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Chapter 1: General overview of the Thesis

1.1 Introduction

In the last decade, the interest in the optical properties of structures of high index
semiconductor nanoparticles with low losses (for example, Si, TiO2) increased incrementally
[1]. Their response in a continuous irradiation mode was studied in detail, and many new optical
effects were obtained, arising primarily due to the ability to excite both electrical and magnetic
multipole moments in such particles and almost complete absence of absorption [2], [3]. Based
on the detected phenomena, several ultra-thin optical systems (about a few tens of nanometers
thick) have been developed [4], [5], [6]. These systems have functionality that is unattainable for
the conventional ones. Despite the large number of groups in the world carrying out these
researches, the field still is far from exhaustion being regularly replenished with new discoveries.

It should be noted that, while the interaction of femtosecond laser pulses with matter is one
of the most advanced problems of modern coherent and nonlinear optics, the response of such
semiconductor (in the literature the name "dielectric" due to low absorption is also adopted)
nanoparticles to ultra-short laser pulses has not been enough studied yet. Bearing in mind that,
the characteristic transient time-scale for many resonance phenomena in nanophotonics is
comparable with the duration of the femtosecond incident pulse, it creates the ground for the
emergence of fundamentally new non-stationary effects. Given the rich mode composition of the
fields of dielectric nanostructures, due, as already noted, to the presence of eigenmodes of both
types (electric and magnetic), having different resonant frequencies and quality factors, it can be
argued that the interaction of ultra-short pulses with them will lead to the emergence of
qualitatively new phenomena, which do not exist at stationary scattering.

It seems most interesting to consider the temporal dynamics of states that in the stationary
mode are non-scattering (dark modes) and, accordingly, the metasurfaces of such particles are
almost completely transparent. In this regard, nanoparticles and metasurfaces in the anapole and
hybrid-anapole states (the recently discovered state protected in a stationary regime from both
the environment and the substrate, the femtosecond response of which, in turn, strongly depends
on the environment and substrate [7]) will be investigated theoretically and experimentally.
These states, similar in stationary mode, have completely different mode compositions and will
allow realizing different time dynamics and effects. The combination of the completely different
properties in continuous and pulse regimes will provide an opportunity to subsequently develop
new optical elements with dual functionality (for example, new ultra-thin repetition rate
multipliers, light filters, modulators, polarizers, etc.), which presently do not exist.

The planned Thesis lies in a new and extremely rapidly developing field of nanophotonics
[8-10]. For example, according to the Scopus database, more than 1,500 articles are published
annually in this area. The applications of dielectric nanophotonics are very diverse, for example,
waveguides [11], [12], modulators [13], directional radiation sources and nanoantennas [14],
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detectors [15], masking and invisibility devices [16], phase metasurfaces [17], [18], etc. The
development of dielectric nanophotonics has already made it possible to create various
metasurfaces, materials, and meta-devices that realize the control of optical beams with almost
no loss [19].

However, there is now a need for new, ultra-thin photonic elements capable of effectively
controlling ultrashort laser pulses, which the aforementioned nanophotonic devices, with few
exceptions, do not allow [20].

The PhD Thesis is complex and includes a full cycle of work, starting with a theoretical
(analytical and numerical) study of the tasks, carried out in close cooperation with the
experimental testing, which will make it possible to verify the correctness of the theory and, if
necessary, make adjustments to it, and ending with the testing of prototypes that most fully
demonstrate new phenomena, this project is devoted to. Specifically, the Thesis is investigating
both theoretically and experimentally new effects due to the action of ultrashort laser pulses on
high-index semiconductor nanoparticles (e.g. Si, Ge) with low absorption in the visible range.
Currently, this area remains poorly explored. The study of transient dynamics in interaction with
the pulses of nanoparticles in states that are non-scattering relative to continuous radiation,
characterized by non-trivial mode structure in the near field is of a special interest. In particular,
the project will focus on the study of the temporal dynamics of the anapole and hybrid-anapole
states, as well as the interaction of metasurfaces of such nanoparticles with femtosecond pulses.
Note that it is, for the first time, found that at the steady-state the mentioned new hybrid anapole
may correspond to the realization at the same frequency of the anapole states simultaneously for
all contributing multipoles. Therefore, the irradiated particles occur in a completely non-
scattering state (the usual anapole state makes it possible to extinguish only the radiation from a
single, usually electric-dipolar, mode).

Remarkably, a hybrid anapole state is accompanied by a strong concentration of the
electromagnetic field in the near field zone and the excitation of a large set of the resonant and
non-resonant eigenmodes with different Q-factors. At the action of a short (femtosecond) laser
pulse, it may result in a strong and non-trivial modulation of its envelope. In the case of the
irradiation of an array of such nanoparticles and/or the corresponding metasurfaces, the
modulation will depend also on the metasurfaces symmetry as well as on the geometrical and
optical properties of the substrate. Note that in the CW irradiation the optical response in the
hybrid-anapole state does not depend on the environment and the substrate. Because of that, the
metasurfaces made of such nanoparticles, while remaining completely transparent to a CW
(though controlling its phase!), should strongly modulate femtosecond pulses. These properties
will be used in the project to realize various dual-performance optical systems and devices,
whose response to the action of femtosecond and long laser pulses will be qualitatively different.

The focus is on the study of new optical effects in the challenging subfield of ultrafast
subwavelength optics. However, the specific subfield, namely transient optics of the non-
scattering regimes, practically has not been developed yet and represents a vast field for activity.



The Thesis is aimed at fundamental research in a new area and the implementation of
fundamental models of new devices based on the results obtained. Within the Thesis framework,
models have been developed and prototypes of new ultra-thin planar photonic elements such as
ultra-thin repetition rate multipliers, light filters, beam modulators, etc., have been implemented.
These elements are designed for femtosecond optics and have dual-use applications for both
short pulses and continuous irradiation.

1.2 The aim and theses of the dissertation

Summarizing the above-mentioned facts about the directions of development of
semiconductor nanostructures and their applications in photonic devices and optical
communication systems, the following aim of the Doctoral Thesis is proposed:

Study and explore new optical effects arising from the interaction of semiconductor
nanoparticles with metasurfaces when exposed to femtosecond laser pulses. Develop new
models of nanostructured elements and evaluate their potential applications in modern
telecommunication systems and photonics.

To achieve the aim set, the following theses were put forward:

1. The current theory of hybrid anapole conditions demonstrates that effective
spatiotemporal control of transients mediated by the underlying substrate can be achieved, while
maintaining scattering at negligible levels in the stationary regime.

2. High-k volumetric modes can provide additional channels for the particles' interaction
with substrates, thereby significantly enhancing the capabilities of optomechanical manipulation
schemes. For semi-infinite (or rather thick) metamaterial slabs, the hyperbolic modes, even
though dominant in scattering, do not contribute to optical binding due to the almost absent
feedback. Hyperbolic modes excited by one particle do not interact with the second one. In
contrast, thin metamaterial slabs provide multiple reflections from boundaries, forming a set of
strongly localized hot spots with significant intensity gradients that govern nanoparticles'
motion at the nanoscale.

3. The dynamics of time-dependent Purcell effect in a solution of phosphorescent molecules
interfacing resonant nanoantenna can be utilized for a contactless all-optical temperature and
diffusion measurements. Dynamics of the long life-time phosphorescent molecules decay is
shown to be strongly dependent on the Brownian motion next to a resonator. This special
interaction is described with temperature and diffusion coefficient of the surrounding liquid.
Subsequently, far-field radiation emitted from diffusing molecules is analyzed via the inverse
Laplace transform and exploited to recover local properties of a fluid environment.

4. Resonant magnetic octupole (MOCT) response can be obtained by dividing a solid
rectangular silicon block to a quadrumer structure with the introduction of narrow gaps between
four nanocubes. The spectral position of the MOCT resonance is controlled and tuned by varying
the distance between the nanocubes.



5. Bound states in the continuum (BICs) enable unique features in tailoring light-matter
interaction on nanoscale. These radiationless localized states drive theoretically infinite quality
factors and lifetimes for modern nanophotonics, making room for a variety of emerging
applications.

1.3 The key tasks of the Doctoral Thesis

To achieve the set goal of the dissertation and to prove the proposed theses, it is necessary to
perform the following key tasks:

1. Theoretically predict and experimentally confirm the existence of hybrid anapoles,
previously unnoticed non-scattering regimes requiring the simultaneous destructive interference
of electric and magnetic cartesian multipoles with their toroidal counterparts. Establish a more
in-depth view of the hybrid anapole by comparing it to its simpler counterpart, the electric dipole
anapole and validate an alternative description of conventional anapole states based on the Fano
response's separation into a resonant and a non-resonant contribution.

2. Perform theoretical study of the dynamic time-dependent Purcell effect in a solution of
phosphorescent molecules interfacing resonant nanoantenna.

3. Study the propagation of ultrashort pulses in the resonant multilayered medium with
initial population difference randomly varying along the propagation direction. Consider three
potential disorder models and reveal their potential applications for flexible control over the
optical response of the medium.

4. Analyze conditions for maximal conversion of spin angular momentum of the incident
light to orbital angular momentum of the scattered light via the specially designed transversely
scattering silicon nanocube.

1.4 Research methods

To perform the tasks outlined in the Doctoral Thesis and to analyze the problems,
mathematical calculations, numerical simulations, and experimental measurements have been
used. Numerical simulations were implemented in Matlab, Origin, Comsol Multiphysics, CST
MICROWAVE STUDIO, Ansoft Academic Research HF.

Scientific experiments described in the Doctoral Thesis and their results were carried out at
the Nanophotonics Research Laboratory (NANO-Photon Lab.) at Institute of Photonics,
Electronics and Electronic Communications (IPEEC) of Riga Technical University (RTU), St.
Petersburg Electrotechnical University (ETU "LETI”), and at the Department of Applied Physics
of Royal Swedish Technical University (KTH) in close collaboration with the Swedish research
institute RISE Acreo in Sweden and using video calls for online experiment measurements
during the COVID-19 pandemic (digital laboratory work called “Zoom-lab”) in close
collaboration with the Institute of Applied Physics of the Federal Research Center of the Russian



Academy of Sciences (IAP-RAS) in Russia and Information Technologies, Mechanics and
Optics University (ITMO) in Russia.

1.5 Scientific novelty and main results

Novel achievements of the Doctoral Thesis are as follows:

1. We have theoretically predicted and experimentally confirmed the existence of hybrid
anapoles, previously unnoticed non-scattering regimes requiring the simultaneous destructive
interference of electric and magnetic cartesian multipoles with their toroidal counterparts. In the
transient regime, obtained results have allowed us to design at will the breakdown of the hybrid
anapole conditions to obtain ultrafast modulation of the scattered power. Therefore, combining
our findings with up-to-date modulation techniques holds great promise for future applications
in the emerging field of ultrafast dynamic nanophotonics.

2. For the first time, higher-order (quadrupolar) toroidal moments are shown to contribute
to essential features of the scattering response of an isolated high-index nanoparticle. We
validated our results by fabricating a series of individual silicon nanocylinders supporting the
HA and confirmed its existence experimentally through dark-field spectroscopy measurements.

3. We investigated the propagation of ultrashort pulses in a resonant multilayered medium
with randomly varying initial population differences along the propagation direction. The focus
was on an active system with a disordered loss-gain distribution and a uniform background. As
a result, three potential disorder models were considered, revealing two transitions and three
distinct regimes as the disorder increased. The transitions were from the self-induced
transparency (SIT) regime to the localization regime and then to the amplification regime. The
amplification regime only appeared when negative population differences were possible and the
disorder was sufficiently large. These effects provide opportunities for flexible control over the
optical response of the medium, enabling adjustments in the reflection-to-transmission ratio and
pulse propagation speed through the disorder parameter.

4. We have developed a novel concept for contactless temperature and diffusion
measurements utilizing the Purcell effect in phosphorescent molecules near a nanoantenna. By
analyzing the emitted radiation, we can extract local properties of the surrounding liquid,
enabling efficient and high-resolution measurements across a wide temperature range. This
method has potential applications in lab-on-a-chip systems and microfluidics.

5. We have demonstrated novel superscattering regimes by utilizing subwavelength,
nonspherical resonators and exploiting the strong coupling of two resonances. Our findings show
superscattering originating from an electric super dipole moment, surpassing the currently
established limit by almost two times. By disrupting the quasi-BIC condition in resonators
without spherical symmetry through parameter adjustments, power exchange between scattering
channels enables the manipulation of Q-factors and multipolar contents while maintaining a high
scattering cross-section. Our super multipole resonances exhibit enhanced resistance to Ohmic
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losses compared to conventional counterparts. These findings have implications in biosensing,
energy harvesting, on-chip circuitry and optical manipulation.

1.6 The practical value of the doctoral Thesis

1. A new cost-effective material suitable for use in label-free sensors with active WGM
resonators has been obtained. The experiment showed that glass samples subjected to Low-
Temperature Ion Exchange (LTIE) showed distinct absorption characteristics, particularly the
absence of characteristic absorption peaks, which was attributed to the formation of Ag2...5
molecular clusters of silver. Luminescence measurements demonstrated a broad emission band
in the visible spectrum, especially in the 500900 nm range, confirming the formation of silver
microcrystals during the LTIE process. According to the simulation results, the difference
between the resonant wavelengths for media with different refractive indexes was 0.26 nm. This
allows the material to be used for microsphere sensors without direct physical connection. The
results obtained show the potential of soda silicate glass with molecular silver clusters as a
material for WGM sensors.

2. Resonant MOCT excitation has been confirmed to induce controlled magnetic hotspots
and resonant absorption in a nanostructure. We analyzed the multipole contributions to the
scattering cross section and identified the excitation of the magnetic octupole due to the coupling
effects in this structure, in contrast to the single cube. We demonstrated how to control the
resonant excitation of MOCT and its spectral position. In addition, we revealed its potential
application for creating magnetic hotspots and absorbing electromagnetic energy in the
nanostructure. The utilization of quadrumers as building blocks for metasurfaces holds the
promise of achieving even greater magnetic field enhancement, thanks to the potential excitation
of trapped modes. Moreover, after being scaled to the microwave region, the considered structure
could be very promising for magnetic resonance imaging applications. A strong concentration of
magnetic fields is necessary to enhance the contrast and quality of the images. Additionally, the
resonant magnetic octupole response can be extensively utilized for spectroscopy, sensing,
detecting small quantum objects, and various other potential applications.

3. We have demonstrated the results of theoretical research work focused on studying
technologically competitive solutions of phononic structures' performance for the purposes of
FBAR devices. We proposed considering the established technological platform for fabricating
macroporous structures as an approach that enables the realization of phononic-based acoustic
reflectors for FBAR SMR devices and studying appropriate periodic structure solutions using
numerical methods. We have shown that the use of macroporous periodic arrangements can
facilitate the efficient operation of SMRFBARs across broad frequency ranges without the need
to employ a membrane for isolating the piezoelectric film. Computational results for square,
triangular, and honeycomb arrangements, demonstrating the achievable bandgap responses have
been presented. It was found that the honeycomb arrangement is the most advantageous in terms

1



of bandgap performance, which should allow the FBAR structures to operate within a broad
frequency range. The completed work represents an initial step towards the fabrication of
photonic crystal-based FBAR devices, which is the focus of current research.

The results obtained in the dissertation were used:

1. Novel non-Hermitian singularities in all-dielectric nanostructures (NEO-NATE)
(01.01.2023 - 31.12.2025)

2. Strengthening of PhD students and academic personnel of Riga Technical University and
BA School of Business and Finance in the strategic fields of specialization (01.08.2021
-30.11.2023)

3. Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) within the

Cluster of Excellence PhoenixD (EXC 2122, Project ID 390833453).

1.7 Structure of the Thesis

The dissertation is prepared as a thematically unified set of publications on the development
and evaluation of quantum effects in nanostructures that can be used in future more efficient
hybrid optical communication systems and their elements.

Chapter 1 describes the topicality of the research, evaluates the aim and theses, describes the
main tasks, research methodology, the structure of the work and the main results.

Chapter 2 describes the results of theoretical and numerical studies, as well as modeling new
optical effects in nanostructured environments. The main stages are:

1. Multipole analysis of hybrid anapoles (contribution from PAPER 1).

2. Study of nanoparticle dynamics (contribution from PAPERS 2 and 9).

3. Study of ultrashort pulse propagation in nanostructured environments (contribution from
PAPER 8).

4. Modeling optical effects in nanostructured environments (contribution from PAPERS 3,
4,6,9, 10).

Chapter 3 focuses on experimental research on optical sensors and the study of new
nanomaterials (contribution from PAPERS 7 and 11).

In Conclusions, both theoretical and experimental results are discussed, and answers to the
established questions are given.

1.8 Publications and approbation of the Thesis

The results of the Doctoral Thesis are presented in 11 scientific articles and in publications
in conference proceedings indexed in SCOPUS, WoS, and IEEE databases. The author has
altogether 39 publications:

PAPER 1. Canoés Valero A., Gurvitz E.A., Benimetskiy F.A., Pidgayko D.A., Samusev A.,
Evlyukhin A.B., Bobrovs V., Redka D., Tribelsky M.I., Rahmani M., Kamali K.Z., Pavlov A.A.,
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Chapter 2: Investigating and modeling new optical effects in
nanostructured environments

2.1 Observation and multipole analysis of hybrid anapoles

All-dielectric nanophotonics (ADN), a key area in nano-optics research [21], [22], offers a
solution to the ohmic losses found in plasmonic structures by utilizing low-loss semiconductor
or dielectric materials such as Si, TiO2, Ge, and GaAs [23], [24]. These materials enable the
manipulation of light's electrical and magnetic components at the nanoscale, resulting in
applications in low-loss waveguides [25], [26], directional sources [27], [28], harmonic
generation [29], light harvesting, and anti-reflective coatings [30]-[32]. Advances also include
all-dielectric metasurfaces [33]-[36], beam deflectors [37], and subwavelength fluid mixing
[19]. Critical to controlling light at the nanoscale is accurately describing electromagnetic
scattering. This is achieved through electromagnetic multipole expansion methods [38]-[42] and
the charge-current Cartesian decomposition [38 - 40], which enables the identification of the
toroidal moment family within optical properties [43]-[ 46].

The transient behavior of electric dipole anapole (EDA) remains largely unexplored, despite
its potential for novel applications in ultrafast dynamic resonant phenomena. Most studies have
focused solely on the stationary response and the electric dipole term [47]-[50]. However, the
existence of magnetic anapoles could lead to enhanced radiation suppression and unprecedented
electromagnetic energy confinement, opening new possibilities for light-matter interactions, as
well as the creation of so-called Hybrid Anapoles (HA). Recent theoretical advancements [40]—
[46], [51], [52] have enabled the investigation of higher-order electric and magnetic anapoles in
scatterers with arbitrary shapes, paving the way for further exploration in the field.

This chapter focuses on the design of hybrid anapole configurations and experimentally
demonstrates their existence. We demonstrate the emergence of anapoles, which result from
multipoles of alternating electric and magnetic nature, interconnected in scatterers with disrupted
spherical symmetry. Additionally, we show that the counterintuitive opportunity to satisfy four
anapole conditions by varying only two parameters is strongly related to the violation of the
scatterer's spherical symmetry. Finally, based on the developed theoretical description, we design
and demonstrate a dual-functional metasurface consisting of an array of HA particles. This
metasurface combines full transparency in the stationary regime with a highly tunable
spatiotemporal response in the transient regime.

The analysis of a nanoparticle's optical response is typically carried out by decomposing the
scattering cross-section into a sum of multipoles. These multipoles represent independent
scattering channels of the object. Thus, considering the irreducible Cartesian multipole
expansion, electric or magnetic anapole of order n in a subwavelength scatterer is given by the
following condition:
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P(e,m)il..-in + i:_ZT(e,m)il"-in =0 (21)

Here we have denoted the n,;, order electric or magnetic moments with P(¢) and PU™, and
the corresponding electric and magnetic toroidal moments with 7 and T ™), respectively. The
number of subscripts indicates each Cartesian tensor's order, i.e., one subscript corresponds to a
dipole, two corresponds to a quadrupole, etc. k,; is the wavenumber and v, is the speed of light
in the medium. The HA phenomenon occurs when multiple multipole moments satisfy Equation
1 at a specific wavelength, leading to the simultaneous suppression of scattering from two or
more channels. However, light, in general, can be radiated through other non-zero multipole
moments, which can disrupt the overall effect. Thus, only the cancellation of all the leading
multipoles can enable a true HA regime.

Let us consider a cylindrical silicon (a-Si) nanoparticle in the air. A normally incident plane
wave excites nontrivial modal contributions in a silicon nanocylinder. The interference with the
background field leads to a four-fold hybrid anapole, resulting in the nanoantenna being virtually
invisible in the far-field while maintaining a localized near-field. The inset depicts the current
distributions of the two resonant eigenmodes caused by standing waves between the top and
bottom walls (red) and the lateral walls (blue) in the vertical plane (Fig. 2.1a). In the legend
caption (Fig. 2.1b), the term "total" implies that both the basic and toroidal contributions of a
given multipole are plotted. The inset corresponds to the x-component of the electric field. The
cylinder's geometrical parameters are height H =367 nm and diameter D = 252 nm. Point HA (A
=782 nm) corresponds to the minima of the absorption spectrum of the substance.

The design methodology is based on the following: We note that the spectral positions of the
full (basic together with toroidal contributions), electric dipole, and magnetic quadrupole
anapoles are mainly dependent on the cylinder's radius. In contrast, the wavelengths of the full
magnetic dipole and electric quadrupole anapoles change as functions of both the cylinder height
and radius. Thus, carefully tuning these two geometrical degrees of freedom makes it possible
to place the anapoles of all the leading terms ultimately close to each other (Fig. 2.1b), providing
a strong scattering minimum (Fig. 2.1b).

Direct scattering spectroscopy measurements on standalone nanocylinders have been carried
out in order to confirm the existence of hybrid anapole modes. The measured scattering spectra
exhibit a pronounced dip (Fig. 2.1c) that shifts with the nanocylinder diameter, in agreement
with theoretical predictions. The most pronounced hybrid anapole mode occurs at a diameter of
251 nm, leading to a significant reduction in scattering efficiency.
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2.1. fig. Analysis of Hybrid Anapoles.

(a) Artistic representation of the novel effect. (b) Multipole reconstruction of the numerically obtained scattering
cross section for the cylindrical amorphous silicon nanoparticle. (c) The colored regions indicate the left plot:
measured (solid lines) and simulated (dashed lines) scattering spectra of single isolated nanocylinders with
different diameters D. The spectral positions of the hybrid anapoles. Right plot: SEM micrographs of the
corresponding nanocylinder samples. The colored edges in each micrograph are associated with the
measurements' legend entries. (d) Amplitudes and phase differences between the multipoles and their toroidal
counterparts. Panels from left to right, respectively: the basic electric and electric toroidal dipoles, the basic
magnetic and magnetic toroidal dipoles, and the basic electric and electric toroidal quadrupoles. Amplitudes
correspond to the left ordinate-axis, and phase differences are read from the right ordinate-axis.

Both HAs and EDAs suppress far-field radiation and enhance near-fields. However, HAs
offer advantages over EDAs for nanophotonic applications. Fig. 2.2 shows that EDAs exhibit
poloidal-like field distributions and significant contributions from the magnetic quadrupole to
radiation. This is a fundamental limitation of EDAs, as resonator modes with inversion symmetry
will always radiate as combinations of multipoles with even or odd parity [53 -54]. HAs, on the
other hand, do not suffer from this limitation and can be designed to have purely electric dipole
radiation, making them ideal for nanophotonic applications.

The complex multipole moments of the HA result in a unique internal field distribution,
unlike the EDA (Fig. 2.2b). This leads to a suppression of electric and magnetic dipoles and
quadrupoles, significantly reducing scattering while maintaining high Local Density of Optical
States (LDOS), as demonstrated by the calculations of the total electromagnetic energy stored
within the two structures (Fig. 2.3b). The stored energy in the HA is significantly higher than in
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the EDA, indicating enhanced light-matter interactions and nonlinear effects. Additionally, the
HA modes exhibit larger quality factors.
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2.2. fig. Near and far-field characteristics of electric and hybrid anapoles.

(a) From left to right: the normalized intensity of the internal electric field in the electric anapole nanodisk, and
corresponding vector field (gray arrows). Angular pattern of the multipoles radiated and suppressed by the EDA.
The two designs are obtained by fixing the refractive index n = 3.87. The considered EDA is obtained at kR =

1.795,R/H = 5, similar to [49 - 72]. (b) Same as in (a), for the HA, with kR = I,R/H = 1/3.
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2.3. fig. Calculations of the total electromagnetic energy.

Radiated power (a), and stored electromagnetic energy (b), at the electric anapole (indicated by A) and the hybrid
anapole (denoted with HA). The geometrical parameters are the same as in Fig. 2.2. The gray band in the plots
indicates the spectral position corresponding to the destructive interference between the electric dipole and the

electric toroidal dipole giving rise to the EDA. Despite having a volume around ten times larger than EDAs, the

hybrid anapole's radiation suppression is an order of magnitude more efficient and can be considered broadband.
Contrarily, the total stored electromagnetic energy is enhanced by more than an order of magnitude. In (b), the
electromagnetic energy has been normalized on 7073’ to facilitate the interpretation.

While Cartesian multipoles are suitable for describing far-fields, the process of QNM
expansion [73] for near-fields and internal currents allows us to further uncover the physics
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behind the HA. QNMs provide a suitable basis for the induced polarization currents, which can
then be expanded according to:

Jwr) =%, a@)f(wr) — iwseEy(w,1) (2.2)
Here fu(r) = — iwé‘sE‘u(r), o, (w) and &¢ are, respectively, the induced modal scattering

current distribution as a function of the internal mode field, the excitation coefficient of the mode
u describing its contribution to the total current at a given frequency, and the permittivity contrast
with the host environment.
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2.4. fig. Application of the QNM expansion method.

(a) Alternative scattering cross section decomposition. Colored lines are the individual contributions of the
physical QNMs. (b) Spectra of the volume-averaged electromagnetic field energy inside the cylinder and the
excited modes. The electromagnetic energy density has been normalized with respect to the incident
electromagnetic energy density in the vacuum. (¢) Normalized internal electric field distributions of the two most
relevant modal contributions near point A, from left to right, associated with Fabry-Perot (TM113) and Mie-like
(TE120) standing wave patterns (TE 1 is very weak near the hybrid anapole), respectively. All the electric fields
have been normalized with their respective maxima, to enhance their visualization.

