonant mode
(see Section S4, Supporting Information for more details on the
effect of beam waist and structure of the incident lights).

Figure 5 shows the distribution of the electric intensity within
the cubic and cylindrical meta-atoms at the corresponding wave-
lengths of points P, — P,. Upon Gaussian illumination, merely
the M,, (also M,,) component of the magnetic quadrupole ten-
sor is excited, which in turn leads the field distribution inside
the cubic meta-atom at point P; to exhibit four hot spots with
magnetic field rotating around them as shown with red arrows
in Figure 5a. At point P,, which corresponds to the excitation
of ED moment, the electric field is confined at the center of the
meta-atom, while the magnetic fields are rotating around it as
it is demonstrated in Figure 5b. However, once the topological
charge of the incoming beam is changed to m = 1, both the di-
agonal (M,, and M,, for P,) and off-diagonal (M,, and M, for
P;) components of magnetic quadrupole tensor are excited lead-
ing to the similar field distribution as that of P, (Figure 5c,d).
Note that the field distribution at point P, is the same as that of
point P; but with a z /2 rotation which corresponds to the trans-
formation of M,, — M,,. On the other hand, the intensity dis-
tribution the of cylindrical meta-atom at point P corresponds to
the excitation of anapole dark mode, which manifests itself as

© 2023 Wiley-VCH GmbH
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ranging from 0° < 6 < 90° as functions of the operating wavelength. For both meta-atoms, the incident light beam is Gaussian with m = 0. ¢,d) The
calculated spherical (exact) multipolar moments up to MQ order for both meta-atoms with their aspect ratios being @« = 1 and f = 0.65, respectively.
As opposed to the optical response of the cubic meta-atom, which is symmetric with respect to the angle of incidence, the response of the cylindrical

meta-atom is asymmetric.

the circulating magnetic field (red arrows) and poloidal electric
field distribution (white arrows). However, upon the variation of
the incoming light wavefront, such a dark mode is changed to
bright MQ mode with an alternation near-field field distribution
as shown in Figure 5f. Therefore, we conclude that different scat-
tering behaviors arise due to the formation of distinct current
distributions within the resonator, which lead to the excitation of
different components of contributing moments such as MQ ten-
sor. These results clearly show that the helical wavefront of the in-
cident light beam can significantly affect the scattered radiation
pattern of both meta-atoms, potentially enabling the possibility
of spectral tuning of the scattering pattern that can be used in
all-dielectric optical nanoantennas.!?]

4. Angular Dependency of OAM-Induced
Resonances

In the previous section, we investigated the optical response of
the meta-atoms under the normal angle of incidence for Gaus-
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sian and LG illuminations. However, as it was shown in ref.
[93], under plane wave illumination, the angle of incidence can
also alter the coupling efficiency of a particular Mie resonant
mode within an array of silicon disk meta-atoms. Nevertheless,
to the best of our knowledge, structured light-matter interac-
tions with all-dielectric subwavelength meta-atoms at oblique in-
cidence have not been investigated in detail. Therefore, this sec-
tion is devoted to the study of angular dependency of the pre-
sented meta-atoms with OAM-carrying light beams. For this pur-
pose, we fixed the aspect ratio of cubic and cylindrical meta-
atoms to @ = 1 and # = 0.65, respectively, and sweep the angle
of incidence from 0° < 6 < 90° over the wavelength range of
600 nm < 4 < 1200 nm. As the starting point, we assume the
unstructured light illumination (i.e., m = 0), such that merely
the effect of angular dependency of the meta-atoms is revealed.
Figure 6a shows that due to the symmetrical topology of the cu-
bic meta-atom, its scattering response is also symmetric with re-
spect to the angle of incidence, whereas for the case of cylindri-
cal meta-atom, the scattering response changes to asymmetric as

© 2023 Wiley-VCH GmbH
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respectively.

the radius to the height (aspect) ratio of this meta-atom, g, is not
unity. In particular, the multipole decomposition results shown
in Figure 6¢,d demonstrates that the angle of incidence yields the
excitation/suppression of new resonant modes for both types of
meta-atoms, revealing another mechanism for engineering the
Mie-type resonances within the meta-atoms. Such behavior is
attributed to the change of different components of multipolar
moments once the direction of illumination is changed. For in-
stance, under frontal illumination (i.e., 8 = 0°), the off-diagonal
Q. /Q, and M,,/M,, components of the electric and magnetic
quadrupole tensors are excited, respectively, which eventually
lead to comparable peaks of these moments in the scattering
spectra, as shown in Figure 6¢c. However, once the angle of in-
cidence changes to 30° < 6 < 60°, the contribution of Q, ./ Q,, is
suppressed significantly while M,,/M,, remains the same, leav-
ing the scattering response to be dominated by MQ moments
over the wavelength range of 600 nm < A < 1200nm. Such an
angular dependency behavior is not limited to a particular shape
and the same trend is also evident for the cylindrical meta-atom,
as it is shown in Figure 6d. Taking the EQ and MQ moments as
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the example, we note that for the frontal and lateral (§ = 90°) il-
lumination, both M,,/M,, and Q,,/Q,, components of the MQ
and EQ tensors are excited within the meta-atom with different
amplitudes. While Figure 6, demonstrates the direction of illumi-
nation as another method of engineering Mie-type resonances,
the combination of incident angles and the structure of the in-
coming light has not yet been thoroughly studied. To fill this gap,
in this section we investigate the effect of such a combination on
the optical response of the presented meta-atoms.