It is important to emphasize the unusual feature of the hybrid anapole: the two resonant
QNMs dominating the spectra are simultaneously negatively suppressed by interference with the
background. A completely different picture emerges within the resonator. Fig. 2.4b illustrates the
modal decomposition of the internal energy stored in the cylinder near point HA. This is one of
the main results of the section. Contrary to the multipole expansion, the QNM decomposition
enables us to clearly distinguish the contributions of the eigenmodes to the internal fields. Firstly,
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we observe a significant enhancement of the electromagnetic energy (approximately nine times)
compared to the incident plane wave. Secondly, it is clearly seen that the stored energy at the
hybrid anapole is mainly driven by the TM113 mode due to its higher quality factor and the
proximity of its resonant wavelength to the hybrid anapole wavelength, and to a lesser extent by
the TE120 and the sum of the background contributions. Overall, the QNM analysis presented
in Fig. 2.4 demonstrates that both the invisibility effect (outside the cylinder) and the internal
energy enhancement at the HA are facilitated by the concurrent resonant response of the TM113
and the TE120 modes. On the other hand, the background modes, while they may not directly
define the spectral features of the figures of merit, also play a crucial role. Their interference
with the resonant modes leads to the invisibility effect. This interpretation is consistent with early
investigations [74] regarding the formation of Fano lineshapes in the scattering cross section of
spherical resonators.

The QNM theoretical framework is highly suitable for quantitative investigations of
nanoresonator dynamics under ultrashort pulses. Understanding both the spatial and temporal
structure of the scattered field can enhance our comprehension of its interaction with matter
under ultrashort pulses. To investigate the system's time dynamics, a series of numerical
experiments have been conducted (Fig. 2.5d-g). In the simulations illustrated in Fig. 2.5d-g, the
hybrid anapole nanoparticle is excited by a plane wave square pulse with a duration of 400 fs,
which is long enough to observe both stationary and transient regimes. The scattered power is
then plotted in Fig. 2.5d, and a more detailed view of the transient after the pulse is shown in
Fig. 2.5¢ for various refractive index contrasts with the substrate. HA behaves very differently
in the stationary and transient regimes. While it remains non-radiative in the stationary regime
for any dielectric substrate, in the transient regime, it emits energy spikes that can be controlled
by the underlying substrate. The same behavior is also evident in the spatiotemporal maps of the
Ex field shown in Fig. 2.5f-g, where one can fully understand the system's oscillatory patterns.
Interestingly, contrary to the conventional Fano resonance [75], we observe the formation of
several beats at the trailing edge of the pulse.

The potential that transient modulation offers can be fully exploited in practice by fabricating
metasurfaces inheriting (and enhancing), the single-particle mechanism described previously. In
particular, the HA can be harnessed to design fully transmissive, all-dielectric metasurfaces
without relying on the well-known Huygens condition, and simultaneously realize controllable
ultrafast switching by harnessing transients (Fig. 2.5a-d). Contrary to the latter, the light traverses
the structure without significant phase variation, thus rendering the metasurface invisible (see
shadowed selection in Fig. 2.7b). It can be demonstrated by writing the transmission coefficient
as a sum of the relevant multipole contributions of the meta-atoms:

t=1+t,+tp+ tom T+ tpe 2.3)

Where each term in the previous sum is proportional to the corresponding total multipole
moment (basic and toroidal contributions). When multipolar contributions are zero, we are left
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with t = 1 and the incident wave leaves the system unperturbed (Fig. 2.6a). This condition is
closely met at A = 782 nm, as indicated in Fig. 2.6b. The results demonstrate (Fig. 2.6d) that
transient oscillations of the metasurface are highly sensitive to changes in the substrate index,
opening a pathway towards tunable ultrafast beating.
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2.5. fig. Stationary and transient response of the hybrid anapole with different index contrasts
with the substrate.

(a) Scheme depicting the setup and the excited eigenmodes. (b) Comparison between the numerically obtained
scattering cross sections for the nanocylinder deposited on substrates with increasing refractive index. Inset of (b):
One-dimensional Fabry Perot model of the TM 113 mode. (¢) xz field distributions of the QNMs TE120 and TM 113
when the cylinder is deposited over substrates with a different refractive index. (d-f): Temporal response of the
hybrid anapole under a plane wave square pulse injected at 200 fs with a duration of 400 f5; (d) Scattered power as
a function of time; () Different beating patterns of the decaying eigenmodes after the plane wave excitation as a
function of ny; (f-g) Spatiotemporal maps of the x-component of the scattered electric field measured along the x
axis for ns= 1 (f) and ns= 2 (g), measured from the beginning of the modal decay. The color bars are saturated for
better visualization.
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2.6. fig. Design of a subwavelength hybrid anapole-based metasurface, featuring dual
functionality in the stationary and ultrafast regimes.

The period is set to 530 nm. (a) artistic representation of the proposed metasurface operating at the hybrid anapole
in the stationary regime. (b) Transmission, absorption, and phase of the transmitted wave with respect to the
incident one. The out-of-phase basic and toroidal moments induce a transparency band with minimal phase

perturbation (shaded region). The calculations have been performed in the presence of a substrate with ns= 1.5 .
(c) Artistic representation illustrating the metasurface response in the sub-ps regime, when excited by a plane
wave pulse. (d) Ex component of the scattered field from the metasurface as a function of time at the end of the
plane wave pulse.

As a result of this comprehensive research on Hybrid Anapoles, we have confirmed their
existence in the stationary regime where destructive interference between electric and magnetic
multipoles creates non-scattering zones. We have experimentally confirmed quadrupole anapoles
and magnetic anapoles in subwavelength nanoparticles, which offer potential for enhanced
nonlinearities without scattering. Additionally, we have developed a physical model to
understand the underlying eigenmodes that influence resonator response. By intentionally
breaking the hybrid anapole conditions in the transient regime, we can achieve ultrafast
modulation of scattered power while minimizing scattering in the stationary regime. Finally, we
propose a non-Huygens metasurface that enables substrate-independent transparency and
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substrate-dependent signal modulation, greatly expanding the available degrees of freedom for
dynamic tuning. This metasurface shows promise for applications in ultrafast dynamic
nanophotonics, including temporal and spectral shaping of femtosecond laser pulses.

2.2 Nanoparticle dynamics in the optical nanovortex and its applications for
lab-on-a-chip platforms

Nanophotonic approaches can enhance capabilities in microchambers and microreactors
which is essential for control over fluid flows at small scales in the field of microfluidics. This
chapter will focus on the concept involving enhanced optically-driven diffusion and nanoparticle
sorting utilizing high-index dielectric nanoantennas. Spin-orbit angular momentum transfer and
radiation pressure create subwavelength optical nanovortices, enabling moving-part-free
nanomixing and precise sorting of gold nanoparticles. This versatile platform enables
miniaturized, optically driven microfluidic chips for chemical analysis, emulsion preparation,
and light-controlled navigation of nanoparticles, viruses, or biomolecules.

The spiral motion of nano objects in an optical nanovortex driven by an out-of-plane light
source requires efficient transformation of spin angular momentum (SAM) of light to in-plane
orbital angular momentum (OAM) of the highly confined near fields of the nanocube. This
momentum should then be transferred to the surrounding nanoparticles. Therefore, as a primary
requirement, there should be sufficient in-plane scattering from the nanocube. This urgent
functionality could be enabled, in particular, by the recently observed Transverse Kerker Effect
[76], which allows for lateral scattering only. On the other hand, azimuthal forces arising from
helicity inhomogeneities in the scattered near field (curl spin forces [77]) may also facilitate
rotational motion. Hereinafter, we optimize both effects, considering that we do not necessarily
need to completely eliminate forward and backward scattering. Thus, we can adjust the
parameters to achieve an improved optical subwavelength vortex.

Fig. 2.7 presents a proposed nanomixing scheme: a silicon nanocube with refractive index n
= 4 submerged in a water solution is illuminated by a circularly polarized laser beam from the
top. The scattered field carries a non-zero tangential component of the Poynting vector in the xy
plane, which induces non-zero orbital angular momentum in the negative z-direction. The same
effect causes the spiral motion of gold nanoparticles around the nanocube. Viscous friction
between the moving nanoparticles and the fluid gives rise to convective fluid motion, enhancing
fluid mixing. Nanoparticles of different sizes, with opposite signs of the real part of
polarizability, are radially displaced in opposite directions — the smaller ones move towards the
nanocube, while the larger ones move away from it (Fig. 2.7b). Since the nanostructure has
negligible losses, the total angular momentum of the incident and scattered light is conserved.
This conservation law for the total angular momentum implies that part of the incident SAM is
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transferred to both SAM and OAM of the scattered field leading to spin-orbit coupling
phenomena.

2.7. fig. An artistic view of the proposed active nanomixing scheme (left) and radial separation
of nanoparticles (right).

In order to gain better physical insight, let us consider the multipole decomposition for the
scattering cross-section of the nanocube deposited over a glass substrate (Fig. 2.8a) and
illuminated with LCP light in a water host environment (refractive index nm = 1.335). A careful
analysis reveals the most pronounced vortex-like energy flux arises at the magnetic quadrupole
(MQ) resonance (Fig. 2.8a-b). The total scattered power with incident LCP illumination (Total
LCP) is fully reconstructed as the sum of contributions of individual multipoles, respectively,
the total electric dipole (TED), magnetic dipole (MD), electric quadrupole (EQ), and the
magnetic quadrupole (MQ).
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2.8. fig. Multipole decomposition for the scattering cross-section of the nanocube

(a): The geometry is illustrated in the top inset and the ambient medium is water. The dashed black line indicates
the position of the resonant MQ mode (green laser, 532 nm). (b) Color plot denotes the norm of the total electric
field at 532 nm wavelength in the transverse x-y plane at z =70 nm. The arrows indicate direction and their
lengths illustrate the relative size of the transverse part of the scattered Poynting vector.
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Moreover, by varying the size of the nanocube, we can modify the multipolar response of the
resonator to align the MQ resonance with the vacuum wavelength of 532 nm (399 nm in water),
which corresponds to the most suitable green laser source. Hereinafter, we will proceed with
these values; however, it should be noted that an even more enhanced MQ response can be
obtained in a free space environment. The magnetic quadrupole (MQ) mode offers a high signal-
to-noise ratio compared to other prominent multipoles. The magnetic dipole is nearly one order
of magnitude smaller, and the electric quadrupole is not in resonance. The electric dipole
radiation is also significantly suppressed by an anapole state near the MQ resonant frequency.
Thus, well-pronounced magnetic quadrupole (MQ) fields can be obtained by driving the vorticity
of the Poynting vector (Fig. 2.8b).

In order to illustrate the potential applicability of the effect being considered as a mixing
method for microfluidic reactors, let us consider a scenario where the water surrounding the
nanocube contains a dilute solution of chemically inert and biologically compatible
nanoparticles. The dynamics of the latter will be affected by the optical forces arising from the
interaction with the cube's scattered field, along with the Brownian and viscous drag forces
induced in the fluid. The most obvious and convenient candidates to act as mixing mediators are
gold (Au) nanoparticles. They do not interact with the chemical and/or biological compounds
dissolved in the solutions and are widely used in a variety of microfluidics applications [78. 79].

In order to enhance the mechanical orbital torque transferred to the Au nanoparticles and
prevent them from adhering to the walls of the nanocube due to attractive gradient forces, the
ratio (Fs¢) /(Fy) should be maximized. In this case, scattering forces govern the nanoparticle
dynamics, causing them to undergo spiral paths around the nanocube. This action acts as stirrers,
enhancing convective fluid motion and thus improving the diffusive mixing of any admixtures
present in the water solution.

The scattering force can be the dominant force acting on the nanoparticle only if the real part
of the nanoparticle's polarizability is significantly smaller than the imaginary part. For simplicity,
we assume a spherical shape so that the dipole polarizability can be evaluated analytically using
the exact Mie theory [80-82]:

a(ky Ry) = i"%ﬁmz a;(m, kg, Ry) 2.4)
where k; is the wavenumber in water, a; denotes the first electric Mie coefficient, which
depends on the refractive index contrast between the particle and the medium asm =

v €au(w) /Ny, and the dimensionless parameter k4 R, where R, is the nanoparticle radius.

Fig. 2.9 displays the real and imaginary parts of the polarizability for gold particles of various
sizes dispersed in water. To determine the trajectories of Au nanoparticles in water, we assume
that the system has achieved stationary equilibrium in the z-direction. This is because the z
component of the incident radiation pressure is compensated for in the presence of the glass
substrate. Therefore, the trajectories can be treated as two-dimensional, localized only in the
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transverse x-y plane. We consider that Au nanoparticles of 40 nm radius are uniformly distributed
around the Si nanocube. Their trajectories during a simulation time of 0.1 ms are shown in Fig.
2.10, where illumination wavelength in vacuum was 532 nm (in water 399 nm). If the nanocube
is not illuminated, Brownian motion induces random displacements of the nanoparticles
regardless of their position in the simulation domain. Conversely, when the system is illuminated
with circularly polarized light with intensities around 50 — 80 mW /um? (corresponding to
typical values used in conventional optical trapping schemes [83]), mechanical orbital torque is
transferred to the Au nanoparticles, propelling them along spiral trajectories (Fig. 2.10b).
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2.9. fig. Real and imaginary parts of the dipole polarizability are calculated for Au

nanoparticles of different sizes (dispersed in water).

The excitation wavelengths correspond to those in free space. For nanospheres with radius R, = 35 nm, the real

part can be equal to zero while the imaginary part is enhanced.

In order to characterize the trajectories of the nanoparticles inside the vortex and the
enhancement of their diffusional motion, we calculated their Mean-Squared Angular
Displacements (MSAD, (4¢?) in Fig. 2.11a), with respect to the center of the nanocube. Due to
the persistent orbital torque inside the vortex, the nanoparticles are actively rotating, as shown
by the remarkable increase in the azimuthal angle as a function of time. The MSAD curves can
be fitted with the following equation:

(@) = Dt + wapg”t (2.5)

where Dg'7 is an effective rotational diffusion coefficient and Wgyg 1s the average angular

speed. This analysis leads, as expected, to wqy,g = 0 for the case of passive (Brownian) diffusion,
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and wWg,g = 0. eg and wgy,g = 0. eg tor particles placed, respectively, at nm an
d wgpg = 0.37deg and wg,y = 0.08deg for particles placed, respectively, at 210 d

300 nm from the center of the nanocube.
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2.10. fig. Trajectories of Au nanoparticles of 40 nm radius during 1ms of simulations.

(a) — No incident illumination, only Brownian motion and drag forces act on the particles; (b) — The nanocube is
illuminated with a circularly polarized light, and the optical force contributes significantly. The Au nanoparticles
spirally move around the cube. The figures are scaled to the length of the cube side equal to 158 nm.

a b
0
10 .
107
107
E\AA -~
o o
£ £
2 S 3
ot 10 N 10
Ny o
g v
1078 m— Brownian = Brownian
=210 NM =210 NM
=300 NM ===r=300 nm
107 107
10" t (us) 102 10! t (us) 10°

2.11. fig Log-log plots of MSAD and MSD characterizing the diffusional motion of Au

nanoparticles under the influence of the optical near fields

(a): Calculated MSAD averaged over 100 Au nanoparticles of 40 nm radius, when the cube is not illuminated
(blue), and under LCP illumination at a distance from the center of the nanocube much lower than r,, (shown in
(c)) - violet and at r,, - red. (b): Averaged MSD in the same conditions as in (a). Dashed line corresponds to the fit
with Einstein’s relation. (c) Trajectories of 40 nm radius Au nanoparticles inside and outside the nanovortex
region delimited by 7. The red dashed circle delimits the effective radius 7, which determines the range of action
of the tangential optical forces. The optical nanomixing effect is achievable at the positions lying inside 7.
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The radius r» reaches about half of the incident wavelength in water. Therefore, the
mechanical effect of optical vortices on a nanoparticle occurs in the subwavelength region. Such
a reduced scale cannot be achieved using any focused far-field beams, such as radial and Bessel
beams [84-86]. Up to our knowledge, this is the first proposal to provide optical nanovortices
created in a simple, realizable setup, avoiding the need for lossy plasmonic nanoantennas [87-
88], short-wavelength guided modes [89], or complex chiral structures [90]. Such optical
nanovortices represent a promising component for on-chip orbital angular momentum (OAM)
exchange, driving light-matter interactions such as controlled light emission from quantum dots
[90], super-resolution [91-92], and manipulation of nanoobjects [84].
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2.12. fig. Formation of a fluid nanovortex due to the movement of two Au nanoparticles (white
circles moving anticlockwise) driven by an optical nanovortex formed around the nanocube

(white square).

Background color map denotes the distribution of stress in the fluid in 1/s and white contours show the fluid
velocity field streamlines of the initially static fluid at different times since the nanoparticles became optically
driven. (a) t=0.01 us, (b) =150 Us and (c) t=260 Us.

To study the liquid flow in detail driven by the proposed nanomixing design, we employ
direct time-domain simulation in COMSOL Multiphysics©. We consider simplified forms of the
Navier-Stokes and mass balance equations, assuming laminar, incompressible flow of the fluid.
Furthermore, we apply open boundary conditions at the edges and simulate a large fluid domain
around the nanocube. Typically, lab-on-a-chip microchambers are on the scale of tens of
micrometers. Fig. 2.12 shows the calculated stresses and velocity fields in the fluid during 200
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us propagation with a 800 x 800 nm domain size. Open fluid boundary conditions were imposed
at a distance of 1.5 um from the center of the nanocube. For the sake of clarity, thermal motion
is not considered in the simulation. The particles start with zero initial speed and gradually
accelerate under the influence of radiation pressure and spin forces arising from their interaction
with the optical nanovortex. Consequently, the fluid environment is also displaced, as shown in
Fig. 2.12a. At longer times, a single-vortex-like velocity distribution is established. The velocity
streamlines are more inhomogeneous at shorter times when the nanoparticles begin to move. At
150 ps only minor fluid distortions take place very close to the nanoparticles and the nanocube.
Therefore, a possible way to further enhance the fluid nanomixing would be to implement
periodic switching between left- and right-hand circularly polarized incident light. This approach
would reverse the direction of particle motion, thereby maintaining a high level of
inhomogeneity in the fluid stress field.

These effects enable us to demonstrate a novel, dynamic, contactless size sorting method for
gold nanoparticles in liquid solutions, addressing one of the most challenging goals of
conventional microfluidics with the assistance of dielectric nanophotonics. At a given incident
wavelength, we can categorize the behavior of the Au nanoparticles into regions I and II (Fig.
2.13a). Smaller nanoparticles from region I with a positive ' are attracted by the radial gradient
force towards the nanocube, while larger nanoparticles from region II should be repelled
outwards. However, in region I, there is a competition between Brownian, gradient, and
scattering forces. Brownian forces introduce unbiased random displacement, while the other two
forces drag the nanoparticles in opposite radial directions. A careful analysis considering the
contributions of each force is required to determine the viability of the sorting method. Fig.
2.13b-f illustrates the proposed approach for nanoparticle separation by comparing the results of
the numerical simulations for two sets of Au nanoparticles. The trajectories colored in blue
correspond to nanoparticles with increasing sizes ranging from 10 nm to 40 nm radii, while the
red trajectories represent the paths followed by nanoparticles of 50 nm radius. The smaller blue
particles are located inside region I, while the larger red ones are in region I1.

Nanoparticles smaller than 15 nm have very low polarizabilities, resulting in negligible
optical forces compared to Brownian forces (Fig. 2.13b). Numerical simulations, however,
demonstrate that nanoparticles with radii ranging from 15 to 30 nm are attracted towards the
nanocube, following inward curved paths, and are primarily influenced by gradient forces. The
most intense inward forces in region I are experienced by nanoparticles with a size of 30 nm
(Fig. 2.13e), coinciding with the peak of ' in Fig. 2.13a (green line). Contrarily, nanoparticles
with radii close to 40 nm (i.e., in the vicinity or inside region II) spiral away from the dielectric
nanocube due to scattering forces. Larger particles are also repelled by the joint scattering and
gradient forces because the latter changes sign.

This demonstrates that our novel platform can operate as a sorting device for gold
nanoparticles by exploiting their inward or outward motion towards the nanocube based on their
dimensions. A precise, in-situ size control of gold nanoparticles is a crucial step in many
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applications, such as determining biological cell uptake rates [93], [94], toxicity [95], and Raman
signal intensity [96].
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2.13. fig. Illustration of optical sorting.

(a) Real ("), and imaginary (&") parts of the dipole polarizability as a function of the particle radius for an
incident free space wavelength of 532 nm. Insets depict schematically the radial direction of the optical forces
exerted on Au nanoparticles inside the different regions. (b-f) The blue curves show the calculated trajectories

followed by particles with sizes from region I: 10 nm (b), 15 nm (c), 20 nm (d) , 30 nm (e) and 40 nm (f),
respectively. For comparison, in all the plots (b-f) the red curves correspond to the statistically different
trajectories followed by nanoparticles with 50 nm radii corresponding to region II.
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2.3 Controlling ultrashort pulse propagation in disordered layered media

Optical nanostructures with loss and gain components are gaining attention as versatile
materials for nanophotonic applications. Active metamaterials, which can be controlled by
adjusting nonlinear interactions, offer tunable optical signatures for sensing and signal
processing at micro- and nanoscales. This chapter proposes a method to control ultrashort pulses
by manipulating population difference disorder in a random active metamaterial. This simple
approach enables three interaction regimes: self-induced transparency, localization, and light
amplification, each with distinct pulse speeds. The proposed disordered medium presents
opportunities for unique active components in various optical applications.

In this chapter, we study a one-dimensional layered structure with resonant loss and gain. We
modify the typical loss-gain setting by introducing another variable into the system — disorder.
Recently, it has been discovered that disordered metamaterials are of great interest not only
because of Anderson localization [97, 98], but also for observing topological state transitions
[99], enhancing transmission [100], and shaping wavefronts [101]. Another feature we consider
is the emphasis on the dynamics of short pulse propagation. Therefore, our results belong not
only to the fields of active and disordered photonics but also continue the long chain of
investigations dedicated to the coherent pulse propagation in resonant media [102]. In particular,
our analysis is naturally connected to the studies of self-induced transparency (SIT) [103], [104]
and related coherent effects such as the formation of population density gratings [105], [106] and
collisions between solitonic pulses [107]—-[109]. In this case, we are interested in systems with
disorder in the parameters of the resonant part, while the background remains uniform.

In contrast to the passive systems [110], [111], here we assume that the density of active
particles is uniform and study another class of disordered resonant media with randomly varying
initial population differences. Such a medium can be viewed as an active disordered
metamaterial, representing a set of layers with varying levels of loss and/or gain. The ordered
case represents a uniform resonantly absorbing medium, while the introduction of disorder leads
to the formation of excited layers: the greater the disorder, the more extensive the excitation.
Since it is not obvious how such systems respond to external pulsed excitation, we analyze
several specific models of disorder and demonstrate three different regimes of pulse interaction
with the system: the superconductor-insulator transition (SIT) regime, the localization regime,
and the amplification regime. The first one is observed at a low disorder and is characterized by
almost unperturbed slow soliton propagation. The localization regime that occurs at an
intermediate disorder level implies low output and strong absorption of radiation within the
structure. At a significant disorder, the signal quickly emerges at the rear end of the structure,
and the combined energy of the transmitted and reflected light is amplified. One can switch
between these regimes by changing disorder parameters, for example, through a change in
pumping. This allows us to obtain dramatically different responses (transmission and reflection)
at various levels of disorder, which can serve as a foundation for adjustable optical devices.
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The system considered in this chapter consists of a background dielectric doped with active
(two-level) atoms (Fig. 2.14). Light propagation in this medium can be described in the
semiclassical approximation by the well-known Maxwell-Bloch equations. The model of
disorder considered here implies that the initial population difference in the j layer of the
medium corresponding to the distance (j — 1)6L < z < jdL is given by:

wl,=1-2¢r (2.6)

where &; is the random number uniformly distributed in the range [0; 1] and 7 is the
parameter of the disorder strength. When r = 0, we have the trivial case of purely absorbing
(lossy) medium (all W& = 1). On the contrary, r = 1, corresponds to the maximal disorder,
when loss and gain have equal probability to appear. In other words, the system can be considered
as a multilayer (total thickness L) consisting of slabs (thickness §L) with different initial
population differences, that is, different parts of the medium are under different pumping. For
r > 0.5, the gain layers with w0, < 0 becomes possible. Thus, the parameter  not only
governs deviation from the ordered case of pure loss, but also takes on the role of pumping
strength resulting in appearance of gain. An example of distribution governed by Equation (5) is
depicted in Fig. 2.15 for the period of random density variations §L = 1/4 and maximal disorder

r=1.
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2.14. fig. Schematic depiction of the system under consideration.

Different shades of blue and red denote different levels of loss and gain, respectively.
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2.15. fig. Examples of initial population difference w0 distributed along the medium for the

model of disorder.
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2.16. fig. Calculation of transmission and reflection for different levels of disorder.
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Disorder strength r

a) Average output energy of transmitted (bottom) and reflected (middle) light as well as their sum (top). Energy
averaged over 100 realizations was calculated for the time interval 500zp and was normalized on the input energy.

The layer thickness is JL = /4. The error bars show the unbiased standard deviations for the corresponding
average values. b) The ratio of average values of reflection and transmission as a function of .
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2.17. fig. Profiles of a) transmitted and b) reflected intensity for different values of the disorder

parameter 1.
Profiles are averaged over 100 realizations, the layer thickness is 0L = A/4.

Fig. 2.16a shows the mean values of transmission and reflection for different levels of
disorder calculated within the modeled framework. At low disorder (r < 0.2), we have the SIT
regime with high transmission, and the resulting pulse corresponds to a SIT soliton. As a result,
a solitonic pulse of a specific form can be observed propagating through the medium with low
attenuation. This is exactly what we see in Fig. 2.17a. For r > 0.2 transition to localization
occurs with a gradual decrease in transmission and an increase in reflection and absorption. In
this scenario, trapping occurs closer to the entrance as disorder increases. This results in the
slowing down of SIT pulses and the observation of an almost standing population inversion, as
depicted in Fig. 2.18 for a realization with r = 0.4.
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2.18. fig. The distributions of a) light intensity and b) population difference at different

moments of time for a realization of disorder with r = 0.4.

Varying the degree of disorder allows us to control the reflection-to-transmission ratio.
Calculation of the average transmission and reflection for different values of 6L at r = 0.5 is
shown in Fig. 2.19. We observe that the optimal range for localization is between 0.14 < 6L <
0.25A (which corresponds to the findings in [112]). According to our model of disorder, it can
be introduced into the system within a side-pumping scheme by periodically placing absorbing
strips of random thickness on the structure. Different strips will block various sections of the
pump, causing different parts of the medium to be excited in a random manner. The disorder
parameter r, which governs the strength (or degree) of disorder, indicates the magnitude of
population difference variations. It can be tuned simply by changing the pump intensity.
Therefore, with the same distribution of random numbers, stronger pumping leads to larger
amplitudes of population difference variations. Within this conceptual framework, one can
generate distributions of loss and gain with varying levels of disorder as needed.
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2.19. fig. Average output energy of transmitted (bottom) and reflected (middle) light as well as

their sum (top) as a function of the layer thickness L.

The disorder parameter is r = 0.5. Energy averaged over 25 realizations was calculated for the time interval 500zp
and was normalized on the input energy.

We investigated the propagation of ultrashort pulses in a resonant multilayered medium with
randomly varying initial population differences along the propagation direction. The focus was
on an active system with a disordered loss-gain distribution and a uniform background. As a
result, three potential disorder models were considered, revealing two transitions and three
distinct regimes as the disorder increased. The transitions were from the self-induced
transparency (SIT) regime to the localization regime and then to the amplification regime. The
amplification regime only appeared when negative population differences were possible and the
disorder was sufficiently large. These effects offer opportunities for flexible control over the
optical response of the medium, allowing for adjustments in the reflection-to-transmission ratio
and pulse propagation speed through the disorder parameter.
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2.4 Analysis of the diffusion-inspired emission dynamics in nanostructured
environments

In the study of light-matter interaction, the structured environment controls the dynamics by
modifying the local density of electromagnetic states. While fast fluorescent processes may
overlook mechanical changes, slow-decaying phosphorescent complexes can detect micro- and
millisecond-scale motion through near-field interactions. By examining the interplay between
time-varying Purcell enhancement and molecular motion, we analyze collective decay
phenomena using a modified diffusion equation. Mapping fluid properties onto phosphorescent
lifetime distribution enables contactless all-optical thermometry and diffusion measurements.
This photonic platform has potential applications in nanofluidic processes and lab-on-a-chip
devices, offering insights that are challenging to acquire with other optical methods.

The common approach to solving problems related to light-emission processes is based on
time-dependent perturbation theory in the case of weak coupling regimes, or on the complete
solution of dynamic equations in more advanced strong coupling scenarios. In both cases,
however, the strength of the fundamental interaction parameter is time-independent. This
approach is well-justified in cavity quantum electrodynamics, where the environment is static
and does not change during the interaction. In colloidal applications, where a solution of particles
can undergo either ordered or random motion, dynamical changes of the environment can also
be neglected under certain commonly encountered approximations. For example, fast virtual
level-assisted nonlinear processes and even dipole-allowed nanosecond-scale fluorescent decays
are orders of magnitude faster than slow microsecond-scale changes in the fluidic environment.

In terms of fundamental light-matter interaction processes, phosphorescent timescales can be
comparable to conformational changes within the colloidal environment. For example, a
spherical molecule in water at room temperature has an average displacement of several hundred
nanometers during a time period of 100 microseconds. This nanoscale displacement between an
emitter and nanoantenna is sufficient to significantly alter the decay rate, as will be demonstrated
subsequently. It is worth noting that conformational changes are still significantly slower than
the optical carrier frequency, allowing for the application of a time-scale separation approach in
theoretical treatment. This approach has been recently applied for velocimetry mapping with
phosphorescent emitters [113] and for the analysis of rotational micro-Doppler effects [114],
[115].

Here, we present a theoretical framework for analyzing diffusion processes of slow-decaying
phosphorescent compounds in a solution of resonant optical antennas (see Fig. 2.20). An
assembly of emitters, dissolved in a liquid mixed with metal nanoparticles, is pumped with
external illumination. Slow-decaying dyes diffuse in the vicinity of resonating nanoparticles,
which change their emission on a timescale comparable to the spontaneous decay. As a result of
this interaction, the information on fluid dynamics is imprinted in the photon statistics.
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2.20. fig. The schematics of the system — diffusion of slow-decaying phosphorescent dyes next

to a resonating nanoantenna.

Radiative and nonradiative enhancements should be distinguished because they influence the
interaction between light and matter in different ways. Total radiative lifetime governs the decay
dynamics, while the radiative contribution is responsible for the number of photons detected at
the far field. The difference between radiative and total rates is the result of losses within the
particle [116]. While in the majority of optoelectronic applications, only the radiative
enhancement is a factor for maximization, our diffusion model requires knowledge of the total
decay rate. The information about local properties of the fluid, however, can be analyzed by
collecting emitted photons. Radiative and total enhancements are plotted as a function of the
distance from the gold nanoparticle (Fig. 2.21). The following typical parameters have been
used: the radius of the spherical particle is 50 nm, and the optical properties of gold were taken
from [117]. The central wavelength of phosphorescent emission is 690 nm. It can be seen that
nonradiative channels dominate the decay dynamics in the close proximity of the particle, while
at distances larger than 100 nm, the influence of the particle diminishes, and Purcell enhancement
approaches unity (no enhancement). Qualitatively, this means that fluorophores located far away
will contribute to the background radiation and will decay at a rate of 0. The most relevant region
for observing the diffusion dynamics via photon counting is situated at distances of 20-100 nm
from the nanoparticle surface.

Having the values of the diffusion coefficient and the position-dependent Purcell factor, the
entire model can be solved. Fig. 2.22 shows the density of the excited molecules as a function of
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the distance from the particle at different time points. Color lines correspond to different times
elapsed from the instance of the pulsed pump excitation.
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2.21. fig Purcell enhancement next to a gold (50-nm-radius) nanoparticle.

Orientation-averaged total, radiative, and nonradiative enhancements (black, red, and green lines, respectively) as
a function of the normalized distance (to the particle’s radius) between the dipole and particle’s surface.

2.22. fig Radial distribution of excited dye molecules in a vicinity of the particle at different

times for different diffusion coefficient values: a) 0, b) 0.2, ¢) 1.6.
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It can be seen from Fig. 2.22 that when the diffusion coefficient is very small, the population
of excited dyes drops rapidly near the particle, and there is no Brownian inflow towards it. On
the other hand, when diffusion is efficient, slow-decaying molecules (unaffected by Purcell
enhancement) flow in and begin to sense the presence of the antenna. As a result, they decay
faster. This dynamic behavior is clearly observed by comparing panels a, b, and c. The decay
kinetics directly affect the lifetime distribution, which can be measured in the far-field.

Fig. 2.23a demonstrates the time-dependent intensity decay for various values of the
diffusion constant. It is clearly seen that in the selected range of parameters, the intensity
decreases more rapidly with an increase in diffusivity. When the molecules are randomly moving
around the antenna, they have a higher probability of being found in its vicinity, leading to a
larger Purcell enhancement. This result is illustrated in Fig. 2.23b, where the non-exponential
response of the system is clearly visible. The rightmost peak corresponds to the free-space
relaxation time of the molecules. The secondary peak on the left is associated with the Purcell
effect and contains information about the diffusion characteristics. Indeed, the increase in the
diffusion coefficient leads to a further shift of this secondary peak towards shorter lifetimes. This
shift occurs because there is an increasing probability for molecules to approach the metal
nanoparticle. The position of this peak as a function of the diffusion coefficient, and
consequently, temperature is shown in the inset. Therefore, it becomes possible to measure
temperature and diffusion coefficient in a liquid using the proposed photonic contactless design.
The pronounced dependence of the optical signature of phosphorescent molecules on their
surroundings can be extremely useful in various applications such as microfluidics and
microchamber-based chemistry, remote all-optical temperature control, microbiology, and

biomedicine.
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2.23. fig. (a) Normalized intensity (log-scale) decay of the dye molecules in a vicinity of the
particle for different diffusion coefficient values (b) Lifetime distribution analysis of the
collected luminescence signal.

Color lines correspond to different diffusion coefficients and, hence, temperatures.
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2.5 Modeling optical binding effect in hyperbolic metamaterials

In this chapter we discuss the capabilities of hyperbolic metamaterial (HMM) substrates for
optical binding applications. A typical scenario is depicted in Fig. 2.24, where a pair of small
particles are linked together by an optical field, mediated by a structured surface. In contrast to
free space binding scenarios, a layered metal-dielectric substrate opens additional interaction
channels mediated by surface and volumetric modes. As will be demonstrated, the interaction
between the surface geometry and the modes within the bulk will enable the achievement of
optical binding with deeply subwavelength separation distances. This can be efficiently adjusted
by leveraging the strong chromatic dispersion of the metamaterial. Particles’ locations in
Cartesian coordinates are (0, 0, a) and (X, y, a), where a = 44/30 is the radius of the particles
and A is the incident light wavelength.

free space
interaction

2.24. fig. General concept of optical binding above a metamaterial slab.

Highly confined optical modes within the layered hyperbolic metamaterial (HMM) create additional interaction
channels, enabling the formation of dimers and chains with separation distances smaller than the diffraction limit.
To analyze the influence of a semi-infinite anisotropic multilayered metamaterial on optical
binding, let us consider a pair of nanoparticles with the same parameters, one of which is fixed
at the origin of the coordinates. The period of optical binding can now be defined as the distance
between two nearest stable equilibrium positions, and the stiffness is the ratio of the restoring
force to the particle's displacement:

k = —AF,/Ax 27
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Fig. 2.25 shows the resulting optical forces corresponding to the dominant contributions of
SPPs and hyperbolic modes. In the first case, optical forces are primarily influenced by the strong
impact of surface plasmon-polaritons, with these surface waves fully driving the forces, while
the contribution of other modes is inadequate. In the latter case, where hyperbolic modes have
the predominant influence, optical binding has almost nothing special compared to the free-space
scenario. Here, HMs contribution increases the force by almost twice (which is still two orders
of magnitude less than that of SPPs) and slightly shifts equilibrium positions, almost not affecting
Lpina- Thus, hyperbolic modes excited by the first particle propagate symmetrically in the
volume without interacting with the second particle, and vice versa. However, the still existing
nonzero contribution of HMs can be explained through the aforementioned cross-terms. In this
scenario, modes excited by one particle are scattered by another, resulting in additional HMs
with broken symmetry. These, in turn, contribute to the optical force shift [118].
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2.25. fig. Dependence of the optical binding force on the distance between the particles.

(a) SPPs, (b) hyperbolic modes. The blue line corresponds to the total optical binding force near anisotropic
substrate, the red line is for the surface plasmon-polariton modes contribution only, gray circles depict
contribution of hyperbolic modes, and the black lines show optical binding via propagating in the upper half-space
modes only.

Therefore, it demonstrates that hyperbolic modes, even though dominant in the interaction
with the semi-infinite metamaterial, do not provide a sufficient contribution to binding in this
case. The main reason for the weak influence of HMs on binding is the absence of feedback from
the bulk modes, which propagate away from the particles to infinity. However, strong optical
binding can be achieved by using an anisotropic finite thickness slab because of the reflections
of hyperbolic modes from the boundaries. The structure under consideration appears in Fig. 2.26.

In contrast to conventional waveguides, the transversal component kx in hyperbolic slabs
can achieve rather high values. This, combined with the highly confined shape of the modes,
could allow for very small distances between the hotspots driven by multiple reflections. This,
in turn, paves the way for strongly subwavelength binding of nanoparticles and also provides
tunability through changing material parameters, slab thickness, excitation wavelength, etc.
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2.26. fig. The scheme of optical binding near anisotropic hyperbolic metamaterial (HMM) slab.

Reflections from the boundaries of the slab form high intensity regions and result in optical binding with
separation distances Ly;,q below the diffraction limit.
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2.27. fig. Chromatic tuning for the multilayered structure of silver and Ta205 [119], [120]
layers with the slab thickness 115 nm and filling factor of 0.133.

(a) - imaginary part of the reflection coefficient (dispersion diagram). (b) - optical binding period over the

frequency.

Additionally, we can consider another important degree of freedom — chromatic tuning of the
metamaterial-assisted optical binding. Fig. 2.27a shows the dependence of the reflection
coefficient on the incident wave frequency for a slab thickness of 115 nm. It can be seen that the
number of HM peaks controlled by the reflections (similar to Fabry-Perot resonances for
hyperbolic modes) and contributing to optical binding increases with lower frequency. Therefore,
the dependence of optical force becomes more complex. The distance between the bound
particles (Fig. 2.27b) now varies with frequency, highlighting the significant role of material
dispersion in this context. The binding period is proportional to the ratio of the thickness of the
slab and the incident wavelength. In this case, the permittivities are monotonically dependent on
the frequency, thus the optical binding distance's dependence is more or less monotonous.
However, in other wavelength regions, additional heavy metals (HMs) and non-monotonic
dispersion of optical constants could displace the stable equilibrium positions and alter the
relationship depicted in Fig. 2.27b. This additional degree of freedom opens up a realm of
opportunities for tuning optical binding in a "non-invasive" manner and fabricating novel designs
and architectures of nanostructures on metamaterial substrates by adjusting optically induced
forces with hyperbolic modes.
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2.6 Modeling superscattering effect emerging from the physics of bound
states in the continuum

In this chapter, we study the Mie-like scattering from an open subwavelength resonator made
of a high-index dielectric material when its parameters are tuned to the regime of interfering
resonances. We have discovered a novel mechanism of superscattering, closely linked to the
strong coupling of resonant modes [121] and described by the physics of bound states in the
continuum (BICs). We demonstrate that the enhanced scattering occurs due to constructive
interference described by the Friedrich-Wintgen mechanism of interfering resonances [122],
which allows the scattering cross section of a multipole resonance to exceed the currently
established limit. Here, we develop a comprehensive non-Hermitian model to describe the
interference of resonances of quasi-normal modes.

Fig. 2.28a illustrates a proposed concept of the superscattering effect inspired by BIC in an
isolated resonator. Strong coupling of two modes reshapes both their near fields and scattering
patterns as a function of a tuning parameter. The interfering resonances lead to a quasi-BIC state
(destructive interference) and induce power redistribution between multipolar scattering
channels, resulting in super-dipole radiation (constructive interference). Mode coupling induces
power redistribution within two radiation channels, enabling the overcoming of the single-
channel scattering limit. This process allows for the control of not only the Q-factor but also the
enhancement of the power scattered by a multipole (e.g., the electric dipole) beyond the limit, as
demonstrated in Fig. 2.28b.
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2.28. fig. (a) Concept of BIC-inspired superscattering in an isolated resonator.

(b) Super dipole resonance arising in the scattering cross-section of a dielectric cylinder with refractive index n =
3.8, radius 130 nm, and height 180 nm. The scattering cross-section of the electric dipole channel significantly
exceeds the single-channel limit. This is in contrast with conventional superscattering, where several multipole

resonances need to be overlapped.

To design a superscatterer, the resonant frequencies of several Quasinormal Modes (QNMs)
associated with different multipolar channels must be brought together through a specific design
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of the particle geometry. This design aims to ensure that the total scattering cross-section, which
is the sum of their contributions, surpasses the limit. Moreover, depending on the symmetry of
the object, the scattering cross-section of one multipole can receive contributions from other
multipoles. This suggests that the strength of a multipole could, in theory, be boosted beyond the
conventionally accepted limit, as depicted in Fig. 2.29a. In stark contrast to conventional
superscattering, the ability to enhance the cross-section of a single multipole allows us not only
to increase overall scattering but also to manipulate the radiation pattern. For example, this
provides an opportunity to make it larger without significantly altering its shape, as illustrated in
Fig. 2.29a.
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2.29. fig. Boosting scattering of a multipolar resonance.
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(a) Ilustration of symmetry breaking. On the left-hand side, a spherical scatterer is illuminated by a plane wave
with momentum k. On the right-hand side, a nonspherical scatterer displays a significantly enhanced scattering
pattern. (b, ¢) General model of a single QNM [a) compatible with two scattering channels T =1, 2.

This is verified through derivation of an ad-hoc expression for the scattering cross section of
channel 1:

1
01/0pMax = N |[1—Ry; — R12|2 = |f(w)|2 (2.8)
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where complex function f(w) determines the ultimate limit for scattering in this case. The
radiation rate of the system is the sum of radiation rates to the two channels: ya = y1 + y2.
According to temporal coupled mode theory [121, 122] (TCMT), we also get:

flw) = i— AL 2.9)

Wa—w—=i(y1+Y2)

We can observe the behavior of such system by fixing y; = 1 (in normalized units) and
plotting f(w) as a function of detuning from resonance w, — w, for different values of y, (Fig.
2.29b). Strikingly, apart from the conventional maxima cases, we observe a critical ¥, for which
|f (w)| reaches a maximum exceeding 1 (green curve). Additionally, for radiation rates larger
than the critical (pink curve) we observe a progressive degradation of the enhancement,
confirming that there indeed exists an optimal, small y, where the cross section is maximized
beyond the limit. To provide more insight, the scattering cross section (channel 1) for different
cases is displayed in Fig. 2.29c¢. It is evident that the green spectrum exceeds the limit by nearly
1.5 times. It should be noted that this is the case despite a clear broadening of the resonance
caused by the additional losses. Thus, radiation losses can actually enhance the channel cross-
section instead of degrading it. The novel regime is referred to as a ‘super-multipole', contrasting
with conventional superscattering, where several QNMs need to overlap in the spectrum.

To illustrate super-multipoles emerging from quasi-BICs, we extend our TCMT model to
the case of a structure supporting two QNMs, each compatible with a single scattering channel.
In order to model a subwavelength nanoresonator, let us consider a silicon nanosphere in air
illuminated by a normally incident, linearly polarized plane wave, with a radius of 100 nm. In
the visible range, there are two Quasi-normal modes (QNMs) that correspond to the electric
dipole (ED) and magnetic quadrupole (MQ) channels, respectively. The electric field
distributions are depicted in the lower panel of Fig. 2.30c. Note that the selected scatterer is
significantly subwavelength, with a radius at least 5 times smaller than the incident wavelength.

In order to couple both QNMs, it is necessary to break the spherical symmetry in some
fashion. A simple way to do so is by reducing the rotational symmetry in the plane parallel to the
direction of propagation, (see schematic insets in Fig. 2.30b). In this case, multipolar modes with
the same parity (as in the case for the chosen QNMs), can couple [125]. We gain insight into the
mechanism by evaluating the influence of each QNM to the ED scattering cross section (Fig.
2.30c-d). We consider three contributions: the resonant QNMs and a non-resonant background
composed of modes outside the spectral range of interest. ED cross section is described as:

050 = |Sm Pl /o (2.10)

where pm is the ED moment of the m-th QNM, and 10 is the intensity of the incident plane

wave. The reconstruction is in excellent agreement with the exact analytical results of Mie theory

for the sphere (Fig. 2.30c), and full-wave numerical simulations for the ellipsoid (Fig. 2.30d). It

is important to note that the ‘direct’ cross section of each QNM, by itself, is not bound by any
limit.
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2.30. fig. Evolution of the resonant frequencies.

(a) Evolution of the resonant frequencies of the ED and MQ modes of a silicon nanosphere (100 nm radius), when
breaking the rotational symmetry along one of its axes. (b) Scattering cross-section of the ED channel at the two
resonance maxima as a function of ellipticity, under normally incident, linearly polarized plane wave illumination,
with momentum oriented along the axis with broken rotational symmetry. (c, d) Contributions of the QNM:s to the
scattering cross-section of the ED channel in a sphere and a perturbed spheroid.

This example illustrates the formation of a super dipole resulting from a symmetry-breaking
perturbation. However, spheroids are generally not easy to fabricate at the nanoscale. Instead,
we can also achieve this regime similarly in a silicon nanorod under normally incident
illumination (Fig. 2.31a), as the latter also possesses cylindrical symmetry. To do so, we perturb
the height of the resonator by an amount of Ah, starting from a height of hO = 180 nm, for which
two modes radiating as ED and MQ are spectrally close. In the spheroid, we observe a system
of two coupled resonant Quasi-normal modes (QNMs) with relatively high Q-factors
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2.31. fig. Design of a super dipole mode in a Si nanorod.

(a) Quality factors and multipolar radiation of the QNMs as a function of a perturbation of the cylinder height 44,
normalized by the radius » = /30 nm. (b) Ex component of the total field at the superscattering points A-C
indicated in (a), under x-polarized plane wave illumination (in arbitrary units). (c)-(d) 2D maps of the ED and MQ
scattering cross sections as a function of kr and A4A/r. White dotted lines indicate the paths followed by the
eigenfrequencies I, II correspond to the resonant QNMs, and b-I, b-II are the background ones. In agreement with
theory, departing from the quasi-BIC condition results in hybridization and the possibility to enhance scattering of
a single mode beyond the limit.

Next, we conducted a proof-of-concept experiment by measuring the extinction cross-section
and scattering patterns of disk-shaped resonators in the microwave range. We replicated the
geometrical parameters of the rod by utilizing a set of ceramic resonators with fixed 4.0 mm
radii, and permittivity € = 22 with a loss tangent of 0.001. As shown in the inset of Fig. 2.32b,
three samples are assembled from multiple disks to achieve the desired aspect ratios for the
resonators. The measurement results of both the total extinction cross-section and electric near-
field patterns are presented in Fig. 2.32. The spectra are normalized based on the ED single-
channel limit. The experimental measurements are in reasonable agreement with the numerical
simulations, although the resonances appear suppressed due to material losses in the ceramic.
Since the resonances redshift with increasing size, the observations were performed over a wide
frequency range. In the highlighted frequencies of Fig. 2.32a and Fig. 2.32c, we observe wide
resonances with large extinction values, characteristic of the proposed super dipole modes.
Indeed, the plane wave is strongly distorted in the near field. Furthermore, numerical calculations
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confirm that the ED exceeds its limit, even when considering losses. The quasi-BIC appears at
the expected value of Ah/r = 0.48, manifesting itself as a sharp peak in the spectra (Fig. 2.32b).
The results provide experimental evidence of controlling both the Q-factor and scattered power
between two resonances to achieve the superscattering regime with just a single mode.
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2.32. fig. Simulated and measured total extinction cross-sections and scattered electric near-
field patterns.

All the cross sections are normalized by the single channel limit for the ED. Insets show an example of the
experimental resonator and the electric field norms in the x-z plane of the resonances indicated by vertical lines in
the top plots. The white regions in the near-field patterns correspond to the physically inaccessible zones for the
measurements. The aspect ratios of the disks are: (a) Ah/r = 0.25, (b) Ah/r = 0.475, and (c) Ah/r = 1.25.

We have demonstrated novel superscattering regimes by utilizing subwavelength,
nonspherical resonators and exploiting the strong coupling of two resonances. Our findings show
superscattering originating from an electric super dipole moment, surpassing the currently
established limit by almost two times. By disrupting the quasi-BIC condition in resonators
without spherical symmetry through parameter adjustments, power exchange between scattering
channels enables the manipulation of Q-factors and multipolar contents while maintaining a high
scattering cross-section. Our super multipole resonances exhibit enhanced resistance to Ohmic
losses compared to conventional counterparts. These findings have implications in biosensing
[126], [127], energy harvesting [128]-[130], on-chip circuitry [131] and optical manipulation
[132]-[133].

2.7 Optical properties of magnetic octupole in silicon quadrumers

The development of new approaches to tuning the resonant magnetic response of simple all-
dielectric nanostructures is crucial in modern nanophotonics. In this chapter, we demonstrate that
a resonant magnetic octupole (MOCT) response can be achieved by dividing a solid rectangular
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silicon block into a quadrumer structure with the introduction of narrow gaps between four
nanocubes. We learn how to use controllable resonant MOCT excitation to tailor magnetic
hotspots and resonant energy absorption.

E E |l x
A Hily

E k”Z
H

» Si ' “D
2.33. fig. The artistic representation of the quadrumer of silicon cubes.

The systems under consideration include a silicon block measuring 500 x 500 x 250 nm,
representing the zero distance between silicon cubes in Fig. 2.33, and silicon quadrumers
composed of four Si cubes (250 x 250 x 250 nm) with distances between them of D = 25, 50,
and 100 nm. These structures are illuminated with a linearly polarized monochromatic plane
wave with time dependence as shown in Fig. 2.33. Material data for silicon has been taken from
the reference [134]. To investigate spectral resonances in scattering cross sections, we apply the
multipole decomposition technique, which demonstrates good performance in all cases
considered (Fig. 2.34). The nearly perfect agreement between the sum of the multipole
contributions and the directly calculated scattered cross section demonstrates that the multipole
approach is sufficiently accurate. Fig. 2.34a shows the scattering cross-section spectrum
calculated for the solid silicon block. One can observe that both the resonant multipole
contributions and the total scattering cross-section in this case significantly differ from the
spectra in Fig. 2.34b-d due to the introduction of inhomogeneity to the system. In this way, the
conversion of the solid block into the quadrumer structure results in a significant reconfiguration
of electric and magnetic fields within the system, leading to a higher-order multipole excitation.
Surprisingly, the presence of narrow air gaps in the quadrumer leads to the excitation of the
MOCT moment in the spectral range under consideration. Note that this is not related to the
increase in the total structure size, as our calculations for solid blocks with an edge of 525 nm
do not show MOCT resonances in the considered spectral range. To visualize this, we display
the total scattering cross-section of a 525 x 525 x 250 nm silicon block (dashed line in Fig.
2.34b) to compare it with the corresponding quadrumer case. It can be seen that there is no
resonant response between A = 850 nm and A = 900 nm; a small resonant peak at A = 840 nm
corresponds to EQ. Let us consider in detail the resonant excitation of the magnetic octupole
moment at the wavelengths of 850-900 nm. Cutting the solid block weakens the MOCT
resonance by increasing the distance between the cubes. The resonant MOCT peak occurs at A =
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874 nm in Fig. 2.34b, at A = 863 nm in Fig. 2.34c, and at A = 852 nm in Fig. 2.34d. While
attenuating, the resonant peak also experiences a blue shift. Fig. 2.35 shows the distribution of
the normalized magnetic field at the MOCT resonance, relative to the magnetic field amplitude
of the incident wave. It is important for practical applications to be able to create the so-called
magnetic hotspots in free space. Due to structuring, the total magnetic field in the gaps can be
enhanced (compared to the incident one) by up to approximately 10 times for D = 50 nm (Fig.
2.33a) and around 14 times for D =25 nm (Fig. 2.33b).