Figure 7a,b shows that the phase-asymmetry of the incident
light beam results in significant changes in the optical response
of both meta-atoms at different angles of incidence. In particular,
the magnitude of phase asymmetry-induced resonances can also
be manipulated by the illumination angle (or by the change of
the meta-atom orientation), besides the OAM tuning approach.
Therefore, contrary to the Gaussian case, in the case of LG illu-
mination shown in Figure 7c, the EQ moment is dominated by
the incident angles of 30° < 6 < 60°, which is attributed to the
excitation of both diagonal (Q,,, Q,,, and Q,,) and off-diagonal
(Qy./Q.y) components rather than merely off-diagonal terms

© 2023 Wiley-VCH GmbH
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(Figure 6¢). In addition to the EQ moment, both the contributions
of the diagonal and off-diagonal components of the MQ tensor
are boosted, leading to two different branches of resonant peaks,
that we call conventional (related to M, /M, excitation) and topo-
logical charge-induced (related to the emergence of M,, and M,,),
at different directions of illumination as shown in Figure 7c. We
note that the same behavior for the cylindrical meta-atom can
be seen in Figure 7d, whereas the optical response of the meta-
atom exhibits asymmetric behavior. In particular, the features of
the MQ resonant scattering are different for frontal and lateral
LG illumination, which is attributed to the suppression of M,
components under lateral illumination (6 = 90°), while the be-
havior of the EQ moment is purely symmetrical since the excited
components of Q,,, Q,,, Q,,, and Q,, (Q,,) remain unchanged for
both angles of incidences.

These results demonstrate the role of the phase gradient and
the illumination direction in the excitation of Mie resonances
in the arbitrary shaped all-dielectric meta-atoms. Although the
interactions of structured light with non-spherical meta-atoms
such as a cluster of spheres,I®" split ring resonator,®! rods, !
and prisms!”’] have been studied previously with AP/RP and
Hermite Gaussian beams, the role of the phase gradient of the
Laguerre—Gaussian beams in the excitation and suppression of
higher-order resonant modes inside all-dielectric meta-atoms of
various shapes, aspect ratios, and orientations has not been ex-
plored to date. Complementary to recent experimental studies
that addressed some aspects of the OAM beam interaction with
sphericall®®l and chiral nanostructures,!® our study predicted the
possibility of the excitation of various multipolar moments which
are not accessible via unstructured light illumination and eluci-
dated the role of the OAM in the scattering response of the all-
dielectric meta-atoms with arbitrary shapes and orientations, en-
abling new ways of manipulating their optical responses on de-
mand and/or in time-modulated fashion.[190-105]

5. Conclusion

In summary, we investigated the synergy between structured
light and meta-atoms as a new degree of freedom for engineer-
ing the spectral response of the all-dielectric nanostructures.
In particular, we performed a detailed study of an LG light
beam impinging on an individual polycrystalline silicon-based
nanocuboid and nanocylinder and compared its corresponding
results with the case of Gaussian beam illumination. We pre-
dicted and demonstrated the emergence of additional resonant
peaks upon the introduction of phase discontinuity to the incom-
ing beam that can be tuned by changing the topological charge
and the angle of incidence of the incoming beam. By exploit-
ing the semi-analytical multipole decomposition approach, we
showed that these newly emerged peaks in the scattering re-
sponse are attributed to one of the families of higher-order mul-
tipolar moments excited within the structure. Moreover, we stud-
ied the role of the topological charge in the optical response of
a cylindrical meta-atom and showed how its corresponding scat-
tering response varies from a dip to a peak once the topologi-
cal charge of the incoming beam changes from m = 0 to m = 1.
Furthermore, it was revealed that the phase asymmetry-induced
higher-order multipole resonances can be affected by the meta-
atom rotation, or equivalently illumination direction. The pre-
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sented concept of OAM-based manipulation of Mie-type reso-
nances of arbitrary-shaped meta-atoms has several potential ap-
plications ranging from remote sensing relying on the shape and
orientation of meta-atoms, to spectroscopy, and light transmis-
sion in scattering media.
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