It is possible to exploit this effect to design magnetic switchers at the nanoscale. It is
important to go in detail with the physics of the considered process. Fig. 2.35a, ¢ show the
absolute value of the x component of the electric field (Ex) in the solid block and in the
quadrumer, respectively. Following Maxwell’s equations, in the oligomer structure the electric
field enhancement appears in the slits along the polarization of the incident wave due to the
discontinuity of the normal component. In addition, Fig. 2.35b, d show the absolute value of the
y-component of the magnetic field (Hy) and the crucial redistribution of the magnetic field
because of the structuring. This leads to six different field concentration zones in the quadrumer
structure constructing a magnetic octupole nearfield pattern. The magnetic field does not undergo
a discontinuity in the gaps along Hy (¢ =1 in the both media) that is why the magnetic hot-spots
take place between the cubes too. In addition to the magnetic field enhancement, MOCT
resonance can provide a strong electromagnetic absorption in the quadrumer. Fig. 2.35a shows
the comparison of absorbed power for A between 850 and 900 nm for the solid silicon block and
the quadrumer with the distance D = 25 nm between the cubes. Fig. 2.35b proves that the
discovered energy absorption peak spectrally corresponds to the MOCT resonance. It is worth
noting that in this spectral range natural light absorption by silicon is small. Therefore, air gaps
in the quadrumer structure cause strong absorption in silicon, despite its very small Im(n) = 0.08.
Fig. 2.35c compares the electric field inside the silicon block and quadrumer structure. Clearly,
resonant magnetic octupole response leads to a strong electric field concentration and, therefore,
to the resonant absorption in the silicon quadrumer. The spectral position of the MOCT resonance
and, hence, the position of the absorption peak can be changed by varying the distance between
the cubes. Such tunable absorption can be widely used to control the energy concentration by
dielectric structures and to design modern optical devices.
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2.33. fig. Scattering cross-section spectra and corresponding multipoles’ contributions.

a) Calculations for the single silicon block of height # =250 nm and base edge 500 nm; b—d) the

hiei]

quadrumer of silicon cubes. The distance between cubes in the quadrumer is b) D =25nmc¢) D=50nmd) D =
100 nm. Sum Scat’ states for the scattering cross section as the sum of the multipole contributions; *Total scat

(COMSOL)’ states for the total scattering cross sections calculated directly in COMSOL.
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2.34. fig Distribution of the normalized magnetic field in (xy) - plane (z = 0) of the silicon
quadrumer.

with a) D =50 nm, /= 863 nm, b) D =25 nm, /= 874 nm. Color bar is the same for both pictures.
= ‘ 1 1

2.35. fig. The absolute value of a,c) Ex and b,d) Hy in a,b) the solid silicon block and c,d) the
silicon quadrumer with D =25 nm at A = 874 nm.
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2.36. fig. Spectra for the MOCT.

a) absorption power and b) MOCT contribution to the scattering cross section calculated for a single silicon block
of height # =250 nm and base edge 500 nm (green lines) and the quadrumer of silicon cubes with the distance
between cubes D = 25 nm (red lines). The absorption peak in the structure clearly corresponds to the resonant
excitation of the MOCT moment. ¢) Normalized electric field inside the solid block (top) and quadrumer (bottom)
at /= 874 nm. One can see that resonant MOCT response provides strong electric field concentration leading to
the resonant absorption in the silicon quadrumer.
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3. Real-world applications and experimental results

3.1 Macroporous phononic crystal-based structures for FBAR applications

In this chapter we investigate the most optimal solutions of the periodic structure design
considering the technological aspects of the structure fabrication. The study was performed with
the help of finite element method using COMSOL Multiphysics FEM software. The prime
requirement is that the periodic structure should exhibit an existence of bandgaps at several
frequency regions of the switchable FBAR. The current work is focused on the consideration of
periodic structure designs that are technologically achievable for sub-micrometer dimensions
using standard microfabrication approaches. With regard to that, the application of macroporous
structures is proposed. Macroporous silicon-based structure can be fabricated utilizing standard
masked electrochemical etching with the structure design that is predetermined by the
photolithography.

In the current work we found optimal solutions for pore arrangements of different symmetry
that are completed as arrays of air-filled cylindrical inclusions in the silicon host material. 2D
square, triangular and honeycomb arrangements of holes were used for this study as shown in
Fig. 3.1

4 (a) @ (b) (o)

3.1. fig. Material and propagation directions for 2D phononic crystals.

The silicon-based porous artificial periodic structures were modeled as arrays of air-filled
cylinders for three different symmetry cases. This arrangement is obtained by translating the unit
cells for each case as shown in Fig. 3.1. The cylinders are assumed to be parallel to the z-axis;
thus, in this study, we only consider the elastic waves that propagate in the x-y plane. For square
2D structures, the irreducible Brillouin zone spans from C to X to M and back to C. The results
of the band diagram computation for the infinite periodic arrangement with a lattice constant of
0.94 um, square symmetry, and a hole filling factor of 76% are demonstrated in Fig. 3.2a. The
filling factor is defined as the percentage ratio of the area of the holes per unit cell square. The
dependence of absolute bandgap boundaries on the filling factor is demonstrated in Fig. 3.2b.

Demonstrated in Fig. 3.2b, computational results show variations in bandgaps depending on
the filling factor. The results indicate that increasing the diameter of the holes for the same lattice
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constant leads to a broadening of the low-frequency bandgap and the emergence of higher-
frequency stop bands. At the same time, it can be seen that a relatively narrow high-frequency
bandgap, which is found for low filling factors, completely vanishes with an increase in the
diameter of the holes. It should be mentioned that at a relatively high filling factor, the square
symmetry arrangement exhibits a broad complete bandgap in the lower frequency range and a
narrower bandgap at higher frequencies, which is advantageous for switchable FBAR
applications. The displacement distribution and the analysis of frequency dependence of the
structural reflection for the shear component of displacement are demonstrated in Fig. 3.3. In
comparison to a complete FBAR structure, the simulation model should be extended to include
top and bottom electrodes with a piezoelectric film in between. However, in order to simplify
the calculations and obtain the results that determine the behavior of the periodic structure
separately from the piezoelectric film, the model was reduced to the prescribed shear
displacement at the boundary of the presumed FBAR reflector. In contrast to the simplified
model, the finite FBAR structure will be expanded by incorporating a piezoelectric layer and
electrodes of specific dimensions.

In order to reduce the deterioration of the resonator performance caused by the leakage of
acoustic energy, it is advantageous to have a complete bandgap in the reflecting phononic
structure near the resonance mode. This helps isolate the top piezoelectric structure modes
regardless of their polarization. Even though the unwanted resonance modes should be
suppressed by the finite FBAR design, the leakage of acoustic energy is minimized by the
efficient complete bandgap reflector. More detailed consideration of the potential effects that
may arise in a 3D arrangement should be addressed during the final stages of device development
and are the subject of a separate study. The completed analysis of the finite structure reflection
for the case of horizontally polarized excitation of the top structure boundary demonstrates an
effective isolation of the surface displacement at several relatively narrow frequency ranges.
Despite the fact that the complete bandgaps for the structure filling factor of 54% exist only
around 4 and 10 GHz, efficient isolation of the shear displacement component is also achievable
at a frequency around 6 GHz.

The analysis of triangular symmetry arrangement demonstrates the absence of a complete
bandgap at low filling factors and several rather narrow complete bandgaps for higher filling
ratios. The band diagram computed for the infinite periodic arrangement with a lattice constant
of 6.3 um and a filling factor of 65% is illustrated in Fig. 3.4a. The structure exhibits several
relatively narrow complete bandgaps that do not widen with an increase in the filling factor, as
demonstrated in Fig. 3.4b. The reduced wave vector in this case spans in the direction of C—K—
M-C, as illustrated in Fig. 3.1b. The computational results of triangular arrangement demonstrate
the possibility of achieving several relatively narrow bandgaps at a high filling factor. From a
practical standpoint, that arrangement is not optimal because the achievable bandgaps are
relatively narrow for applications requiring multiple operation bands and support frequency
switching within very limited regions.
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3.2. fig Band diagram for the pore silicon infinite square arrangement, filling factor 76%

(a), and the dependence of the width of the absolute bandgaps from the filling factor (b) for fixed value of lattice
constant of 0.94 um.
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3.3. fig. Simulation results of square arrangement of air-filled cylinders in the silicon matrix
(filling factor 54%).

Displacement distribution of the structure excited with a shear displacement applied to the top structure boundary
taken at frequencies of 4 GHz (a) and 9.5 GHz (b), and the structure reflection coefficient.

The analysis of the finite structure reflection for the shear-excited top boundary reveals that
efficient isolation can only be achieved at narrow frequency ranges that align with the complete
bandgap computation results. The structure displacement distribution for the frequencies of high
reflection and the computed reflection coefficient for the broad frequency range are illustrated
in Fig. 3.5. The honeycomb arrangement was theoretically investigated as an alternative solution
for the periodic design arrangement. The results of completed band diagram computations for
the filling factor of 58% and a lattice constant of 0.9 um are illustrated in Fig. 3.6a. As can be
seen, the honeycomb structure design supports the appearance of a broad bandgap at lower
frequencies and several narrower bandgaps at higher frequencies. In terms of FBAR applications,
the designed structure enables the operation of switchable FBARs and the operation of multiple
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isolated bands within the frequency range of the wide bandgap. The dependence of the structural

response on the filling factor of cylindrical scatterers (for a fixed lattice constant of 0.9 um) is
demonstrated in Fig. 3.6b. The computational results indicate that for a low filling factor, the

lower frequency bandgap becomes narrower, and the higher frequency bandgaps disappear when
the filling factor is below 52%. The most promising aspect of the described structural design is
its ability to maintain a relatively wide bandgap across a broad range of filling factors. The

honeycomb structure design appeared to be the most promising for switchable FBARs.
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3.4. fig. Band diagram for the pore silicon infinite trigonal arrangement, filling factor 65%

(a) and the dependence of the width of the absolute forbidden acoustic bands on the filling factor (b) for fixed
lattice constant of 6.3 pm.
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3.5 fig. Simulation results of trigonal arrangement of air-filled cylinders in the silicon matrix
(filling factor 65%).
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3.6. fig. Band diagram for the pore silicon infinite graphite arrangement, filling factor 58%

(a) and the dependence of the width of the absolute forbidden acoustic bands on the filling factor (b) for the

distance between neighboring scatters a = 0.9 pm.

The structure dimensions, as demonstrated in the simulations, are on the order of micrometers
and submicrometers. In most cases, achieving theoretically optimal structural designs can be
quite challenging when it comes to fabricating dimensions at the micrometer and sub-micrometer
scales. In order to estimate the performance of the structures within finite dimensions, an analysis
of the reflection coefficient depending on the number of structure periods was completed. The

analysis was completed for the honeycomb arrangement. Summarized computational results are
demonstrated in Fig. 3.7. The reflection coefficient was computed for a frequency of 4 GHz. The
results obtained demonstrate that the structure with 8 periods already exhibits reflection behavior
comparable to the infinite case. Considering this observation, the minimum number of
arrangement periods required for honeycomb symmetry can be reduced to the point where the
maximum structure reflection coefficient is already achieved.

Reflection coefficient

3.7. fig Dependence of the structure reflection coefficient on the number of rows of the
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(a) and the simulation results of displacement distribution for number of rows equal 2 (b), 3 (c), 4 (d), 5 (f), taken

at frequency of 4 GHz.
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3.8. fig. Honeycomb arrangement bandgap variation depending on the structure lattice constant
for fixed filling factor of 55%.

The ability to design structures for specific frequency bands involves varying the geometry
in relation to the wavelength. Theoretical investigations of variable lattice constants and pore
dimensions demonstrate the ability to adjust the structure for the required frequency ranges. The
computational results of the honeycomb structure's band gap variation depending on the
wavelength structure scaling are summarized in Fig. 3.8. The obtained results show that
increasing the structure's wavelength shifts the bandgaps towards lower frequency regions, as
expected. In this current contribution, we have presented the results of theoretical research
focused on studying technologically competitive solutions of phononic structures for enhancing
the performance of FBAR devices. We proposed to consider the established technological
platform. In the current contribution, we have demonstrated the results of theoretical research
work focused on studying technologically competitive solutions of phononic structures'
performance for the purposes of FBAR devices. We propose considering the established
technological platform for fabricating macroporous structures as an approach that enables the
realization of phononic-based acoustic reflectors for FBAR SMR devices and studying
appropriate periodic structure solutions using numerical methods. We have shown that the use
of macroporous periodic arrangements can facilitate the efficient operation of SMRFBARs
across broad frequency ranges without the need to employ a membrane for isolating the
piezoelectric film. The work presented the computational results for square, triangular, and
honeycomb arrangements, demonstrating the achievable bandgap responses. It was found that
the honeycomb arrangement is the most advantageous in terms of bandgap performance, which
should allow the FBAR structures to operate within a broad frequency range. The completed
work represents an initial step towards the fabrication of photonic crystal-based FBAR devices,
which is the focus of current research.
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3.2 Modeling and characterization of microspheres with silver molecular
clusters for sensor applications

This chapter explores silver-molecular-cluster-containing microspheres for advanced
sensors. These microspheres are synthesized through an ion exchange process with silver nitrate
and sodium nitrate, creating unique optical properties. A simulation shows an enhanced radiation
interaction due to extended fundamental mode propagation. This study investigates
luminescence in the visible range (400-600 nm) when excited by long-wavelength UV light
(360—410 nm), offering the potential for sensing applications. These microspheres find use in
environmental sensing (pollutant detection), biomedicine (drug delivery, bioimaging), and
industrial process monitoring.

To create the silicate glass microspheres, we employed glass with the composition detailed
in Table 3.1. The production process involved several steps. Initially, we crafted a thin fiber, and
subsequently, we formed the microspheres by melting the fiber’s end using a propane flame. The
microspheres were then subjected to the Low-Temperature Ion Exchange (LTIE) process.

3.1. Table

Composition of glass used for making samples

Chemical Constituents Glass (% Mass)
SiO; 72.2%

Na,O 14.3%

K>O 1.2%

CaO 6.4%

MgO 4.3%

AlLO3 1.2%

Fe,03 0.03%

SO; 0.3%

The ion exchange process occurred in a molten salt mixture of silver nitrate (AgNO3) and
sodium nitrate (NaNO3) at a temperature of 330 °C for a duration of 15 min. To monitor the
progress of the process, we also included witness glasses with the same composition. The glasses,
with a thickness of 0.17 mm, underwent the ion exchange process together with the microspheres
in a shared crucible. Following the LTIE process, we meticulously cleansed the samples. This
cleansing process involved washing with distilled water and then with isopropyl alcohol to
eliminate any residual salts remaining on the surface after the process. Fig. 3.9 displays
photographs of the samples we obtained. Notably, the smallest sample achievable through the

59



described method had a diameter of 200 microns. Fig. 3.10 displays one of the witness samples
that was not fully immersed in the crucible. When the sample was illuminated with a 390 nm
LED, the luminescence of silver molecular clusters was distinctly visible, and the region where
the glass passed was not submerged in the molten salts.
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3.9. fig. The obtained microsphere samples.

(a) microsphere with a diameter of 380 pm; (b) microsphere with a diameter of 200 pm.

3.10. fig. Witness sample visible luminescence.

Comsol Multiphysics was employed to determine the resonant frequencies and fundamental
modes of the resonator. For an effective modeling of the WGM resonator, a two-dimensional
axisymmetric approach was adopted. The grid was manually adjusted to facilitate a two-
dimensional axisymmetric natural frequency analysis. The investigation of the properties of
silicate glass containing silver molecular clusters, synthesized through the LTIE method,
encompassed both absorption measurements and luminescence spectra measurements.
Absorbance measurements were conducted on the witness samples using a UV-VIS
spectrophotometer (PB 2201). Luminescence spectral acquisition measurements were performed
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using a Fluorolog®-3 instrument with FluorEssence™ (Manufacturer: HORIBA Jobin Yvon
SAS, France). For all luminescence measurements, the integration time was 0.1 s.

An experiment was conducted to measure the absorption of glass samples that underwent
Low-Temperature Ion Exchange (LTIE), as well as transparent glass samples that were not
subjected to LTIE treatment. The resulting spectrum is depicted in Fig. 3.11. Notably, the
absorption spectrum of the samples after the LTIE process lacks characteristic absorption peaks.
This absence is attributed to the fact that, under the same process parameters used in the
treatment, predominantly silver molecular clusters, such as Ag2...5, are formed [139].

Fig. 3.12 presents the results of measuring the luminescence intensity. When excited at
wavelengths of 370 nm and 390 nm, the luminescence spectra of all synthesized glasses exhibit
a broad luminescence band within the visible spectrum. This broadband luminescence spanning
from 500 to 900 nm corresponds to the emission emanating from a small quantity of silver
microcrystals formed directly during the LTIE process [140]. To generate molecular clusters
(MC), it is imperative to reduce silver ions to their atomic state. This transformation leads to the
creation of a certain quantity of silver microcrystals during the LTIE process, consequently
giving rise to weak luminescence across the entire visible range.

—— Clear glass sample
—— Glass with silver MC

Absorbance (a.u)

T T T T T T T 1
200 300 400 500 600 700 800 900 1000

Wawelength (nm)

3.11. fig. Measured absorption spectra of glass samples.
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3.12. fig. Luminescence intensity.

(a) first sample, Aexc 370 nm; (b) second sample, Aexe 390 nm.

The simulated microspheres had a radius of 100 um. During the LTIE process with silver,
glass changes its refractive index from 1.585 at the surface to 1.515. The simulated microsphere
had a gradient refractive index from the edge to the center. To explore the potential of this
material, simulations of microspheres in air and water were conducted. Fig. 3.13 shows the
distribution of the electromagnetic field in the cross-section of the microcavity in air (a) and
water (b). The resonant wavelength for the fundamental mode of the microresonator near the
luminescence peak was determined. For a microsphere in air, the resonant wavelength for the
fundamental TE mode with an azimuthal number of 1608 was 600.988 nm. For a microsphere
in water, the resonant wavelength for the fundamental TE mode with an azimuthal number of
1608 was 601.294 nm. The difference between the resonant wavelengths was 0.25 nm.
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3.13. fig. Fundamental mode localization.

(a) microsphere in air; (b) microsphere in water.

As aresult of this study, we have obtained a new material that is suitable for use in label-free
sensors with active WGM resonators. This material is very simple to obtain and cost-effective.
The experiment showed that glass samples subjected to Low-Temperature Ion Exchange (LTIE)
showed distinct absorption characteristics, particularly the absence of characteristic absorption
peaks, which was attributed to the formation of Ag2..5 molecular clusters of silver.
Luminescence measurements demonstrated a broad emission band in the visible spectrum,
particularly in the 500-900 nm range, confirming the formation of silver microcrystals during
the LTIE process. According to the simulation results, the difference in resonant wavelengths
between media with different refractive indices was 0.26 nm. This allows the material to be used
for microsphere sensors without requiring a direct physical connection. The results obtained
demonstrate the potential of soda-lime silicate glass with molecular silver clusters as a material
for whispering gallery mode (WGM) sensors.
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CONCLUSIONS

This PhD Thesis presents theoretical predictions and practical validations of previously
unexplored non-scattering regimes, specifically focusing on hybrid anapoles. These regimes
require the simultaneous interference of electric and magnetic multipoles. The obtained results
pave the way for the development of substrate-independent metasurfaces with dual functionality,
as well as ultrafast modulation approaches. Furthermore, the study of spin-to-orbital angular
momentum conversion has opened up new and exciting possibilities for directional fluid
navigation on-chip and nanoscale fluid manipulation. Driven fluid flows and size separation
within microfluidic systems are enabled by leveraging the optical properties of dielectric
nanoantennas along with the dynamics induced by incident light. Additionally, the study of pulse
propagation in resonant multilayered media with disorder distributions has revealed transitions
and regimes that provide flexible control over the optical response of the medium.

These results have potential applications where controlling the reflection-to-transmission
ratio and the propagation of ultrafast pulses in nanomaterials is crucial. Moreover, a novel
method for contactless temperature and diffusion measurements is demonstrated by utilizing the
Purcell effect in phosphorescent molecules near nanoantennae. This technique holds potential
applications in microfluidics and lab-on-a-chip systems. Subwavelength nonspherical resonators
are being used to explore superscattering regimes, highlighting increased multipolar resonances
with applications ranging from biosensing to energy harvesting, on-chip circuitry, and optical
manipulation. An understanding of transverse optical binding around hyperbolic metamaterials
provides valuable insights into enhanced optomechanical manipulation techniques driven by
high-k volumetric modes. Multiple reflections from boundaries are facilitated by thin
metamaterial slabs, leading to highly localized hotspots with significant intensity gradients.

In summary, the combined results of this research contribute to the development of
nanophotonics by revealing novel optical phenomena, simplifying the design of creative systems
and devices, and providing access to a wide variety of applications in diverse fields. These
findings provide a solid foundation for future research and development in ultrafast
subwavelength optics and related fields as the discipline progresses.

Key conclusions and remarks of theoretical research:

1. Discovery of hybrid anapoles and their potential for ultrafast modulation techniques.

2. Potential applications of spin-to-orbital angular momentum conversion for nanoscale
fluid manipulation.

3. Flexible control over pulse propagation in resonant multilayered media with disorder
distributions.

4. Utilization of the Purcell effect for contactless temperature and diffusion measurements
in microfluidics.

5. Enhanced multipolar resonances in superscattering regimes for various applications.

6. Insights into transverse optical binding near hyperbolic metamaterials and its
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implications for optomechanical manipulation schemes.

Experimental research for this Thesis focused on the study and applications of optical sensing
devices. In the third chapter, efforts were directed towards enhancing Film Bulk Acoustic
Resonator (FBAR) devices with phononic structures. Theoretical research explored
technologically competitive solutions for FBAR devices, demonstrating the efficiency of
macroporous periodic arrangements in facilitating a broad frequency range of operation.
Computational results favored the honeycomb arrangement for optimal bandgap performance,
marking an initial step towards the fabrication of photonic crystal-based FBAR devices. Finally,
we introduced a new material for label-free sensors with active Whispering Gallery Mode
(WGM) resonators. The material obtained through Low-Temperature Ion Exchange (LTIE)
exhibited distinct absorption characteristics and luminescence, demonstrating its potential for
WGM sensors without requiring direct physical connection.
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The ability to adequately describe and predict electromag-
netic scattering is of prime importance to manipulate the be-
havior of light at the nanoscale. For this purpose, different types
of electromagnetic multipole expansions were introduced.!**-3!
The charge-current Cartesian decomposition is widely used
for describing optical signatures of nano-objects of arbitrary
shape."*?!] One of the most intriguing possibilities delivered by
this formalism is the ability to define the so-called toroidal mo-
ment family.?*-?! While the well-known electric toroidal dipole
moment is associated with the poloidal currents flowing along
the meridians of a torus,**! higher-order toroidal moments, also
known as mean square radii, feature more complex current dis-
tributions recently investigated theoretically in refs. [28,29].

The electric toroidal dipole is now widely exploited in
nanophotonics and metamaterials, active photonics,**! ultra-
sensitive biosensing,!**! and applications requiring strong near-
field localization.**?! The fields radiated by toroidal moments
share the same angular momentum and far-field properties as
their electric or magnetic multipolar counterparts, allowing for
the realization of two exciting effects: i) enhanced multipolar
response’*’! enabled by the constructive interference of the fields,
and ii) mutual cancellation of the far-field contributions via the
destructive one, so-called “anapole.”**!

In the aforementioned scenario, an anapole corresponded to a
scattering minimum from a given multipole channel***! lead-
ing to a reduction of the overall far-field scattering and confined
near-fields.”** This promising feature has motivated widespread
investigations in diverse applications of nanoscale light-matter
interactions, such as photocatalysis,*"l Raman scattering,*”!
strong exciton coupling,**! and second and third harmonic
generation.*—#

It should be stressed, however, that while there exists a large
amount of literature regarding the stationary (frequency domain)
response of the electric dipole anapole (EDA), the number of
publications devoted to discussions of transient behavior in the
time domain is much fewer. On the other hand, emergent stud-
ies point out that the transient regimes may exhibit qualitatively
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new effects, not observable in the stationary states.**! In this re-
gard, the understanding and control of the transient response of
anapoles is yet to be developed and remains an unexplored realm
with potential applications in the novel field of ultrafast dynamic
resonant phenomena.**#

Furthermore, the vast majority of the investigations on EDAs
are limited to the electric dipole term only.**~**! Despite the ob-
servation of high order EDAs in Ge and Si nanodisks,*’l no exper-
imental works have proven the existence of magnetic anapoles.
If the magnetic anapoles do exist, their spectral overlap with elec-
tric ones should give rise to the enhanced radiation suppression
and lead to unprecedently concentration and confinement of the
electromagnetic energy within the scattering particle. In turn,
this effect should provide new exciting degrees of freedom for
designing light-matter interactions. Until now, this issue has re-
mained a challenging task since the formation of hybrid anapoles
(HAs) requires a careful overlap of electric and magnetic multi-
poles with their toroidal counterparts. Indeed, magnetic toroidal
moments themselves have only been discussed in a very recent
work, where a complex cluster of nanodisks was necessary to in-
duce the desired multipole response.!>!

Importantly, spherically symmetric structures are unable to ex-
hibit HAs'!*?! since the latter always remain hidden by the con-
tributions of other multipole moments with non-negligible scat-
tering. Nevertheless, recent developments in the theory of multi-
pole expansions!?*?’ have opened the possibility to qualitatively
and quantitatively investigate higher-order electric and magnetic
anapoles in scatterers with arbitrary shape, beyond the limita-
tions of the quasistatic regime.

Here, for the first time we design and demonstrate experimen-
tally the existence of such exotic current configurations, schemat-
ically illustrated in Figure 1a. In the stationary regime, making
use of our recently developed multipolar formalism,** we show
how anapoles come into being, arising from multipoles of alter-
nate electric and magnetic origin, linked in scatterers with broken
spherical symmetry. This feature makes it possible to spectrally
overlap up to four anapoles varying just two geometrical param-
eters of the proposed resonator.

We show that the counterintuitive opportunity to satisfy four
anapole conditions varying only two parameters is strongly re-
lated to the violation of the scatterer’s spherical symmetry, play-
ing a key role in our study. As a result, the four conditions be-
come non-independent. The latter is clearly shown by treating
the problem in terms of open cavity modes, that is, quasi-normal
modes!****/(QNMs, depicted in Figure 1a). The expansion of the
fields on a basis of QNMs demonstrates that the overlap of four
anapoles occurs owing to the superposition of just two funda-
mental QNMs supported by the structure.

Physically, the overlap gives rise to the excitation of a “super”
dark anapole with strongly minimized scattering, accompanied
by an extremely effective electromagnetic energy concentration
within the scatterer (achieving an order of magnitude enhance-
ment with respect to the EDA), resulting in highly confined near-
fields. The performed analysis also provides a complete physical
picture of the effect, establishing general theoretical guidelines
valid for anapoles of arbitrary order and their combinations, in
scatterers of arbitrary shape.

The HA originates from the far-field destructive interference
of all the leading electric and magnetic Cartesian multipoles of

© 2021 Wiley-VCH GmbH
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Figure 1. a) Artistic representation of the novel effect. A normally incident plane wave excites nontrivial modal contributions in a Si nanocylinder whose
interference with the background field leads to a fourfold HA yielding the nanoantenna virtually invisible in the far-field, with localized near-field. Inset
depicts the two resonant eigenmodes’ current distributions arising due to standing waves between the top and bottom walls (red) and lateral walls (blue)
inthe vertical plane. b) Multipole reconstruction of the numerically obtained scattering cross section for the cylindrical amorphous silicon nanoparticle. In
the legend caption, “total” implies that both basic and toroidal contributions of a given multipole are plotted. The inset corresponds to the x-component
of the electric field. The cylinder's geometrical parameters are height H = 367 nm and diameter D = 252 nm. Point HA (4 = 782 nm) corresponds to
the minima of the HA. c) The colored regions indicate the left plot: measured (solid lines) and simulated (dashed lines) scattenng spectra of smgle
isolated nanocylinders with different diameters D. The spectral positions of the HAs. Right plot: SEM mi phs of the c

samples. The colored edges in each micrograph are associated with the measurements’ legend entries. d) Amplnudes and phase dlfferences between the
multipoles and their toroidal counterparts. Panels from left to right, respectively: the basic electric and electric toroidal dipoles, the basic magnetic and
magnetic toroidal dipoles, and the basic electric and electric toroidal quadrupoles. Amplitudes correspond to the left ordinate-axis, and phase differences

are read from the right ordinate-axis.

a finite cylindrical scatterer with their associated toroidal mo-
ments. For the first time, higher-order (quadrupolar) toroidal mo-
ments are shown to contribute to essential features of the scatter-
ing response of an isolated high-index nanoparticle. We validate
our results by fabricating a series of individual silicon nanocylin-
ders supporting the HA and confirm its existence experimentally
via dark-field spectroscopy measurements.

The discussion is further extended to envision future applica-
tions of our effect in the novel field of ultrafast resonant phe-
nomena. We predict and theoretically describe the unconven-
tional temporal dynamics of the HA nanoresonator under a pulse
with a sharp temporal cutoff. The analysis shows the emission
of two ultrashort energy “flashes” ! at the leading and trailing
edges of the excitation and the formation of coherent beating
oscillations'™”! in the scattered electric field.

It should be stressed that contrarily to the conventional EDA,
the HA preserves its nonradiating nature in the presence of any
dielectric substrate. The QNM formalism allows us to unveil the
physical mechanism behind such a counterintuitive effect, and

Laser Photonics Rev. 2021, 2100114
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further demonstrate its breakdown in the transient regime. The
spatiotemporal maps reveal relevant changes in the beating pat-
tern of the decaying modes, explicitly dependent on the substrate
refractive index.

Finally, based on the developed theoretical description, we de-
sign and demonstrate a dual-functional metasurface consisting
of an array of HA particles combining full transparency in the
stationary regime and a highly tunable spatiotemporal response
in the transient one.

1.1. The Cartesian Multipole Expansion and High-Order Anapole
Conditions

The analysis of a nanoparticle’s optical response is usually carried
out via the decomposition of the scattering cross section as a sum
of multipoles, which represent independent scattering channels
of the object. Here we utilize the irreducible Cartesian multipole
expansion derived in ref. [29] (for completeness, also given in the

© 2021 Wiley-VCH GmbH
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Section S1, Supporting Information), which explicitly considers
higher-order toroidal moments. The latter interpretation is our
starting point toward the physical understanding of higher-order
anapoles.
Within this approach, an electric or magnetic anapole of order
n in a subwavelength scatterer is given by the condition:
PE™ ¢ ik—“
(]

w5 Ty =0 M

feehn

Here we have denoted nth order electric or magnetic mo-
ments with P and P, and the corresponding electric and
magnetic toroidal moments with T and T\, respectively. The
number of subscripts indicates each Cartesian tensor’s order,
that is, one subscript corresponds to a dipole, two correspond
to a quadrupole, etc. ky, £, are the wavenumber and the dielec-
tric permittivity of the host medium, and v, is the speed of light
in the medium. In the previous we have chosen to depart from
the usual terminology employed for denoting toroidal moments,
which refers to the T as simply “toroidal,” to clearly differen-
tiate between toroidal moments contributing to radiation of the
“electric” type, and those contributing to radiation of the “mag-
netic” type. Their physical origin is also different!*! the T orig-
inate from poloidal currents, while the T arise due to circulat-
ing magnetic fields. We also clarify that in order to minimize the
number of involved terms,??! the coordinate origin for the mul-
tipole expansion has been set to the particle center of mass.

The HA occurs when more than one multipole moment fulfills
Equation (1) at a given wavelength, resulting in a simultaneous
suppression of scattering of two or more channels. However, as
mentioned above, light, in general, can be radiated out through
other non-zero multipole moments, destroying the overall effect.
Thus, only the cancellation of all the leading multipoles can en-
able a true HA.

For the sake of clarity, in the rest of the manuscript, we will
rely on the widespread notation for low-order multipoles, that is,
p, m for electric and magnetic dipoles, and Q'9, Q' for electric
and magnetic quadrupoles.

2. Results
2.1. Observation and Multipole Analysis of HAs

Under conventional plane wave illumination, HA of homoge-
neous spherical particles are hidden by the contributions of other
multipoles.*"**| We will show that this restriction naturally van-
ishes for nano-objects with additional geometrical degrees of
freedom, like finite cylinders or parallelepipeds. We will unveil
the fundamental reason behind this unusual behavior through-
out this work.

Let us consider a cylindrical silicon nanoparticle embedded in
air. Starting now, we will use amorphous silicon (a-Si) in both the-
oretical and experimental studies (for details refer to the Section
S13, Supporting Information). The illumination scheme is pre-
sented in the left inset of Figure 1b (normally incident x-polarized
plane wave propagating along —z-direction).

The design methodology is based on the following: We note
that the spectral positions of the full (basic together with toroidal
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contributions), electric dipole and magnetic quadrupole anapoles
are mainly dependent on the cylinder's radius. In contrast, the
wavelengths of the full magnetic dipole and electric quadrupole
anapoles change both as functions of the cylinder height and ra-
dius. Figure S2, Supporting Information illustrates the spectral
behavior of the multipolar anapoles with variations of the geo-
metrical parameters in detail. Thus, carefully tuning these two
geometrical degrees of freedom makes it possible to place the
anapoles of all the leading terms ultimately close to each other
(Figure 1b), providing a strong scattering minimum (Figure 1b,c,
point HA).

The total scattering cross section and its multipole decompo-
sition after the numerical optimization are shown in Figure 1b.
Good agreement between the sum of the multipole contribu-
tions given by Equation (S1), Supporting Information and the
result of the full-wave simulations in Comsol Multiphysics is
demonstrated, proving that only the first four multipoles are suf-
ficient to fully describe the optical response of the nanocylinder
in the visible range. Therefore, the low-scattering regime ren-
ders it perfectly dark to the incident radiation (see the inset on
Figure 1b).

The different panels in Figure 1d show the amplitudes and
phase differences of the three most relevant multipoles with
their toroidal moments. The results further confirm that the
generalized anapole condition in Equation (1) is well fulfilled
for each pair (the amplitudes are equal, and they are 7 rad out
of phase) at the HA wavelength 4 = 782 nm. Particularly, this
implies that we have succeeded in exciting, for the first time,
quadrupole anapole moments in the visible range. Here we rec-
ognize that owing to the presence of polarization losses of the
dielectric, the cancellation of the electric quadrupole is not as pro-
nounced as in a lossless structure (see Section S17, Supporting
Information).

To confirm our theoretical predictions on the HA, we have car-
ried out direct scattering spectroscopy measurements for a set
of standalone nanocylinders with tailored dimensions in the op-
tical spectral range (Figure 1c). The measured scattering spec-
tra (solid lines, Figure 1c) exhibit a pronounced dip, shifting
with the increase of the nanocylinder diameter D, in excellent
agreement with the calculations (dashed lines, Figure 1c). Tech-
nical details on the fabrication and the optical measurement
setup can be found in the Section S14, Supporting Informa-
tion. While an increase of the nanocylinder’s lateral size leads
to an overall redshift of the multipole anapoles, they almost per-
fectly overlap at D = 251 nm, where the most pronounced HA
results in a large drop in scattering efficiency, of almost two
orders of magnitude, rendering the nanocylinder virtually in-
visible. We note that the other dips indicated in the measured
spectra also correspond to HAs, although their overlap is not
as much pronounced, but still results in a significant scattering
reduction.

The near-zero values of the full scattering coefficients do not
imply the induced polarization currents in the particle to be
also close to zero. This is in agreement with the usual anapole
behavior,*! but due to the suppression of several multipoles si-
multaneously, the HA also displays much better confined inter-
nal fields and strongly minimizes the interaction of the cavity
with the surroundings (see the following sections).
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Figure 2. Near and far-field characteristics of electric and HAs. a) From left to right: the normalized intensity of the internal electric field in the electric
anapole nanodisk, and corresponding vector field (gray arrows). Angular pattern of the multipoles radiated and suppressed by the EDA. The two designs
are obtained by fixing the refractive index n = 3.87. The considered EDA is obtained at kR = 1.795, R/H =5, similar to refs. [40,63]. b) Same as in (a),

for the HA, with kR =1, R/H =1/3.

2.2. New Perspectives Offered by Individual HA Nanoresonators

Both HAs and EDAs are characterized by suppressing far-field
radiation while displaying enhanced near-fields. This naturally
poses the question of whether HAs can present any uncommon
features and/or fundamental advantages with respect to EDAs
for nanophotonics applications. To answer this question in de-
tail, Figure 2 shows the internal field distributions and multipole
moments associated with the conventional nanodisks supporting
EDASs, commonly employed in nanophotonic designs, in compar-
ison with the HA. The near and far-field characteristics of EDAs
are currently well understood in terms of the destructive inter-
ference of the electric dipole and electric toroidal dipole excita-
tions within the nanoresonator,**! whose peculiar signature can
be appreciated from the poloidal-like field distributions arising
within the nanoparticle (see Figure 2a). However, the multipole
decomposition of the scattering spectra reveals that while the
electric dipole radiation can be significantly suppressed, EDAs
display nonnegligible contributions of the magnetic quadrupole
to radiation.”**! This corresponds to a fundamental limitation of
the EDA design, since modes of resonators with inversion sym-
metry in the z-direction will always radiate as combinations of
multipoles possessing even or odd parity, ¢!l and can only be
overcome with careful tuning of the incident beam profile.[¢?!
Conversely, the complex mixture of electric and magnetic mul-
tipole moments giving rise to the HA leads to an internal field
distribution unlike the EDA (Figure 2b). It hinders a straightfor-
ward interpretation of the near-fields in terms of Cartesian mul-
tipoles, which already points at a different physical origin. As il-
lustrated in Figure 2b, and shown quantitatively in Figure 1b, the
HA allows to simultaneously suppress the electric and magnetic
dipoles and quadrupoles under plane wave illumination. Here
we must clarify that with the term “suppression” we refer to the
appearance of strong local minima in the spectra of each multi-
pole channel. The effect is clearly appreciable when comparing
the scattering cross sections of the two structures (Figure 3a);
despite that the total volume of the nanoresonator is almost ten
times larger than the EDA nanodisk, the scattering intensity for
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Figure 3. a) Radiated power and b) stored electromagnetic energy at the
electric anapole (indicated by A) and the HA (denoted with HA). The geo-
metrical parameters are the same as in Figure 2. The grey band in the plots
indicates the spectral position corresponding to the destructive interfer-
ence between the electric dipole and the electric toroidal dipole giving rise
to the EDA. Despite having a volume around ten times larger than EDAs,
the radiation suppression due to the HA is an order of magnitude more
efficient and can be considered broadband. Contrarily, the total stored elec-
tromagnetic energy is enhanced by more than an order of magnitude. In
(b), the electromagnetic energy has been normalized on 107*° | to facili-
tate the interpretation.

the HA is found to be more than ten times weaker and can be
considered broadband.

Interestingly, this fact does not decrease the local density of op-
tical states, as demonstrated by the calculations of the total elec-
tromagnetic energy stored within the two structures (Figure 3b).
The energy stored at the HA nanoresonator surpasses that of the
EDA by more than an order of magnitude, which promises essen-
tial benefits for boosting light-matter interactions and enhance
nonlinear effects. The stored energy is also significantly higher
than that of the recently observed 2nd order EDAs,*"“*I (a quan-
titative comparison between EDAs, 2nd order EDAs and HAs is
provided in Section S4, Supporting Information). Finally, it can
be seen that the modes supporting the HA display significantly
larger quality factors than the EDA.

Overall, the numerical studies carried out in this section pro-
vide conclusive evidence on the superiority of HAs with respect to
EDAs as nonradiating sources capable of enhancing light-matter
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interactions at the nanoscale. A more thorough understanding of
the effect is thus desirable as a means to properly design future
applications.

2.3. Intrinsic Modal Content of the HA

While Cartesian multipoles are suitable for the description of far-
fields, in this section we employ the natural QNM expansion/*!
of near-fields and internal currents, which in the following will
allow us to unveil the physics behind the HA further. QNMs pro-
vide a suitable basis for the induced polarization currents, which
can then be expanded according to:

Jlo,r)= Z a,(o) j“ (w, 1) — iwde E;, (o, 1) 2)

Here]  (r) = —iwde E,(r), a,(w) and 8¢ are, respectively, the in-
duced modal scattering current distribution as a function of the
internal mode field, the excitation coefficient of the mode y de-
scribing its contribution to the total current at a given frequency,
and the permittivity contrast with the host environment.

We use a modified version of the freeware MAN developed by
the authors of ref. [54]. More details on the approach can be found
in the Sections S5,56, Supporting Information. For simplicity, we
consider a dispersionless, lossless nanocylinder with a constant
refractive index n ~ 3.87 (corresponding to aSi at 780 nm), so that
the excitation coefficients depend solely on the fields of an in-
dividual QNM.**! Losses and refractive index dispersion of the
original design are negligible in the considered spectral range
(see Section S12, Supporting Information). Therefore, this ap-
proximation does not significantly change the scattering cross
section and average electromagnetic energy density.

The QNM expansion results are displayed in the different pan-
els of Figure 2. The correctness of our calculations in the studied
spectral range, particularly near the scattering dip, is well val-
idated in Figure 2a,b by comparing the sum of the individual
QNM contributions with the numerically obtained total scatter-
ing cross section (a) and average electromagnetic energy density
inside the cylinder (b). From here on, we shall label the QNMs
with the standardized notation for the modes of isolated cylindri-
cal cavities,|**! that is, (TE, TM),,,, where the sub-indices denote
the number of standing wave maxima in the azimuthal (u), radial
(v), and axial () directions. TE and TM indicate the predominant
nature of the internal field distribution. Specifically, TM (trans-
verse magnetic) modes have H, ~ 0, while TE (transverse elec-
tric) have E, ~ 0.

The spectral behavior of each resonant QNM is described by a
Fanolineshape,®! (see Section S6, Supporting Information). The
other nearby QNMs constitute the background scattering contri-
bution of the particle.

In Figure 4a we note thata total of three QNMs resonate in the
visible range. The correct reconstruction of the scattering cross
section requires considering background modes, despite their
resonances being outside the considered spectral range (green
dashed line). Nevertheless, only the TM,;; and TE,,, modes
present a “Fano-like” response at point HA.

The pronounced low scattering regime can be easily grasped
as a consequence of modal interference: a clear sign that this is

Laser Photonics Rev. 2021, 2100114

2100114 (6 of 14)

www.lpr-journal.org

indeed the case are the resonant negative contributions to scat-
tering presented by both the TE,,, and TM,,; modes. It im-
plies that, when the incident field impinges in the resonator, en-
ergy exchange takes place between the two and the background
QNM fields.°®! This owes to the fact that the QNMs do not obey
the usual conjugate inner product relation of orthogonal modes
in Hermitian systems./”! It is important to emphasize the un-
usual feature of the HA: the two resonant QNMs dominating the
spectra are simultaneously negatively suppressed by interference
with the background. For comparison, the QNM decomposition
of a conventional dipole anapole disk is given in the Section S7,
Supporting Information.

A completely different picture arises within the resonator. Fig-
ure 4b presents the modal decomposition of the internal energy
stored in the cylinder in the vicinity of point HA. This is one of the
main results of the section. Contrarily to the multipole expansion,
the QNM decomposition allows us to distinguish the eigenmodes
contributions to the internal fields clearly. First, we observe a
significant enhancement of the electromagnetic energy (around
nine times), with respect to the incident plane wave. Second, it is
clearly seen that the stored energy at the HA is mainly driven by
the TM,; mode due to its higher quality factor and the proximity
ofits resonant wavelength to the HA wavelength, in a minor mea-
sure by the TE,,, and the sum of the background contributions.
Overall, the QNM analysis given in Figure 4 demonstrates that
both the invisibility effect (outside the cylinder) and the internal
energy enhancement at the HA are mediated by the simultane-
ous resonant response of the TM, ,; and the TE,,, modes. On the
other hand, the background modes, while they do notapparently
define the spectral features of the figures of merit, also play an im-
portant role since their interference with the resonant ones gives
rise to the invisibility effect. This interpretation is consistent with
early investigations regarding the formation of Fano lineshapes
in the scattering cross section of spherical resonators.*!

The electric field distributions of the TE,,, and TM,,; modes
are shown in Figure 4c. Following refs. [68,69] we can classify
the first as a “Mie” type mode, similar to the ones supported by
an infinite cylinder, while the second is of the “Fabry—Perot” (FP)
type,!®! arising due to the formation of a standing wave pattern
between the top and bottom walls of the resonator, that is, having
non-zero axial wavenumber (¢ > 1). Their distinct origin unveils
the reason why it is possible to obtain a HA in this particular ge-
ometry, contrarily to spherical scatterers. As shown in Section S8,
Supporting Information, the real parts of the eigenwavelengths
of the modes in the cylinder can be estimated as'’"!

()

where z,, is the vth root of the uth Bessel function of the first
kind for TE modes, or its first derivative for TM modes. For FP
modes, # # 0 and the denominator in Equation (3) displays a
strong dependence on the cylinder’s aspect ratio D/H. In con-
trast, since # = 0 for Mie modes, their eigenwavelengths only
change with D. Thus, the eigenwavelengths and the multipolar
content of these two mode types are independently tunable, re-
sulting in a flexible control over the resonator’s optical response
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Figure 4. a) Alternative scattering cross section decomposition using the QNM expansion method. The full-wave simulation is nearly the same (without
losses), as in Figure 4, but linearly. Colored lines are the individual contributions of the physical QNMs. The contributions of modes having their
resonances outside the considered spectral range are added up in the green dashed line. The resonant modes in the considered spectral range are
associated with the TE;y;, TEqy, and TMy;; modes of an isolated cylinder. The blue line corresponds to the reconstructed scattering cross section,
confirming that all the resonant spectral features can be successfully recovered via this method, and demonstrating good agreement near the HA, point
HA. b) Spectra of the volume-averaged electromagnetic field energy inside the cylinder and the excited modes (see Section S15, Supporting Information,
for a numerical justification of the latter d positi Colors and legends are the same as in (a). The electromagnetic energy density has been
normalized with respect to the incident electromagnetic energy density in the vacuum wy,, = €,E2. Excellent agreement is obtained with the full-wave
simulations. c) Normalized internal electric field distributions of the two most relevant modal contributions near point A, from left to right, associated
with Fabry-Perot (TM;3) and Mie-like (TE;;,) standing wave pattems (TE;, is very weak near the HA), respectively. Their addition via Equation (2),
together with the background modes (Bckg.), leads to the reconstruction of the internal fields of the HA, also displayed on the right-hand side of (). All

the electric fields have been normalized with their respective maxima, to enhance their visualization.

and enabling the simultaneous scattering suppression observed
in Figures 1a,b, 4a -the HA.

A straightforward comparison between the QNM and multi-
polar methods allows determining the multipoles radiated by a
given QNM (see the Section S9, Supporting Information). Specif-
ically, Figure S5, Supporting Information leads us to conclude
that the TE,,, mode emits primarily as p, with a minor Q. In
contrast, the TM,,; mode scatters as a combination of m and Q/
(in both cases, referring to both their basic and toroidal counter-
parts). When scattering from a mode is resonantly suppressed,
radiation from the multipoles associated with it is also strongly
minimized, and results in the different multipole anapoles ob-
served in the decomposed spectra of Figure 4a. Thus, the close
proximity of the destructive interference points of the TE,,, and
TM,,; modes at point HA leads to an overlap of the anapoles of
the four dominant multipoles. In this fashion, using the QNM
expansion approach, we have shown an alternative and general
physical explanation of dark scattering regimes and qualitatively
illustrated its link to the particle’s multipolar response. This self-
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consistent approach will further be effectively applied to under-
stand the physics behind the particle-substrate interaction.

As a final remark, we point out that the quality factors of the
TE,,,and TM,;; modes are, respectively, 12and 33. A direct com-
parison with the TE,,, supporting a conventional anapole disk
(see Section S7, Supporting Information) shows that the mode’s
quality factor at the HA is more than four times larger, confirm-
ing the earlier discussion of Figure 3b. Therefore, we anticipate
a much better performance of the HA for second and third har-
monic generation processes with respect to conventional EDA
disks, since nonlinear scattering cross sections scale linearly with
the quality factors of the modes involved.”!!

2.4. Hidden Mechanism Inducing the P of the HA for
an Arbitrary Dielectric Substrate

We will now illustrate a novel effect in detail, unique to the
HA, by which its nonradiating nature can be preserved in the
stationary regime when deposited on any dielectric substrate.
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Figure 5. Stationary and transient response of the HA with different index contrasts with the substrate. a) Scheme depicting the setup and the excited
eigenmodes. b) Comparison between the numerically obtained scattering cross sections for the nanocylinder with the size from Figure 1, deposited
on substrates with increasing refractive index. The calculations are performed with the full experimental aSi refractive index given in the Section S13,
Supporting Information. Inset of (b): 1D Fabry-Perot model of the TM;;; mode. c) xz field distributions of the QNMs TE;;, and TM,;; when the
cylinder is deposited over substrates with different refractive index. As predicted by our theory, losses from the TM;;; mode increase when decreasing
the refractive index contrast. Contrarily, the TE, ,, mode remains confined in the scatterer. Temporal response of the HA under a plane wave square pulse
injected at 200 fs with a duration of 400 fs; d) scattered power as a function of time; e) different beating patterns of the decaying eigenmodes after the
plane wave excitation as a function of n; f,g) spatiotemporal maps of the x-component of the scattered electric field measured along the x axis for n; = 1

(f) and ng = 2 (g), measured from the beginning of the modal decay. The color bars are saturated for better visualization.

The underlying mechanism will be harnessed in the follow-
ing sections to modulate the transient response of the isolated
nanocylinder.

In comparison with any other scattering phenomena includ-
ing conventional anapoles, the HA is remarkably robust in the
presence of a substrate. This particular behavior is illustrated in
Figure 5a, where we have plotted the calculated scattering cross
sections of the cylinder in free space and deposited over glass
(n = 1.5), hypothetical substrates with n, = 2, 3 and over amor-
phous silicon (n, = 3.87). The amplitude and spectral position
of the scattering dip are almost undisplaced from the free-space
values while the refractive index contrast at the bottom of the par-
ticle remains non-zero. However, we observe drastic changes in
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the Fano profile’s shape, once the contrast is absent (silicon parti-
cle over silicon substrate). There is a nontrivial underlying mech-
anism by which the HA is “protected” against modifications of
the substrate refractive index. The physics becomes transparent
when examining the distinct nature of the two resonant modes
involved in forming the HA (Figure 5c). On the one hand, in-
creasing the substrate refractive index leads to a decrease in the
lower wall reflectivity, which is crucial for the standing FP mode
TM,,, inside the resonator, while approaching n, at the particle’s
refractive index results in a higher energy leak toward the sub-
strate and a substantial decrease in the quality factor Q,. Con-
sequently, the r e flattens and disapp when the lower
boundary becomes transparent, as shown in Figure 5b.
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The standing wave pattern of the TM,,; resembles a 1D FP cav-
ity on a dielectric substrate. The QNMs of this simplified model
have the advantage of being analytically solvable,**! thus provid-
ing valuable physical insight easy to extrapolate to the problem at
hand. As we derive in the Section S11, Supporting Information,
the QNMs are formed by two interfering plane waves traveling
in opposite directions inside the cavity, when the driving wave-
length satisfies the condition

W =1 4)

where w = exp(ik,n,H) and r,,, r,; are the Fresnel reflection co-
efficients from the cavity-air and the cavity—substrate interfaces,
respectively. The quality factor of a QNM with axial index ¢ is
calculated as

‘n
In (ry3ry)

Equation (5) serves very well to illustrate the substrate influ-
ence on the TM,;; mode. When the two reflection coefficients are
unity, the energy is completely stored inside the resonatorand Q,
is infinite. Similarly, a decrease in the substrate reflection coeffi-
cient leads to radiative losses and a decrease in the quality factor,
effectively becoming zero when the contrast is absent. Indeed, a
lower quality factor leads to less appreciable spectral features, as
observed in the simulations (Figure 5b). Another important con-
clusion can be drawn from the expression of the eigenfrequency
v,, given by (see Section S11, Supporting Information):

Q=- 6

= %+i4”;PHln(r13rl|) (6)

The real part of the resonant wavelength of the QNM is inde-
pendent of the refractive index at the walls. Thus, modifying n,
does not shift the spectral position of the resonance (i.e., does not
shift the HA wavelength), but simply changes the amplitude and
width of the Fano profile.

With proper normalization, and employing the notation of
the inset in Figure 5b, the amplitudes of the incoming and out-
going plane waves inside the resonator are |A}| = y/ar;,w and
|A]| = \/ary;w, with a = 1/(4He) (see Section S11, Supporting
Information for details). Plane waves reflected from the substrate
are thus decreased with decreasing index contrast. Consequently,
the same occurs with the lower field maxima of the TM, ;. While
this prediction is observed in the simulations for relatively low
contrasts, the behavior at minimal differences is very different
(see the case n, = 3 in Figure 5c). In the latter situation, the stand-
ing waves along z become negligible compared to the initially
weaker standing waves in the x-y plane, and the QNM can only
be well described numerically.

Contrarily, it is noteworthy that even comparably small con-
trast (3-3.87) leads to enough contribution of the TE,,, mode to
preserve the scattering dip (see Figure 5b). The standing wave
pattern of this second mode develops in the lateral walls of the
cylinder, and therefore depends much less on variations of the re-
flectivity of the lower wall, keeping an almost constant quality fac-
tor (see Section S10, Supporting information). Most of the QNM
energy is then stored in the resonator even in the case of zero ef-
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fective contrast with the substrate, as demonstrated in Figure 5c.
Itresults in a larger contribution of the TE,,, mode to extinction
at small contrasts, and a decrease of radiation from the electric
quadrupole and magnetic dipole. The HA is now mainly driven
by electric dipole radiation stemming from the TE,,, mode (see
Figure S6b, Supporting Information). Thus, for large n, the HA
degenerates into a conventional EDA, but still retains its non-
radiative nature, since the other multipoles become negligible
due to the small reflections at the lower wall of the nanocylinder.

2.5. Characteristics and Substrate-Mediated Modulations of the
Temporal Dynamics of HAs

The QNM theoretical framework is highly suited for quantita-
tive investigations of nanoresonator dynamics under ultrashort
pulses.**l While challenging to explore, the effects taking place
at the scale of tens of fs are gradually becoming experimentally
accessible.”27! They can result in counterintuitive phenomena
challenging to interpret in terms of the multipolar machinery
commonly utilized to design the optical response of nanores-
onators under continuous wave (CW) illumination.

The study of the temporal dynamics of Fano resonances aris-
ing in different photonic systems has been gaining increasing in-
terest recently'***7*l since the knowledge of both the spatial and
temporal structure of the scattered field can enable a more com-
prehensive understanding of its interaction with matter”*! un-
der ultrashort pulses. Among the novel, promising effects, Fano
resonances have been shown to display ultrafast energy spikes
when illuminated by a pulse with sharp variation.””! Such en-
ergy spikes were tentatively associated with the rapid breakdown
of the balance between the high and low Q modes whose mu-
tual destructive interference leads to the Fano profile under CW
illumination.

While the spikes were predicted in infinite cylindrical scatter-
ers, here we anticipate for the first time their occurrence ina real-
istic structure in the optical regime. Simultaneously, the coherent
interplay between the TE,,,, TM,,;, and the background modes
induce beating. While this second effect might not seem remark-
able at first glance, it opens the possibility to realize ultrafast time
modulation of the scattered signal in the transient regime.

Toinvestigate the system’s time dynamics, we initially perform
a series of numerical experiments (see Figure 5d-g). In the sim-
ulations shown in Figure 5d-g, the HA nanoparticle is excited
by a plane wave square pulse with duration 7 = 400fs, (see in-
set in Figure 5d) sufficiently long to observe both stationary and
transient regimes. The scattered power is then plotted in Fig-
ure 5d, and a more detailed view of the transient after the pulse
is shown in Figure 5e for different refractive index contrasts with
the substrate. In all cases, sharp energy spikes occur right after
the pulse shut-off. However, the number and shape of the peaks
are different for each scenario. Remarkably, regardless of the sub-
strate index, the radiated power in the stationary regime remains
negligible due to the mechanism described above. The HA thus
behaves very differently in the stationary and transient regimes;
while being nonradiative in the stationary regime for any dielec-
tric substrate, in the transient, it emits energy spikes that can be
controlled with the underlying substrate.
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The latter behavior is also reflected on the recorded spatiotem-
poral maps of the E, field in Figure 5f,g, where the characteris-
tics of the system’s beating can be fully grasped. Interestingly,
contrary to the conventional Fano resonance,””! we observe the
formation of several beatings at the trailing edge of the pulse.

We note that, unlike in ref. [76] for our system, it would be
incorrect to trace an analogy with a two-level quantum system
to describe the time dynamics, since the optical response of the
structure is driven by several eigenmodes (several QNMs). We
investigate the system’s modal dynamics in detail by calculat-
ing the QNM contributions to the scattered field in the time do-
main via a fast Fourier transform algorithm, following ref. [54].
The scattered field at any point in space can then be written as
E.(nf) =X, A, ()E,(r), where A, (1) is the contribution of mode
labeled with 4 (see specifics in Section S16, Supporting Infor-
mation). The calculations demonstrate that, despite the broader
content of Fourier harmonics contained in the square pulse, the
transient effects at the start and end of the latter are mediated by
the same QNMs responsible for the HA in the CW regime (see
Figure S11, Supporting Information).

At high contrasts, the TM,,; mode leaks from the resonator,
and a well-defined beating pattern is observed. The beating is
even along the x-axis, reflecting the symmetry of the fields of the
dominant modes. At lower contrast, the decreased contribution
of the TM,,; leads to exponential damping, a clear sign of the
predominance of a single resonant mode.

To gain insight into the mechanism responsible for the energy
spikes, we develop a simple approach to calculate the QNM de-
composition of the instantaneous power radiated by the nanores-
onator, given by:

PlH) = / [ZA‘, MHE, (r)] X [ZA"(t) H, (n] -ds (7)

av+

The integral runs over the resonator’s external boundary dV*.
Equation (7) is quite general and can be applied to calculate P(t)
from an arbitrary nanoresonator embedded in an arbitrary non-
absorptive, passive environment and illuminated by an arbitrary
pulse. The derivation is given in Section S16, Supporting Infor-
mation. We first reconstruct P(t) with Equation (7), with a basis
of 50 QNMs, obtaining good agreement with FDTD simulations
(Figure 6a,b). A mismatch is observed in the amplitude of the
two energy spikes, but the calculation successfully reproduces the
main features of the transient effects. We attribute the mismatch
toareduced QNM basis and the strong dependence on the finite-
element mesh utilized to calculate the modal fields. However, the
underlying mechanisms are better understood with a simplified
model with three QNMs, corresponding to the resonant TE,,,
and TM,,;, together with a single background mode. A compar-
ison of this model with the basis with 50 QNMs (including dis-
cretized modes of the continuum, so-called PML modes**77]) is
given in Figure S13, Supporting Information.

Interestingly, Equation (7) features interfer-
ence terms between different QNMs of the form
[ A1A(ME,(r) x H,(r) - dS, which play an important role,
ave

as shown in Figure 6¢ (green curve). In the stationary regime,
the interference between the TM,,; and the background mode
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results in a negative contribution to the radiated power. On
the other hand, the direct terms contribute positively, and the
addition of the two results in smaller scattering (destructive
interference), in analogy with the classical interpretation with
toroidal moments. When the incident pulse is shut-off at 600 fs,
the direct terms start decaying exponentially, but the interference
terms abruptly become positive. Since the QNMs responsible
for the interference terms have very different eigenfrequencies,
beating is induced, and as a result, two positive energy peaks
appear in the spectra.

We note that the interference terms in vacuum are mainly
driven by the interaction of the TM,,; mode with the background.
However, as shown in Figure 5b, the TE,,, mode increases
its overall contribution to scattering when the index contrast
with the substrate decreases. A controlled variation of the sub-
strate index can therefore modify the modal content, and conse-
quently modify the number, shape, and amplitude of the energy
spikes.

M face with C Ilabl.

2.6. Non-Huygens Tr
Transients

P

The potential that transient modulation offers can be fully ex-
ploited in practice by fabricating metasurfaces inheriting (and
enhancing), the single-particle mechanism described in the pre-
vious section.

In particular, the HA can be harnessed to design fully trans-
missive, all-dielectric metasurfaces without relying on the well-
known Huygens condition,”””! and simultaneously realize con-
trollable ultrafast switching by harnessing transients (see Fig-
ure 5a—d). Contrarily to the latter, the light traverses the structure
without significant phase variation, thus rendering the metasur-
face invisible (see shadowed selection in Figure 7b). This is a di-
rect consequence of Equation (1). It can be easily seen by writing
the transmission coefficient as a sum of the relevant multipole
contributions of the meta-atoms:!*’!

b= 14t + by +tom + o0 8)

Each term in the previous sum is proportional to the corre-
sponding total multipole moment (basic and toroidal contribu-
tions).

When Equation (1) is fulfilled, the multipolar contributions
in Equation (8) are zero. Consequently, we are left with ¢~ 1
in Equation (8), and the incident wave leaves the system unper-
turbed (see Figure 7a). This condition is closely fulfilled in a trans-
mission band around the HA wavelength (4 = 782 nm as previ-
ously), as indicated in Figure 7b. Polarization losses induce ab-
sorption, which slightly decreases transmission. The considered
period (530 nm) is notunique, that is, once the geometry support-
ing the HA for an isolated particle is known, a subwavelength
metasurface of such particles will mimic the single-particle be-
havior far away from the first diffraction order.!*'!

In analogy with the single-particle behavior, the metasurface
induces ultrafast beating of the scattered field in the transients at
the beginning and the end of a plane wave pulse (see Figure 7c,d).
Remarkably, however, the sensitivity to the contrast with the
underlying substrate is significantly accentuated, inducing large
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86



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

www.lpr-journal.org

25 %10 b
x1071®
2 = FDTD 15
w50 QNMs
15 _
= g 1
a a
1
0.5
0.5
0
610 620 630 640 650 660 670
0
610 620 630 640 650 660 670 t(fs)
t (fs)
-16
[ 15 x10 . ;
w==Resonant QNMs

1 I

=== Bckg interference

580 590 600 610

620 630 640 650
t(fs)

Figure 6. Modal decomposition of the radiated power as a function of time. a) FDTD calculations of the radiated power in the transient, for the pulse
depicted in Figure 5d (in all the calculations, the cylinder is in the air). b) Reconstruction of the radiated power with 50 QNMs. c) Reduced QNM
model with only three QNMs (their normalized electric field norms) also allows repvoducmg all the essential physics of the system dynamics. The curve
captioned “Bckg interference” includes the cross terms between a back d mode, i as the well-k ic dipole mode, ¥l and the
resonant TM,;; mode. The curve captioned “Resonant QNMs” consists of the direct terms of the TM,,; and TE,, modes. “Sum” corresponds to the
addition of the direct and interference terms. The colored arrows indicate which QNMs have been used to calculate each curve.

changes in the modulated scattered signal with an increase of n,
of only 0.2.

The sub-ps relaxation times of the metasurface, together with
the high sensitivity of the transients to the substrate index opens
an exciting pathway toward the spatiotemporal control of ultra-
fast dynamic effects. Among the interesting perspectives, ultra-
short laser pulses can be effectively modulated in time by tailor-
ing the transient phenomena. The high substrate sensitivity can
be exploited to dynamically tune the transient response of the
metasurface in different temporal regimes by selecting the ap-
propriate modulation technology.®! The bulk refractive index of
the substrate can be tuned, for example, using phase-change ma-
terials such a GeTe!®*! using temperature as a control parame-
ter. More sophisticated, yet much faster refractive index changes
could be achieved by tuning optical nonlinearities arising in the
substrate as a function of the incident beam intensity (e.g., if
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ITO constitutes the underlying substrate!**). Finally, modifying
the free electron density in the substrate with electrical gating!®*!
might be a promising approach to achieve the desired tunability
in practical applications.

3. Discussion

In the stationary regime, we have theoretically predicted and
experimentally confirmed the existence of HA, previously un-
noticed non-scattering regimes requiring the simultaneous
destructive interference of electric and magnetic Cartesian mul-
tipoles with their toroidal counterparts. Remarkably, only two
design parameters are necessary to spectrally overlap four mul-
tipole anapoles. This counterintuitive behavior is explained by a
careful analysis of the eigenmodes, which confirms that breaking
the spherical symmetry leads to additional conditions linking the
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Figure 7. Design of a subwavelength HA-based metasurface, featuring dual functionality in the stationary and ultrafast regimes. The period is set to
530 nm. a) artistic rep: ion of the proposed metasurface op at the HA in the stationary regime. The structure is illuminated by an x-
polarized plane wave, passing through the array completely undistorted. b) Transmlsslon absorption, and phase of the transmitted wave with respect to
the incident one. As predicted by Equati (1) and (8), the out-of-phase basic and toroidal moments induce a transparency band with minimal phase

perturbation (shaded region). The calculations have been performed in the presence of a substrate with ng = 1.5. c) Artistic representation illustrating
the metasurface response in the sub-ps regime, when excited by a plane wave pulse. d) E, component of the scattered field from the metasurface as a
function of time at the end of the plane wave pulse, for n; = 1.5 and after increasing the substrate index by 0.2. The results demonstrate that transient
oscillations of the metasurface are highly sensitive to changes in the substrate index, opening a pathway toward tunable ultrafast beating.

electric and magnetic anapoles to the same QNM. For the first ~ any torque nor net force, an “unmovable” object. This could
time, quadrupole anapoles and magnetic anapoles have been  open interesting opportunities for optical manipulation.

confirmed experimentally in isolated subwavelength nanopar- In the transient regime, the developed QNM analysis has
ticles. To broaden our knowledge of anapole electrodynamics  allowed us to design at will the breakdown of the HA condi-
beyond the electric dipole approximation, we have developed  tions to obtain ultrafast modulation of the scattered power. The
a solid physical picture regarding the fundamental eigen-  present theory shows that efficient spatiotemporal control of the
modes driving the resonator response. Magnetic anapoles and  transients mediated by the underlying substrate can be achieved
quadrupole anapoles display field confinements several times  while maintaining scattering in the stationary regime at the van-
larger than electric anapoles, promising higher enhancements of  ishing level. Following the established theoretical guidelines, we
nonlinearities in the absence of linear scattering. In Section S18,  propose and verify numerically a non-Huygens, subwavelength
Supporting Information, we also demonstrate the possibility to  metasurface obeying the same principles and therefore featuring
obtain the HA regime under illumination by a focused Gaussian  a double functionality: i) substrate-independent full transparency
beam possessing orbital angular momentum. Theoretically, the  in both amplitude and phase mediated by the HA in the sta-
HA, unlike a conventional nanoantenna, should not experience  tionary regime, and ii) ultrafast, substrate-dependent signal
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modulation in the transient regime, mediated by its breakdown.
The necessary changes in the substrate refractive index to observe
appreciable modifications of the transient response of the meta-
surface are well in the range of available technologies for dynamic
tuning,'®*! drastically expanding the available degrees of freedom.

Therefore, combining our findings with up-to-date modula-
tion techniques holds great promise for future applications in the
emerging field of ultrafast dynamic nanophotonics. Remarkably,
the ultrashortscattering peaks arising at the transient can be used
to enhance ultrafast nonlinearities!’*! (e.g., single-particle lasing)
or coded in terms of their intensity as a function of the substrate
index to realize light-based computing.**!

Finally, the proposed non-Huygens metasurface can enable the
temporal /spectral shaping of fs laser pulses by interfering the lat-
ter with the outgoing scattered signal.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
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Nanovortex-Driven All-Dielectric Optical Diffusion Boosting
and Sorting Concept for Lab-on-a-Chip Platforms

Adria Cands Valero,*

Denis Kislov, Egor A. Gurvitz, Hadi K. Shamkhi, Alexander A. Pavlov,

Dmitrii Redka, Sergey Yankin, Pavel Zemdnek, and Alexander S. Shalin*

The gl g field of microfluidics requires precise and flexible control
over fluid flows at reduced scales. Current constraints demand a variety of
controllable components to carry out several operatlons |ns:de microchambers
and microreactors. In this context, brand hes can
significantly enhance existing capabilities prowdmg unique functlon:lltles
via finely tuned light-matter i ions. A ptisp 5
dual on-chip functionality: boosted optically driven d|ffusmn and nanopamcle
sorting. High-index dielectric is specially d d to ensure
strongly enhanced spin—orbit angular momentum transfer from a laser beam
to the d field. Hence, sub length optical g
driving spiral motion of plasmonic nanoparticles via the interplay between
curl-spin optical forces and radiation p The rtex size is an
order of magnitude smaller than that provided by conventional beam-based
pproaches. The diat fined fluid motion enabling
moving-part-free hamber. M , exploiting the
nontrivial size dependence of the curled optical forces makes it possible to
achieve precise nanoscale sorting of gold nanoparticles, demanded for on-chip
separation and filtering. Altogether, a versatile platform is introduced for fur-

tices

g inside a

from the transport of reduced amounts of
hazardous or costly substances and DNA
biochip technology, to miniaturized ana-
Iytical and synthetic chemistry.*-12

The multidisciplinary nature of micro-
fluidics has brought together seem-
ingly unrelated fields, such as electrical
and mechanical engineering, biology,
chemistry, and optics. For example, in
the context of chemical engineering, the
utilization of distributed microreactors
working in parallel can enhance produc-
tion significantly and facilitates the design
of new products.'> However, slow
mixing processes constitute a bottleneck
that restricts reaction processes, especially
when the desired reaction rate is high.['>16]
For this purpose, fast mixing is highly
required to avoid the reactive process
being delayed by this critical step, and to
reduce potential side products.[!

Given the low Reynolds numbers at
which fluid flow occurs in microreactors,
fluid mixing represents a significant chal-
lenge[*7¥] In the most conventional situ-

ther ization of moving-part-free, optically driven microfluidic chips for
fast chemical analysi Ision preparation, or chemical gradient generation
with light lled navigation of | particles, viruses or biomolecul

1. Introduction

Micro-optofluidics represents one of the most promising and
fast growing fields in current state-of-the-art science and engi-
neering.'”7! In particular, the control of fluid flows in micro-
sized channels plays an essential role for applications ranging

ation where only passive mixing happens,
the main driving mechanism corresponds
to diffusion (Brownian motion!*), implying mixing to take place
at a very low rate. Consequently, the effective distance that the
molecules of a fluid need to travel in a mixer before interacting
with another fluid (i.e., the mixing length) becomes restrictively
long."¥] Passive mixers depend solely on decreasing the mixing
length by optimizing the flow channel geometry in order to
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facilitate diffusion.*”) In contrast, active schemes rely on
external sources injecting energy into the flow in order to accel-
erate mixing and diffusion processes and drastically decrease
the mixing lengths.[7:20]

Most early studies related to micromixers have been focused
on the passive type. Conversely, despite their higher cost and
complex fabrication methods, the enhanced efficiency of active
micromixers with respect to passive ones has drawn the attention
of the scientific community in the recent years."” Because of the
power and size constraints involved in microfluidics, research
efforts have been focused on the utilization of mixing princi-
ples not involving moving mechanical parts such as surface ten-
sion-driven flows,?! ultrasound and acoustically induced vibra-
tions, %23 and electro- and magnetohydrodynamic action.'82¢]

Given the small operation scales of microfluidics,
micron-scale focusing of laser beams, as well as different types
of light-matter interactions make possible to provide suffi-
ciently strong optical forces to propel particles,?7l sort objects
according to their size or optical properties,*2=3 or self-arrange
colloidal particles into optically bound structures.?>273233] Now-
adays the additional degrees of freedom offered by complex
shaping of laser beams?*>* have made possible the manipu-
lation and trapping of large amounts of microparticles.’” In
particular, they allow to create optical vortices with helical phase
front (e.g., Laguerre—Gaussian or higher-order Bessel beams)
carrying both linear and angular momentum.*#! When such
an optical microvortex is scattered by particles, it induces an
optical torque on them leading to their orbital motion around
the focus of the laser beam.[?] Due to the angular momentum
conservation, elastic scattering of a circularly polarized beam
possessing spin-angular momentum (SAM),**l by optically ani-
sotropicl*~#] or nonspherical objects*#* leads to their spinning
around the direction of propagation of the incident illumina-
tion. Combining both types of optical angular momentum leads
to complex spin-orbital interaction/*"*] and novel interesting
phenomenon, e.g. detection of spin forces.*!l

At the nanoscale, metal-based plasmonics dominates and
provides exciting means for trapping and manipulating nano

www.advancedscience.com

objects.’2-%5 On the other hand, the recently growing field of all-
dielectric nanophotonicsl*) presents itself as a promising alterna-
tive for the integration of optomechanical concepts in microfluidic
devices. Properly designed dielectric nanostructures with finely
tuned Mie resonant response provide the means for tailoring
electric and magnetic components of the scattered light.5¢-58
They allow to obtain strong near fields, which induce substantial
optical forces acting upon other subwavelength scatterers dis-
persed in the medium surrounding the nanostructure.*>-¢*|

In this work, we focus on the conversion of SAM of an
incident circularly polarized plane wave into orbital angular
momentum (OAM)/#%] of the scattered field mediated by a
specially designed nanostructure constituted of a realistic high
refractive index material (silicon). In contrast to the above-
mentioned methods, the optical vortex field created in this way
is very localized, only reaching a few hundreds of nanometers
in diameter. Moreover, the induced optical forces are strong
enough to propel gold (Au) nanoparticles of particular sizes
along spiral trajectories around the nanostructure. Based on
the latter effect, we propose a novel method for mixing fluid
in nanovolumes mediated by chemically inert Au nanoparti-
cles (see Figure 1a). In addition, we take advantage of the size
sensitivity of the Au polarizability to achieve light-mediated
nanoparticle separation by means of the same geometrical con-
figuration (see Figure 1b). The subwavelength size of the inves-
tigated optical nanovortex greatly enhances the length scale of
interaction in comparison to the more conventional approaches
involving Bessel beams,*®¢7] opening new directions in light—
matter interaction via light angular momentum exchange. We
believe that the proposed simple geometry for optically driven
diffusion boosting and nanoparticle sorting is of high interest
for a plethora of applications in microfluidics and lab-on-a-chip
devices.

2. Formation of an Optical Nanovortex

The spiral motion of nano-objects in an optical nanovortex
driven by an out-of-plane light source (Figure 1a) requires, on

Figure 1. An artistic view of the proposed active nanomixing scheme (left) and radial separation of nanoparticles (right). a) A silicon nanocube sub-
merged in a water solution is illuminated by a circularly polarized laser beam coming from the top. The scattered field carries a nonzero tangential
component of the pointing vector in the xy plane, which induces nonzero orbital angular momentum in the negative z direction. The same effect causes
the spiral motion of Au nanoparticles around the nanocube. Viscous friction between the moving nanoparticles and the fluid gives rise to convective
fluid motion and enhances fluid mixing. b) Sorting concept. Nanoparticles of different sizes having opposite signs of the real part of polarizability are
radially displaced in opposite directions—the smaller ones move toward the nanocube, while larger ones move away from it.
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Figure 2. a) Cartesian multipole decomposition of the scattering cross-section of the silicon cube deposited on a glass substrate, centered at the origin
of the coordinate system; the cube is illuminated by a left-hand circularly polarized plane wave propagating against the z-axis. The geometry is illustrated

in the top inset and the ambient medium is water. The dashed black line

indicates the position of the resonant MQ mode (green laser, 532 nm). The

total scattered power with incident LCP illumination (total LCP) is fully reconstructed as the sum of contributions of individual multipoles, respectively,

the total electric dipole (TED), magnetic dipole (MD), electric quadrupole

(EQ), and the MQ. b) Colorplot denotes the norm of the total electric field at

532 nm wavelength in the transverse x—y plane at z=70 nm. The arrows indicate direction and their lengths illustrate the relative size of the transverse
part of the scattered Poynting vector. The parameters of the cube are given in Table S1, Supporting Information.

the one hand, efficient transformation of SAM of light to in-
plane OAM of the highly confined near fields of the nanocube,
which, in turn, should be transferred to the surrounding nano-
particles. Therefore, as a first constraint, sufficient in-plane
scattering from the nanocube should take place. This urgent
functionality could be enabled, in particular, by the recently
observed Transverse Kerker Effect®] allowing for lateral-scat-
tering only. On the other hand, azimuthal forces arising due to
helicity inhomogeneities in the scattered near field (curl-spin
forces!®”)) may also enable rotational motion. Hereinafter, we
optimize both effects taking into account that we, actually, do
not require the total suppression of forward and backward scat-
tering as in,[l and, therefore, we can tune the parameters in
order to obtain an enhanced optical subwavelength vortex.

A cubical Si nanoantenna with refractive index n = 4 (e.g,
silicon at the visible range) and edge 158 nm is illuminated by a
circularly polarized plane wave propagating along the negative
z-axis (see inset of Figure 2a). For such an incident field one can
calculate the angular momentum flux density using the expres-
sions for paraxial waves.”] Since the wave carries no OAM, the
total angular momentum flux density is entirely given by the
SAM flux density (see the Supporting Information):

we_gh
= e (1)

where the wave helicity o takes the values of +1 and —1 for left
and right-circular polarization, respectively, and I, is the inci-
dent light intensity. Since the nanostructure has negligible
losses, the total angular momentum of the incident and scat-
tered light is conserved. This conservation law for the total
angular momentum implies that part of the incident SAM,
given by Equation (1), is transferred to both SAM and OAM of
the scattered field leading to spin—orbit coupling phenomena.
The transverse components of the Poynting vector in the
field scattered by the nanocube display similar rotating fea-
tures as for chiral scatterers such as helices or ggmmadion-like

Adv. Sci. 2020, 1903049 1903049 (3 of 12)

structures, 73 however the fabrication process of the first is
much less complex and no chirality is required. In order to gain
better physical insight, we consider the multipole decomposi-
tion for the scattering cross-section of the nanocube deposited
over a glass substrate (Figure 2a) and illuminated with LCP
light in a water host environment (refractive index n,, = 1.335).
A careful analysis reveals the most pronounced vortex-like
energy flux arises at the magnetic quadrupole (MQ) resonance
(Figures 2a,b). Moreover, varying the size of the nanocube, we
are able to modify the multipolar response of the resonator in
order to position the MQ resonance at the vacuum wavelength
532 nm (399 nm in water) corresponding to the most con-
venient green laser source (see Table S1, Supporting Informa-
tion, for the relevant parameters). Hereinafter we will proceed
with these values, however, we should note that an even more
enhanced MQ response can be obtained in a free space envi-
ronment (see the Supporting Information).

The MQ mode presents a high signal-to-noise-ratio with
respect to the other leading multipoles; the magnetic dipole is
almost one order of magnitude smaller and the electric quad-
rupole is out of resonance. The electric dipole radiation is also
strongly suppressed by an anapole state in the vicinity of the
MQ resonant frequency. Thus, well-pronounced MQ fields
can be obtained driving the vorticity of the Poynting vector!’*l
(Figure 2b) (see also the Supporting Information).

While the numerical results shown in Figure 2 provide
a clear link between the enhanced transfer of incident field
SAM to scattered field OAM at the MQ resonance, a complete
physical picture requires a deeper theoretical insight on the
behavior of the fields produced by the MQ mode under the pre-
scribed illumination. For that purpose, we derive in the Sup-
porting Information the expression for the power extracted by
the nanocube (referred to as the extinction power/”! P, from
a circular plane wave propagating against the z-axis

2
P =-E°T"°Re{iaMn+M,,.} @
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where M; is ij-th component of the MQ tensor. The center of
the nanocube is placed at the origin of the coordinate system,
with the x,y and z-axis oriented perpendicular to its sides.
Taking into account symmetry, we obtain the following nonzero
tangential component Sl of the scattered Poynting vector:

3IM.[* (9+3rks+r'ks)
el VPP PR

T = cos(6)sin (6) 3)

S;=0
where @ is the polar angle in spherical coordinates, and r = |r|.
In the x—y plane #=7/2 and S; =0.

The intuitive physical picture is as follows: during an
oscillation period, the incident circularly polarized electric field
gradually changes its polarization between the x- and y-axis,
consequently, the components of the excited MQ tensor oscil-
late accordingly. In analogy with a rotating electric dipole,!
Equation (2) shows that the scattered near-field at the MQ
resonance can be obtained as a superposition of the fields gen-
erated by M., and a 70/2 delayed M,, component with equal
amplitudes. The total Poynting vector outside the scatterer,
however, also includes an interference term between the scat-
tered electromagnetic field and the incident one, which leads
to nonnegligible curl in the x—y plane. This is indeed what is
observed in the numerical simulations (see Figure 3a, where
T is proportional to (Sy). Substituting the scattered Poynting
vector in Equation (S2), Supporting Information, the time-aver-
aged scattered angular momentum density component in the
z-axis J, can be determined as

J:=0|

s (4)

Comparing Equation (4) with Equation (1) provides direct
evidence that SAM from the incident wave has been transferred

www.advancedscience.com

to the scattered field giving rise to the optical vortex shown in
Figure 2b. Moreover, since ], depends on the choice of origin
of the coordinate system™! it can be directly correlated with
the extrinsic OAM of the scattered field. Further inspection of
Equations (3) and (4) also show that the tangential component
of the Poynting vector as well as the angular momentum scale
quadratically with the amplitude of the MQ moment enhancing
the field vorticity at the MQ resonance. Since the angular
momentum scales as r” (where n is a positive integer) in the
near field, the vorticity of the Poynting vector is very high close
to the particle, but decreases very fast going away from it, as
confirmed in Figure 2b. The latter has very important conse-
quences regarding the optical forces governing the motion of
plasmonic nanoparticles under the influence of such a field, as
mentioned below. Additional analytical and numerical proofs
linking the nature of the optical vortex formation to MQ scat-
tering can be found in the Supporting Information.

In this section, we have described the excitation of the MQ
mode and proposed an intuitive physical picture explaining the
multipolar origin of the tangential component of the Poynting
vector giving rise to an optical vortex in the near field of the
nanocube.

3. Optical Nanovortex-Mediated Forces
and Torques

We can now proceed to study the effect of the scattered field
on small (dipolar) particles. The time-averaged optical force (F )
acting upon such a nanoparticle in the optical nanovortex can
be written as”’l

ckoot”
&

(Fu)=%V(E'<E)+ (clz(s)+V><(L>) )

(x5

AT |
P Spin
L2 -T2 )I

== Total Force
== Spin Force

Figure 3. a) Optical torque affecting absorbing 40 nm radius nanoparticles with n ~ 2i in the near field of the MQ resonance (1= 532 nm). The time-
averaged spin (['$"") and radiation pressure (T%) contributions have been spatially averaged (()) in parallel x-y planes in the near field along the
height of the cube (z-axis). b) Transverse cuts atz =60 nm (1) and z=—40 nm (1) showing the vector field distributions of total and curl-spin forces

around the cube.
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where n,, is the refractive index of the host medium, E is the
sum of the incident and scattered (by the nanocube) electric
fields, (L) is the average SAM flux density (see the Supporting
Information), and ¢’and ¢” are the real and imaginary parts
of the particle dipole polarizability, respectively. The first term
on the right-hand side of Equation (5) corresponds to conserva-
tive (curl-free) gradient optical forces, which for positive o’
drag the nanoparticle toward the region of maximal field inten-
sity. The terms in round brackets describe nonconservative or
“scattering” optical forces, hereinafter noted as (F,). The latter
receives contributions from the total Poynting vector (S) and
the electric field contribution to the SAM flux density (L)
A MQ mode corresponds to an object of well-defined parity,
i.e., a transverse electric (TE) multipole. At the resonance, pure
electric or magnetic multipoles strongly break electromagnetic
duality, and, consequently, do not present a well-defined heli-
city.7*%] This effect manifests itself strongly in the near field, %
and implies that the SAM flux density, which is linked to the
helicity density,” features a nonuniform spatial distribution.
Therefore, the second term in (F,) acknowledged as the curl-
spin forcel®” is not only nonnegligible but also plays an essen-
tial role in the dynamics of nanoparticles.

Importantly, due to spin—orbit coupling, the particles will
experience an orbital torque oriented along the z-axis, I, con-
fined in a subwavelength region and directly proportional to the
azimuthal component of (F.) (see the Supporting Information
for the exact expression). The latter depends on the azimuthal
components of the time-averaged Poynting vector and the near-
field curl-spin forces, as well as on the optical response of the
particles themselves (@”).

Interestingly, in the case of the MQ, it is possible to show
that the contribution of the scattered field to the curl-spin
force only has an azimuthal component, i.e., it only induces
orbital motion. This result is general to any magnetic (TE)
multipole field. The interference with the incident illumination
leads, however, to important radial and polar components (see
Figure 3).

Currently, very few groups!®#! have investigated optical
fields where the effect of spin—curl forces can be visibly appreci-
ated in the dynamics of moving nanoparticles. In contrast, our
calculations directly prove that both the spin force and radiation
pressure contribute to the induced optical torque in the vicinity
of the dielectric cube.

In Figure 3a, we show the optical torque experienced in the
near field by an arbitrary absorbing 40 nm radius spherical nano-
particle with n = 2i calculated with Equation S19, Supporting
Information, and averaged over several circular rings on par-
allel transverse planes (perpendicular to the incident propaga-
tion direction). Remarkably, particles whose centers of mass are
located at different heights experience different contributions
from the curl-spin (T'¥") and radiation pressure (I'%) torques,
as can be visually appreciated in the force field plots shown in
Figure 3b. Moreover, both contributions can be opposite to the
helicity of the incident wave if considered separately, but the
total scattering force remains helicity locked—a result conven-
ient for our purposes (see Section 5). It is worth noting that
I'? is nonzero at z = 0, contrarily to what one might initially
expect from Equation (3), but we once more emphasize that
the total Poynting vector entering in Equation S19, Supporting
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Information, includes an additional interference term between
the incident and scattered field yielding a small azimuthal
component. As a consequence, the zero of T is displaced to a
lower z coordinate.

In our setup, the particles are initially pushed toward the
glass substrate by the incident beam intensity, where they
experience a combination of radiation pressure and curl-spin
torques (Figure 3b(II)).

Here, we have introduced analytical expressions for the
optical forces and torques induced on dipolar absorbing nano-
particles, which allowed us to unambiguously distinguish the
contributions of the radiation pressure and the spin forces. The
numerical calculations presented in Figure 3 demonstrate that
both the effects mediate the strongly confined (subwavelength)
particle rotation with respect to the z-axis (i.e., the direction of
the propagation of the incident wave).

4. Nanoparticle Dynamics in the
Optical Nanovortex

‘We now turn our attention toward the potential applicability of
the considered effect as a mixing method for microfluidic reac-
tors. In order to illustrate the concept, we consider the water
around the nanocube contains a dilute solution of chemically
inert, biologically compatible nanoparticles. The dynamics of
the latter will be affected by the optical forces arising due to
the interaction with the cube's scattered field together with the
Brownian and viscous drag forces induced in the fluid. The
obvious and most convenient candidates to act as mixing medi-
ators are Au nanoparticles, because they would not interact
with the chemical and/or biological compounds dissolved in
the solutions and are utilized in a broad range of microfluidics
applications. 8253

In order to increase the mechanical orbital torque transferred
to the Au nanoparticles and to prevent them from sticking to
the walls of the nanocube due to attractive gradient forces, the
ratio (F..)/(F,) should be maximized. For high enough ratios,
scattering forces govern the nanoparticle dynamics, causing
them to undergo spiral paths around the nanocube and act as
stirrers enhancing convective fluid motion and thus diffusive
mixing of any admixtures present in the water solution.

The scattering force can be a leading force acting upon the
nanoparticle only if the real part of the nanoparticle polar-
izability is negligible in contrast to the imaginary one (see
Equation (5). For simplicity, we assume a spherical shape so
that their dipole polarizability can be evaluated analytically
with the exact Mie theory formulae by the method described
elsewhere:(*%]

2
(ks Ry) =i T 4 (m kiR, ) ©
where k; is the wavenumber in water. 4, denotes the first elec-
tric Mie coefficient,”*] which depends on the refractive index
contrast between the particle and the medium m = /€4, (®) /Am
and the dimensionless parameter k;R,, where R, is the nano-
particle radius. Details on the model for the permittivity of the
nanoparticles &,, with appropriate size-dependent corrections

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

96



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

www.advancedsciencenews.com

www.advancedscience.com

o (CZmN)

05 L L s

o (C?mN)

T
—R_=25nm
3

400 500 600 700 800

Figure 4. a) Real and b) imaginary parts of the dipole polarizability calcula

0
400 500 600 700 800
A (nm)

ted from Equation (6) for Au nanoparticles of different sizes that are dis-

persed in water. The excitation wavelengths correspond to those in free space. For nanospheres with radius Rp = 35 nm, the real part can be equal to

zero while the imaginary part is enhanced.

are given in the Supporting Information. Combining
Equations (5) and (6) allows for calculating the optical forces
on nanoparticles with sizes even beyond the Rayleigh limit (see,
e.g., the discussion in refs. [58,87)).

Figure 4 shows the real and imaginary parts of the polar-
izability for Au particles of different sizes dispersed in water.
We exploit the fact that, in the vicinity of the plasmon reso-
nance, nanoparticles with R, > 35 nm can fulfill the condition
o’ = 0 with enhanced values of . For example, for particles
with R, = 40 nm, the full suppression of the gradient force
occurs at 500 and 530 nm (see Figure 4a). Consequently, only
scattering forces are allowed for them, and the ratio (F.)/(F,)
is maximized. Moreover, these wavelengths are in a close prox-
imity to the chosen green source (532 nm).

Large Au nanoparticles with R, 2 35 nm could be considered
to break the limits of the electric dipole approximation assumed
in Equation (5). To prove its validity for quantitative calculations
of the optical forces, we have compared our results with exact
numerical computations via integrating the Maxwell stress
tensor over a 40 nm radius Au nanoparticle and obtained very
good agreement (see Supporting Information). Moreover, the
electric field distribution in the system plotted in Figure S3B-D,
Supporting Information, shows negligible perturbations in the
presence of a Au nanoparticle with no backscattering, further
confirming the validity of the involved approximations.

In order to determine the trajectories of the Au nano-
particles in water, we assume the system has reached sta-
tionary equilibrium in the z direction, due to the compensa-
tion of the z component of the incident radiation pressure in
the presence of the glass substrate. Therefore, the trajectories
can be treated as two-dimensional, localized only in the trans-
verse x—y plane.

Considering scattering force (F,), viscous drag force Fp,
commonly given by Stokes law, and stochastic Brownian (ther-
mally activated) forces Fp acting on the nanoparticle of mass
m,, the Langevin equation of motion can be written in the fol-
lowing form:

(F.)+F+Fy=m, i, 7)
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where T, is the particle instantaneous acceleration vector. Once
the scattering force distribution is determined, Equation (7) can
be solved in Comsol Multiphysics.*!

To accurately reproduce the motion of the nanoparticles
while restricting ourselves to a two-dimensional analysis, the
term Fp needs to take into account the additional drag induced
by the walls of the nanocube and the glass substrate. To address
this issue, we derive in the Supporting Information a modified
Stokes law where the dynamic viscosity of water is replaced by
a position-dependent effective viscosity tensor [, which we
implement in our calculations. When the nanoparticles are
sufficiently far away from the nanocube, we demonstrate that
our expression corresponds to the well-known Faxen correc-
tions for viscous flow over a planar surfacel®>?! (see Section 9
in the Supporting Information). We assume the system to be at
ambient temperature.

The parameters for the simulations are given in Tables S1
and S2, Supporting Information.

‘We consider that Au nanoparticles of 40 nm radius are uni-
formly distributed around the Si nanocube. Their trajectories
during a simulation time of 0.1 ms are shown in Figure 5. If
the nanocube is not illuminated (Figure 5a), Brownian motion
induces random displacements of the nanoparticles indepen-
dently on their position in the simulation domain. Conversely,
when the system is illuminated with circularly polarized
light with intensities about 50-80 mW pm (corresponding
to typical values utilized in conventional optical trapping
schemesl™)), mechanical orbital torque is transferred to the
Au nanoparticles and drives them along spiral trajectories
(Figure 5b).

Equation (3) reveals that (Sy) becomes negligible far
from the nanocube. Furthermore, the numerical simula-
tions show that the curl-spin force has no longer a signifi-
cant effect. Consequently, Brownian motion and conven-
tional radiation pressure start to dominate the dynamics
(see Figure 6¢).

In order to characterize the trajectories of the nanoparti-
cles inside the vortex and the enhancement of their diffusional
motion, we calculated their mean-squared angular displacements

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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The MSAD curves can be fitted with equa-
tions of the form (@(t)")=Dft+al,t’,
where D is an effective rotational dif
fusion coefficient and @, is the average
angular speed. This analysis leads, as
expected, to @,,; = 0 for the case of passive
(Brownian) diffusion, and @,,, =0.37degus™,
0.08 degus™ for particles placed, respectively,
at 210 and 300 nm from the center of the
nanocube. The results confirm that, in the
near field of the nanocube, strong rotational
motion can be achieved, and the nanoparti-
cles enter a “superdiffusive” regime. Based
on the previous information, we introduce
the effective radius r,, which specifies the
Figure 5. Trajectories of Au nanoparticles of 40 nm radius during 0.1 ms of simulations. lllumi-  area of influence of the optical nanovortex
nation‘waveler!glh in vacuum was 532 nm (in watt_er 399 nm). a) No incideint‘ illumination,_only (red dashed circle in Figure 6¢). For r < r,,,
Brownian motion and drag forces act on the particles; b) The nanocube is illuminated with a he - EHE A rticl Sy
circularly polarized light, and the optical force contributes significantly. The Au nanoparticles spi- the majority of the Au nanoparti els Cer.u
rally move around the cube. The figures are scaled to the length of the cube side equal to 158 nm. late around the nanocube, and the dielectric
nanocube acts as an effective optical drive

(MSAD, (A@#) in Figure 6a), with respect to the center of the nano-  for convective stirring of the fluid around it. The translational
cube, as explained in Section 10 of the Supporting Information. mean-squared displacements of the nanoparticles (MSD,

Due to the persistent orbital torque inside the vortex, the  (r?) in Figure 6b, see Section 10 in the Supporting Informa-
nanoparticles are actively rotating, as shown by the remark-  tion), also show an important increase compared to thermal
able increase in the azimuthal angle as a function of time.  diffusion in the absence of laser illumination. We remark

a b
10 102
107
g <
g, 3 (r)=4Ds
el =10 3
S o
d v
1079 = Brownian = Brownian
=210 NM =210 NM
e =300 NM =300 NM
1074 104
10' t(us) 102 10! t (us) 102
C

Figure 6. a,b) Log—log plots of MSAD and MSD characterizing the diffusional motion of Au nanoparticles under the influence of the optical near
fields and allowing the determination of the range of action of the nanovortex, r; a) Calculated MSAD averaged over 100 Au nanoparticles of 40 nm
radius, when the cube is not illuminated (blue), and under LCP illumination at a distance from the center of the nanocube much lower than r,,
(shown in (c)) — violet and at r,, — red. b) Averaged MSD in the same conditions as in (a). Dashed line corresponds to the fit with Einstein’s rela-
tion. c) Trajectories of 40 nm radius Au nanoparticles inside and outside the nanovortex region delimited by ry,. The red dashed circle delimits the
effective radius ry, which determines the range of action of the tangential optical forces. The optical nanomixing effect is thus achievable at the
positions lying inside r,,.
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that the Brownian MSDs are in full agree-
ment with the Einstein-Smoluchowski
relation®’] (r(t)?) = 4Dyt, where D, is the
diffusion coefficient calculated for spher-
ical particles as Dy = kpT/6m,R,, (L is
the xx component of the viscosity tensor in
Equation S29, Supporting Information) fur-
ther verifying the correctness of our calcula-
tions. Therefore, the proposed light-driven
setup strongly boosts diffusion.

The radius r,, reaches about half of the
incident wavelength in water and thus the
mechanical effect of optical vortices upon
a nanoparticle takes place in the subwave-
length region. Such a reduced scale cannot
be reached using any focused far field, e.g.,
radial and Bessel beams.®79¢ Up to our
knowledge, this is the first proposal providing
optical nanovortices created in a simple,
realizable setup avoiding the need of lossy
plasmonic nanoantennas,[®°! short wave-
length guided modes,””! or complex chiral
structures.” Such optical nanovortices rep-
resent a promising component for on-a-chip
OAM exchange driving light-matter interac-
tions (e.g., controlled light emission from
quantum dots,*®l superresolution,®1°! and
nano-object manipulation/®¢-94).

www.advancedscience.com

Shear rate (1/s)

Shear rate (1/s) b

Shear rate (1/s)

x10*

WA W

Ll

Figure 7. Formation of a fluid nanovortex due to the movement of two Au nanoparticles
(white circles moving anticlockwise) driven by optical nanovortex formed around the nano-
cube (white square). Background color map denotes the distribution of stress in the fluid in
157" and white contours show the fluid velocity field streamlines of the initially static fluid at
different times since the nanoparticles became optically driven. a) t =0.01 s, b) t =150 ps
and c) t =260 s. The rep i

d domain has di 800 x 800 nm. Parameters of the

simulations are given in Table S1, Supporting Information. Open fluid boundary conditions
were imposed at a distance of 1.5 um from the center of the nanocube. For the sake of clarity,

5. Nanovortex-Mediated Liquid
Mixing

To study in detail the liquid flow driven by the proposed nano-
mixing design, we once again utilize direct time-domain simu-
lation in COMSOL Multiphysics. At each time step, the particle
position and velocity, as well as the fluid pressure and velocity
fields are obtained by solving Equation (7), the Navier—Stokes,
and mass balance equations for the fluid.'" We consider
simplified forms of the last two equations assuming laminar,
incompressible flow, in accordance with the previous results
for the particle trajectories. Furthermore, we impose open
boundary conditions at the edges and simulate a large fluid
domain around the nanocube (usually lab-on-a-chip micro-
chambers are of the order of tens of micrometers).

Figure 7 shows the calculated stresses and velocity fields
in the fluid during 200 ps. The particles start with zero initial
speed and gradually accelerate under the influence of radiation
pressure and spin forces arising from their interaction with
the optical nanovortex. Consequently, the fluid environment
is also displaced, as Figure 7a demonstrates. At longer times,
a single vortex-like velocity distribution is established as shown
in Figure 7c.

The velocity streamlines are more inhomogeneous at
shorter times, when the nanoparticles start moving. Already
at 150 ps, only small fluid distortions take place very close to
the nanoparticles and the nanocube. Therefore, a possible way
to further enhance the fluid nanomixing would be to realize
periodic switching between left- and right-hand circularly

Adv. Sci. 2020, 1903049 1903049 (8 0f12)

thermal motion is not taken into account in the simulation.

polarized incident light, which would reverse the direction of
particle motion maintaining a high level of inhomogeneity in
the fluid stress field.

Noteworthy that, while all the previous calculations were
performed for Au nanoparticles in the visible range, similar
dynamics can also be obtained for Ag nanoparticles in the UV
range of the spectrum, where @’ — 0.1% Nanomixing in the
UV region could be advantageously combined with photochem-
ically active processes of the involved chemical compounds.

6. Optical Sorting of Au Nanoparticles
via the Nanovortex

Hereinafter, we demonstrate the important capability of the
proposed configuration to realize optical force-mediated par-
ticle on-chip sorting. In this section, we illustrate a novel,
dynamical, contact-less size sorting method for Au nanoparti-
cles in liquid solutions addressing one of the most challenging
targets of conventional microfluidics with the help of dielectric
nanophotonics.

The proposed method is based on the sign switch displayed
by o close to the plasmon resonance as we demonstrated in
Figure 4. The transition reverses the direction of the radial
gradient force acting upon the nanoparticle (see the first term
in Equation (5)). At a given incident wavelength, we can split

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 8. a) Real (&), and imaginary (@) parts of the dipole polarizability as a function of the particle radius R, for an incident free space wavelength
of 532 nm. The black dashed line indicates zero real or imaginary part, while the red dashed line shows the border between region | and II. The blue

motion

the radial direction of the optical forces

shaded area corresponds to the size region, where

. Insets depict

exerted on Au nanoparticles inside the different regions. b—f) The blue curves show the calculated trajectories followed by particles with sizes from
region I: 10 nm (b), 15 nm (c), 20 nm (d), 30 nm (e), and 40 nm (f), respectively. For comparison, in all the plots (b—f) the red curves correspond to
the statistically different trajectories followed by nanoparticles with 50 nm radii corresponding to region II.

the behavior of the Au nanoparticles into regions I and II (see
Figure 8a). Smaller nanoparticles from region I with positive
o'are attracted by the radial gradient force toward the nano-
cube, while larger nanoparticles, from region II, should be
repelled outwards (see schematic insets in Figure 8a).

However, in region I, there is a competition between
Brownian, gradient, and scattering forces, where the first
introduces an unbiased random displacement, and the other
two drag the nanoparticles in opposite radial directions. A
careful analysis considering the contributions of each force
is therefore required to determine the viability of the sorting
method.

Adv. Sci. 2020, 1903049 1903049 (9 of 12)

Figure 8b—f illustrates the proposed approach for nano-
particle separation by comparing the results of the numerical
simulations for two sets of Au nanoparticles; the trajectories
colored in blue correspond to nanoparticles with increasing
size ranging from 10 to 40 nm radii, while the red trajectories
in all Figure 8b—f are the paths followed by nanoparticles of
50 nm radius. The smaller particles in blue lie inside region I,
while the larger red ones are in region II.

Nanoparticles smaller than 15 nm have very low polarizabili-
ties, resulting in negligible optical forces in comparison with
Brownian forces (Figure 8b). However, the numerical simula-
tions show that nanoparticles with radii in the range 15-30 nm

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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are drawn toward the nanocube tracing inward curved paths
(see Figure 8d—f), and thus are primarily affected by gradient
forces. The most intense inward forces in region I are experi-
enced by nanoparticles with size 30 nm (Figure 8e) coinciding
with the maximum of @’ in Figure 8a, green line. Contrarily,
nanoparticles with radii close to 40 nm (i.e., in the vicinity or
inside region II), spiral away from the dielectric nanocube
due to scattering forces. Larger particles are also repelled
by the joint scattering and gradient forces, since the latter
changes sign. As we have already mentioned, we performed
additional numerical simulations proving the correctness of
the dipole approximation for the larger nanoparticles (see
Figures S3 and S4, Supporting information).

The results in this section demonstrate that our novel plat-
form can operate as a sorting device for Au nanoparticles by
exploiting their inward or outward motion toward the nanocube
as a function of their dimension. A precise, in situ size control
of Au nanoparticles is a crucial step in many applications, e.g.,
biological cell uptake rates,'*1%4 toxicity,'%! and Raman signal
intensity['%¢!

7. Conclusion

We present conditions for maximal conversion of SAM of the
incident light to OAM of the scattered light via the specially
designed transversely scattering silicon nanocube. The azi-
muthal component of the Poynting vector of the scattered field
originates from the strong MQ resonance. A Au nanoparticle
of appropriate size, illuminated by such optical field and dis-
persed in the fluid surrounding the nanocube, experiences a
combination of spin and radiation pressure forces with non-
zero azimuthal component. They are significant only up to a
distance of about half of the illuminating wavelength from the
silicon nanoantenna. The exceptionally compact optical nano-
vortex drives the dynamics of the nanoparticles, inducing a
convection fluid flow at the nanoscale. The direction of particle
motion can be reversed simply by flipping the helicity of the
incident circular polarization. Therefore, the proposed mecha-
nism can serve as a nanoscale fluid mixer and diffusion booster
driven by light in a contact-less and flexible way. Arrays of the
studied dielectric nanoantennae can be easily imprinted on the
surface of a microfluidic chip and controllably illuminated in
an independent fashion. Hence, we shed light on very exciting
perspectives such as light-controlled mixing or even on-chip
directional fluid navigation. Employing the dependence of the
optical properties of Au nanoparticles on their size, we demon-
strate feasibility to drag nanoparticles affected by the optical
vortex either toward or outwards the nanocube. Thus, smaller
nanoparticles (15-30 nm in radius) can be aggregated at the
silicon nanoantenna surface, while larger nanoparticles move
away from it and drive the fluid flow. This behavior can be
utilized to perform in situ size separation directly inside the
microfluidic chip.

The proposed, rather simple concept can be extended to
nanostructures of different shapes, to an array of such nano-
structures and to different types of dispersed nanoparticles,
e.g., silver nanoparticles offer an exciting option to combine
optical nanovortex with photochemistry at the nanoscale. Our

Adv. Sci. 2020, 1903049 1903049 (10 0f 12)
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approach opens a new room of opportunities for the integration
of simple, optically driven nanosorting or filtering modules in
on-chip platforms paving the way toward more efficient func-
tionalities in micro- and nanofluidic systems.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Bound states in the continuum (BICs) enable unique features in tailoring light-matter interaction on nanoscale.
These radiationless localized states drive theoretically infinite quality factors and lifetimes for modern nanopho-
tonics, making room for a variety of emerging applications. Here we use the peculiar properties possessed
by the so-called .27.7-symmetric optical structures to propose the novel mechanism for the quasi-BIC man-
ifestation governed by the .27.7-symmetry breaking. In particular, we study regularities of the spontaneous
2.7 -symmetry breaking in trilayer structures with the outer loss and gain layers consisting of materials with
permittivity close to zero. We reveal singular points on the curves separating &”.7-symmetric and broken- .7 -
symmetry states in the parametric space of the light frequency and the angle of incidence. These singularities
remarkably coincide with the BIC positions at the frequency of volume plasmon excitation, where the dielectric

permittivity vanishes. The loss and gain value acts as an asymmetry p

that disturbs ¢ of the

ideal BIC inducing the quasi-BIC. Fascinating properties of these quasi-BICs having ultrahigh quality factors
and almost perfect transmission can be utilized in sensing, nonlinear optics, and other applications.

I. INTRODUCTION

Photonic systems with balanced loss and gain, also known
as 2.7 -symmetric systems, have attracted much attention
over the last decade. Being at first a mere classical ana-
logue of a peculiar quantum-mechanical invariance {1], the
2.7 symmetry was soon realized as a powerful tool to ma-
nipulate light-matter interaction [ﬁ-@]. A number of optical
schemes were used to observe the 2.7 symmetry includ-
ing coupled waveguides fe1. photonic lattices {71, and two-
dimensional crystals [8]. Perhaps, the simplest one is a lay-
ered structure with alternating loss and gain materials [9].
Studies of 7.7 -symmetric systems initiated rapid develop-
ment of non-Hermitian photonics devoted to general problems
of open photonic systems changing researchers’ attitude to
loss and gain: loss is more than an attenuation factor to get
rid of and gain is more than a means to reach amplification
and lasing. As an example of this more general approach,
asymmetric, unbalanced distributions of loss and gain have
attracted attention recently, e.g., for loss compensation @] or
lasing-threshold tuning :

One of the most intriguing features of the 2.7 symme-
try in various systems exhibits itself in its spontaneous break-
down. This can be achieved by tuning parameters of the sys-
tem, for example, the level of balanced loss and gain. Under
the tuning, one reaches a moment when a modal composition
of the system degenerates and the 2.7 symmetry gets bro-
ken. Such degeneracies called exceptional points (EPs) are
important peculiarities of many optical and photonic systems
and, generally, correspond to the simultaneous coalescence

\dvnovitsky @gmail.com|

of complex eigenvalues and eigenvectors of non-Hermitian
Hamiltonians [12]. In particular, the EPs in 2.7 -symmetric
structures are useful for observing enhanced sensing [13-13],
single-mode lasin; m, H], coherent perfect absorption [E]»
IZ_Q‘], slow light [21], polarization-state conversion ﬂﬂ], non-
reciprocal transmission [Iﬂ], topologically protected states

,%. ], and so on. Note that the &2 .7 -symmetry break-
ing at the EP can be treated in terms of transition between the
2.7 -symmetric phase and broken-#”.7-symmetry phase be-
ing one more application of the concept of phase transitions in
the laser and optical physics 27,28].

On the other hand, in the last decade much attention has
been paid to the so-called bound states in the continuum
(BICs) predicted first in quantum systems [@]4 BICs can be
considered as point features in reflection or scattering spectra
of optical structures, arising, for example, when several reso-
nant responses (modes) are superimposed ]. As aresult
of such superposition at a certain frequency and angle of light
incidence, resonance states having ideally an infinitely high
(divergent) quality (Q) factors can arise. Such states are char-
acterized by perfect localization of radiation and, as a conse-
quence, cannot be excited by light incident on the structure
from outside, i.e., the BICs are dark (trapped) modes decou-
pled from the continuum of radiation. Although strict BICs
are unobservable, slightly deviating from the ideal BIC condi-
tions, it is possible to excite quasi-BICs arising in the form of
very narrow (high-Q) Fano resonances. In the optical context,
BICs (although not under this name) were first shown to exist
in photonic crystal structures in Refs. [34-3d]. Subsequently,
BICs have been observed or theoretically discussed in arrays
of dielectric and metal-dielectric elements ], waveg-
uide structures ], photonic crystals [44, 43], metama-
terials and metasurfaces ], and even single dielectric
nanoparticles {49, [50]. Potential applications of quasi-BICs
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include enhancement of nonlinear response 3 |§], lasing
3 @], generation of optical vortices [E, , and sensing

Peculiar BICs appear in non-Hermitian systems and their
existence is tightly connected with the EPs. In particu-
lar, it was predicted that the BICs can be observed in the
broken-.#.7 -symmetry regime in one- and two-dimensional
waveguide systems with loss and gain [@-@] An-
other type of BICs was shown to exist in both &.7-
symmetric and broken-22.7-symmetry phases within the
coupled-waveguides framework @]. Specific BIC-like un-
stable states can exist at the EPs of non-Hermitian defective
lattices [63]. Unconventional BICs were reported to appear in
the anti-#?.7 -symmetric phase in the cavity-magnonics sys-
tems [64] and open quantum systems with 2.7 -symmetric
defects ]. However, the presence of the EP is not a nec-
essary condition for BICs assisted by loss and gain, since the
non-Hermiticity can be used for controlling coupling between
resonances lying behind the quasi-BIC phenomenon [66, 167).
Finally, a novel mechanism for generation of the BICs out-
side the scope of the EP physics was proposed in the BIC-
supporting systems under 2.7 -symmetric perturabtion f68].

In this paper, starting with the system supporting a BIC in
the Hermitian limit, we study how properties of the BIC alter
when loss and gain are introduced. In particular, we consider
the 2.7 -symmetric layered system containing an epsilon-
near-zero (ENZ) material. It was shown recently that the sys-
tems with singular (ENZ-like) properties possess BICs caused
by coupling between plasmonic and Fabry-Perot resonances

]. In general, the BIC-supporting one-dimensional (lay-
ered) structures require either materials with singular proper-
ties or anisotropic media for mixing light of different polar-
izations [@, ]. Subsequently, the unique optical, thermal,
and topological properties of the ENZ-related BICs have been
studied in detail 73]. We put these BICs into the context
of the .7 symmetry research by adding balanced loss and
gain. This was shown to lead to appearance of the quasi-BIC
[74). but the specific mechanism of BIC transformation into
quasi-BIC has not been revealed yet. Here, we fill in this gap
and show that the high-Q quasi-BIC resonances in the ENZ-
containing .7 -symmetric layered systems are induced by
the coincidence of the BIC with a singular point of the 2.7 -
symmetry breaking phase diagram. The non-Hermiticity mag-
nitude (loss and gain value) takes on the role of the structure
asymmetry parameter leading to the peculiar quasi-BIC with
symmetric line shape, perfect transmission and strong light lo-
calization inside the structure. We note that the distinction be-
tween the true BIC and quasi-BIC is important for our discus-
sion, although the quasi-BICs can be often treated just as the
BICs in many realistic situations. Thus, the 2.7 -symmetry-
breaking singularity offers a novel mechanism behind the ex-
citation of quasi-BICs extending the remarkable diversity of
BIC physics known nowadays.

Figure 1. Schematic of a 2.7 -symmetric trilayer with outer lay-
ers containing lossy and gainy ENZ media and dielectric interlayer
in between. The outer layers have the thickness d. = Ap /27 (ie.,
pd/c = 1, where ¢ is the speed of light); the interlayer has the
thickness d; = 10d.. and permittivity &; = 5.

1. 2.7-SYMMETRIC TRILAYERS

We start with description of our 2.7 -symmetric system
and the origin of phase transition there. The simplest 2.7~
symmetric layered structure is the bilayer one, which is a
well-studied system, see, e.g., our recent analysis [ﬁ]. The
2 7 -symmetric bilayer consists of just two layers — one with
loss (permittivity €, ) and another with gain (e_). The &*.7-
symmetric trilayer has an additional interlayer (spacer) with
the real-valued permittivity & located between the loss and
gain side layers (see Fig. [[). Trilayers are much less stud-
ied and are in the spotlight of this paper. The introduction of
the loss-free and gain-free interlayer dramatically changes the
phase transition patterns of the system.

We study availability of phase transitions, that is &.7-
symmetry breaking, in trilayers as a function of light-wave an-
gle of incidence. The 2.7 -symmetry breaking phenomenon
can be described in terms of the scattering matrix eigenval-
ues and eigenvectors. The scattering matrix of a multilay-
t rg
.t
transmission coefficient, r, and rg are the reflection coeffi-
cients for the left- and right-incident waves {751 Eigenval-
ues s, of the matrix S are known to be both unimodular
(Is12] = 1) in the &.7-symmetric state and inversely pro-
portional (|s;| = 1/|s;|) in the broken-22.7 -symmetry state.
Point of the phase transition where behavior of the eigenvalues
51,2 dramatically changes is the exceptional point. Eigenvec-
tors of the scattering matrix $ coincide at the EP, so that the
system becomes degenerate there. Transmission and reflec-
tion coefficients used in the scattering matrix formulation can
be calculated with the well-known transfer-matrix method.
We limit our consideration to the TM polarization (see Ap-
pendix [A] for details) to deal with plasmon excitation.

ered structure has the form § = , where 7 is the
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Figure 2. Dependence of the logarithm of the scattering-matrix eigenvalues on the loss and gain coefficient y for the .7 -symmetric trilayer.
The light frequency is @ = @); three different incidence angles are (a) 6 = 0°, (b) 6 = 10°, and (c) 8 = 70°. We employ parameters of the

structure indicated in the caption of Fig. [l

We take the permittivities £, and £_ of the loss and gain
layers, respectively, as

5

5 o,
er=lkiy-—4, (1)

where y > 0 is the loss or gain coefficient (non-Hermiticity
magnitude) and @, is the plasma frequency. We are inter-
ested in the ENZ regime observed in the vicinity of @), since
in this case a trilayer could support a BIC [69]. There are
several reasons, why we use Eq. (I) instead of the standard
Drude formula as in Ref. [@]. First, the permittivity @ al-
lows one to separate the effects of ENZ and non-Hermiticity,
so that the physical picture becomes as clear as possible. Sec-
ond, Eq. (I) can be obtained from the Drude formula € =
1— @, /(0*+iTw) under [[| < wand y~Tw; /0’ ~T/w,,
when we are able to neglect dependence of y on the frequency
considering a relatively narrow range near @j. (See Appendix
[Gifor calculations showing that the main results of this paper
can be reproduced with the Drude dispersion as well.) Third,
since we are interested in determining a dependence of the

system response on the loss and gain level, the easiest way is
just to vary y freely at a given frequency. Such variations are
most comprehensible from Eq. (). Finally, if the first term of
£, took non-unit values, then it would result only in shifting
the ENZ condition to a different frequency. The ENZ media
needed can be realized either with the well-known Drude ma-
terials [Z6], such as metals and transparent conducting oxides
(although introduction of gain in these materials is not always
feasible in practice [@]), or with a low-loss zero-index meta-
material for the ENZ component (169, 77-779] and the loss or
gain material embedded in it. Thus, the choice of the per-
mittivity in the form of Eq. () does not limit the generality
of our analysis and allows us to consider both ENZ and non-
Hermiticity effects in a simple, convenient way. The thick-
nesses of the loss and gain layers are supposed to be the same,
d, = d_; the interlayer is characterized with & and dj; in the
case of a bilayer, one should set dj = 0.

107



804{(a)
60
404
20

high-y_, region

3

low-y.,

0.04+ region

0.024

0.00

0 10 20 30 40 50 60 70 80 90
()

0.087 (1) —a— =0

0.07 A

—— »=1.001 o, ¢
0061 ——=1.010, X
0.05- £
o “t
5 0.04 A
0.03-
0.02-
6
0.01- i b
0.00 — / \ .

0 5 10 15 20 25 30 35
0(°)
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of incidence for the &7.7 -symmetric trilayer. (a) Full angular depen-
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symmetry is preserved. (b) The low-yzp region for the three different
frequencies around @p. Parameters of the structure are the same as
inFig.[

III. PHASE TRANSITIONS IN .7 -SYMMETRIC
TRILAYERS

Let us study behavior of the minimal loss and gain levels
corresponding to the first EP (we denote it as ¥zp) as a func-
tion of the angle of incidence 6. Several examples of curves
for scattering matrix eigenvalues |s;| and |s,| illustrating the
7 -symmetry breaking are shown in Fig. The point
¥ = Yep. in which the curves for |s;| and |s;| diverge is called
the exceptional point. One can see that at normal incidence,
the 2.7 -symmetry breaking occurs for comparatively large
non-Hermiticity magnitude, ¥%:p ~ 0.285 [see Fig. 2la)]. On
the contrast, at @ = 10°, the loss and gain needed for the EP
are much lower, ¥zp &~ 0.0125 [see Fig. Ib)]. Finally, at the
large incident angle 6 = 70°, the non-Hermiticity magnitude
needed for reaching the first EP gets much larger, ygp ~ 5.2

f(n)

2
Figure 4. Plot of the function f(n) = /& — ( for different

interlayer thicknesses. The other parameters of the structure are the
same as in Fig. [}

[see Fig. 2lc)]. One can also see in Fig. Qthe second and third
EPs at higher levels of the non-Hermiticity parameter. Further,
we focus on the first EP and study the transition between the
low-¥gp and high-ygp regions. The behavior of other EPs is
briefly discussed in Appendix[Bl

In Fig. [fa), the dependence yzp(6) for the first EP is
shown at @ = @,. We see that the full angular range is di-
vided into two regions, where yzp takes on either low or high
values. The boundary between these regions denoted as 6}, is a
peculiar singular point: As we reach 6, from the left, yzp — 0
(violation of the 22.7 symmetry is easily reached), whereas
Yep — oo just above 6, (the 227 symmetry is never broken).
Even finite, but large values of the loss and gain (ygp > 4)
needed for breaking the 227 symmetry at large angles 6 > 6,
make the phase transition hardly observable or even impossi-
ble. Thus, system’s behavior strongly differs in the low-yzp
and high-yzp regions.

Using the transfer matrix of the structure, the value of 6,
can be estimated analytically at @ = @,. Indeed, the singular
point corresponds to the condition |¢| > 1 for y — co, that is the
2 7-symmetry breaking occurs only for very large loss and
gain as we reach 6, from the high-yzp side. A simple estimate

reads as follows
s 2
(“’pdil> ©

where 7 is an integer number. Derivation of Eq. (@) is dis-
cussed in Appendix [0 To clearly represent how this esti-
mate can be used, in Fig. B we plot the function f(n) =

6,(® = o,) = arcsiny | & —

, where n is assumed to be continuous. In

the case of djy = 10d.. discussed in Fig. Ba) there is a sin-
gle discrete value n = 7 satisfying the sine-value limitation,
0 < f(n) < 1. So, for n =7, we obtain 6, ~ 23.881°. which
is in perfect agreement with numerical calculations shown in
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Fig. Bla).

To illustrate that this approach works for other situations
as well, we consider two other cases. For dj; = 8.7d.., one
should take n = 6 to obtain 6, ~ 33.571°. This is supported
by numerical calculations of ¥:p shown in Fig. Bfa): we again
see the low-yp and high-ygp regions below and above 6. On
the contrary, for dy =9.5d ., there is no any suitable discrete n
satisfying 0 < f(n) < 1. As aresult, high- and low-zp regions
are not available in this case [see Fig. BIb)]: yzp changes
monotonously and there are no any breaks.

The dependencies yzp(6) for several light frequencies in
the low-yzp region are demonstrated in Fig. B(b). In order to
make the figure more readable, we do not show the low-angle
data with higher ygp observed in Fig. Bia). It is clear from
Fig. BIb) that the low-ygp region gets wider and 6, shifts to
higher angles, when the frequency is above the plasma one.
We would like also to draw attention to the sharp break of
the curves near the singular point indicating a potential for

low-y,, region

high-y,,, region

Figure 6. Phase diagram of the .7 -symmetric trilayer in the “fre-
quency —angle” coordinates. Parameters of the structure are the same
as in Fig. [l

significant modification of the structure response with a tender
tuning of the angle of incidence.

As demonstrated in Fig. the full “frequency — angle”
plane is divided into two regions possessing different behav-
iors. In the low(high)-¥zp region, the &2.7-symmetry break-
ing is easily (hardly) achievable. A sharp boundary between
the low- and high-ygp regions consists of singular points, in
which the value of yzp is not determined. It is important that
changing the permittivity and thickness of the interlayer, we
can vary widely these regions in the phase diagram. The brief
discussion of the interlayer thickness influence can be found in
Appendix [D] Thus, the interlayer being just a lossless dielec-
tric strongly influences the response of the &2.7-symmetric
trilayer structures, what can be useful in sensing applications.

IV. QUASI-BICS VIA THE .7-SYMMETRY BREAKING

Let us demonstrate how the singular point discussed above
can be used for controlling quasi-BICs in ENZ-containing lay-
ered structures. It is known that a lossless trilayer possesses a
BIC at the plasma frequency and a certain incident angle given
by B = arcsin \/& — (Ten/ @pdy)® with n =0, 1,2.... [69).
This type of the BIC is the result of exact destructive inter-
ference between the narrowband volume-plasmon resonance
in the ENZ layers and the broad Fabry-Perot resonance of the
dielectric interlayer. When we detune from the BIC position,
the imperfect interference manifests in the spectra as asym-
metric Fano profiles. An example is shown in Fig. [(a): the
narrow dips in reflection of lossless structure (y = 0) appear
as we departure from the BIC angle to 6. = Op;c £ 5°.

One can see that the BIC given by the above expression co-
incides with the singular point Eq. (@) of the phase diagram at
the plasma frequency, i.e., Ogc = 6. This fact can be under-
stood in terms of the scattering-matrix poles and zeros whose
convergence gives rise to both BICs [69] and singular points

109



of 2.7 -symmetric systems [80, 81]. It should be stressed
that the convergence for BICs and EP singularities has dif-
ferent nature. For the BIC in the passive structure without
loss and gain, the Hermitian zero and pole coalesce at the real
axis. The pole and zero correspond to the volume plasmon
and Fabry-Perot modes, respectively. For the EP singularity,
the non-Hermitian zero and pole coalesce at the real axis as
well. The coalescence is associated with the simultaneous co-
herent perfect absorption (CPA) and lasing when transmission
is simultaneously infinite and zero. This interpretation is con-
firmed by the sharp Fano profiles seen at 6. in Fig. [fc) with a
very close dip (absorber) and peak (amplifier). Dip-peak pairs
appear at the corresponding points of the singular borderline
between the high-¥:p and low-¥zp regions in Fig. [@ featur-
ing the CPA-lasing effect. The point at @), and 6g;c = 6 is
a degenerate point (“BIC + CPA-lasing”) emerging due to the
very peculiar conditions of the ENZ singularity and volume-
plasmon excitation at the plasma frequency and, thus, having
very special properties discussed in the rest of this paper. In
particular, excitation of the BIC making the radiation to be
mostly concentrated inside the structure also suppresses the
CPA-lasing and results in the symmetric (Lorentzian) line-
shape.

The coincidence of Bg;c and 6, has far-reaching conse-
quences. In particular, just below the boundary, the &#.7
symmetry can be broken by any loss and gain value, no matter
how small. As a result, a sharp resonance appears in the place
of BIC as shown in Figs. [7{b) and [Zl¢), so that the strict BIC
transforms into the quasi-BIC. The resonance width reduces,
when y decreases. The side resonances at 6. which can be
also associated with the border between regions in Fig. [B(a)
clearly have the Fano profile with the regions of gain-assisted
reflection above the unity especially pronounced in Fig. [/(c).
The results remain essentially the same for the inverted struc-
ture “gainy layer — interlayer — lossy layer” (i.e., when light
impinges the gainy layer) with the correction for the Fano pro-
files inversion.

‘We would like to emphasize that the quasi-BIC resonance
at Bg;c is characterized by the transmission which is close to
the unity as shown in Fig. [/(d). In other words, this quasi-
BIC is effectively free of both absorption and amplification.
This property is kept when the non-Hermiticity de in-
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Figure 7. (a)-(c) Reflection and (d) transmission spectra of the 2.7 -
symmetric trilayer for different loss and gain levels y. The spectra for
the incident angles 6pjc and 6. = 6p;c +5° are shown. The other
parameters are the same as in Fig. [l
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Figure 8. (a)-(c) Reflection and (d) transmission angular spectra of
the #.7 -symmetric trilayer for different loss and gain levels y. The
spectra at the frequencies @), 0.999®), and 1.001 @), are shown. The

creases: the resonance gets wider, but still close to the unity
in the transmission peak. We explain this fact with the per-
fect loss and gain symmetry of the system in conditions of the
BIC, what makes our system different from other examples of
loss-induced quasi-BICs with resonant increase in absorption
as in Refs. [[%, @]. On the contrary, the side resonances at
6. have rapidly growing transmission and reflection when y
increases. Note that we limit ourselves to relatively low real-
istic ys, since for larger ones, y ~ 1, the effects of instability
(such as lasing) are able to violate the perfect transmission.
Figure [8] shows the angular analog of Fig. [7} We see again
the absence of the reflection dip at the plasma frequency for
the lossless structure [Fig. Bla)]. Introduction of the loss and
gain transforms the BIC into the quasi-BIC at the singular
point B with the narrow resonance at @, and wider Fano
resonances at other frequencies [Figs. B(b) and[B)(c)]. Finally,

other are the same as in Fig. v

the transmission spectra in Fig. B(d) demonstrate both widen-
ing and shift of the quasi-BIC resonance, when ¥ increases,
the peak transmission being almost equal to the unity. Note
that the resonance shifts to the lower angles, that is into the
low-¥gp region as in Fig. [

Symmetric shape of the resonances in Figs. [7(d) and [§(d)
is a distinctive feature of some quasi-BICs as verified experi-
mentally for individual nanoparticles [83]. A small blue shift
of the quasi-BIC resonance evident from Fig. [(d) is caused
by two reasons: (i) imperfect ENZ condition for a nonzero y
and (ii) availability of low-¥zp values above @,. We also em-
phasize the necessity of the balanced loss and gain for existing
the quasi-BIC discussed, because there are no any resonances
at B¢ for loss only as shown in Appendix[El The sustained
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Figure 9. Dependence of the Q factor of the quasi-BIC resonance on
the loss and gain level y. The 7.7 -symmetric trilayer is the same as
in Fig.[7} The insetd ates the linear depend of Qony 2.

unity transmission resonance can be of interest for applica-
tions in tunable filtering and enhanced sensing, the tunability
being caused by the influence of thickness and permittivity of
the interlayer on the BIC position.

The narrow quasi-BIC resonances discussed above possess
extremely high Q factors. Due to their symmetry, we can uti-
lize a simple estimate, Q = @y /A®, where @) ~ @, is the res-
onance central frequency (we take into account its slight shift
with increasing ), A® is the resonance full-width at half max-
imum which can be directly estimated from the plots without
any fitting. Figure [0 demonstrates a sharp increase of the Q
factor when decreasing loss and gain level ¥, so that Q read-
ily exceeds 10° for r< 1073, Moreover, the inset of Fig.
demonstrates a linear dependence of the Q-factor on the in-
verse square of 7. Such a behavior is a well-known character-
istic of the BIC violated by asymmetry [47]. The asymmetry
is often introduced to transform the exact unobservable BIC of
the perfect structure to the observable quasi-BIC of the non-
ideal system (e.g., the asymmetry may be due to a nonzero
angle between elements of the structure as in Ref. [47]). In
our case, the non-Hermiticity magnitude y takes on the role of
the structure asymmetry parameter, although the loss and gain
are balanced and the shape of the quasi-BIC remains sym-
metric (so that the Fano asymmetry factor is infinite). This
means that the asymmetry inducing the tranform of BIC into
the quasi-BIC is caused exclusively by breaking #2.7 sym-
metry.

High Q factors correspond to the strong light localization
inside the system as shown directly in our calculations of the
intensity distribution inside the 2.7 -symmetric trilayer (Fig.
[T0) using the method described in Appendix [Fl One can see
that the quasi-BIC resonance is characterized by the symmet-
ric intensity distribution due to loss compensation by gain [see
Fig. [[0(b)]. Note also that the peaks of the stationary inter-
ference pattern inside the interlayer have very high intensity
in perfect accordance with the large value of the Q factor. De-
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Figure 10. Normalized intensity distributions inside the 27.7-
symmetric trilayer for y =0.001 and 6 = 6pc at the frequencies (a),
(d) 0.999@p, (b), (e) Wp, and (c), (f) 1.001@),. The other parameters
are the same as in Fig.[7]

tuning from @, results in asymmetric low-intensity distribu-
tions with attenuation in the loss layer uncompensated by the
amplification in the gain layer [see Figs. [I0(a) and [[0fc)].
We would like to mention that the distributions almost do not
change, if we swap the loss and gain layers.

V. CONCLUSION

To sum up, we have studied violation of the .7 symme-
try in trilayer structures with balanced loss and gain. We prove
that when the loss and gain layers are ENZ media, an extraor-
dinary singular point of the & .7-symmetry-breaking phase
diagram coincides with the BIC position enabling appearance
of the high-Q perfect-transmission resonance with the loss and
gain value playing a role of the structure asymmetry parame-
ter. We believe that this new way of quasi-BICs generation
induced by 22.7-symmetry breaking is of general interest
and applicable in development of non-Hermitian photonics.
To observe this effect in more complex structures supporting
BICs, one has to tune conditions for the phase-diagram singu-
larity of the 2.7 -symmetric system to match it with the BIC
position of the same structure without loss and gain. From the
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different perspective, the poles and zeros of the lossless and
2.7 -symmetric structures should converge at the same point
of the parameter space. In our case, this condition is fulfilled
at the peculiar point of the ENZ (at the plasma frequency). For
sophisticated photonic structures, this condition can be more
intricate.
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Appendix A: Basics of the transfer-matrix method

The transfer-matrix method is a convenient approach for
calculation of stationary response of layered structures. We
use it in the form presented in the Novotny and Hecht textbook
(84]. Letus briefly describe the main points of this method,
since they will be used in further derivations. Limiting our-
selves to the TM-polarized plane waves, the relation between
the amplitudes of the incident wave ¢, reflected wave r and
transmitted wave ¢ can be written as follows,

()(i)

The total transfer matrix M = Ty D T12P,...P, T, 141 is the
product of the matrices 7;_ ; taking into account light refrac-
tion at the interfaces between layers,

_ 1 1+xmi 1—Kmi
T’""‘z(l—mn, L+Km; )’ 42

and the matrices ®; taking into account light propagation in-

side layers,
e—ikizdi
@ = ( o o ) - (A3)

Here &; = ki_1./ki; = \/ (&1 — sin® 0)/(& —sin’ @) is the
ratio of longitudinal components of the wavevector in neigh-
boring layers, 1; = &/ is the ratio of the adjacent-layers
permittivities, 6 is the light incident angle, ; is the ith layer
thickness. The Oth and (n + 1)th layers correspond to the
semi-infinite ambient media, which we assume to be the air.
Knowing the full transfer matrix of the structure M, one can
easily compute the reflection and transmission coefficients
normalized to the incident wave amplitude (i.e., ¢y = 1 is as-
sumed) as t = 1/M,y, rp = M> /My, and rg = —M\>/M,,,
where M;; is the corresponding component of the matrix M.

Appendix B: Positions of different EPs

As we have seen in Fig. [0 the system may have several
EPs at the same angle of incidence. In the main text, we have
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Figure 11. Angular dependencies of the positions of (a) the 1st and
2nd EPs and (b) 3rd and 4th EPs. The frequency is @ = @); the other
parameters are the same as in Fig. [l

focused on the first EP as the most important one for us. In
Fig. [[Il we show change of positions of different EPs as a
function of 6. Regions of broken 2.7 symmetry lie between
the 1st and 2nd EPs as well as between the 3rd and 4th EPs.
The latter region exists only at small incident angles. When
approaching the singular point 6, the region of broken 2.7
symmetry between the 1st and 2nd EPs gets narrower.

Appendix C: Derivation of the boundary angle value for the
trilayer

The boundary angle 6, (singular point) can be estimated
from the condition of |¢| > 1 for y > 1. In terms of the
transfer matrix, this means that |M,,| < 1 for y>> 1. For
the three-layer structure discussed in the main text, we can
give a relatively simple derivation of the transfer matrix
at the plasma frequency. Indeed, for @ = @, and y >
1, the following relations are reduced to &L = +iy; M =
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iy=—1/no, ;=& /iy =—1/n3 ki = ko(1 +i)\/7/2 =
—iks 1 ko, = kor/ & —sin 0; ki ~ cosO/ iy = i/Ky, K =~
\ 1Y/ (&1 — sin® 8) = —i/K3, where kg = ) /c. After some al-
gebra, we obtain for the transfer matrix component of interest

e
|My 1| = 2yeY*Tcos 64/ 1 —y sin (kqd,,\/ & — sin® 9) ’ .
i

(&)
For arbitrarily large 7, this value remains limited only for ar-
bitrarily small sine term. Thus, for ¥ — oo, the equation for
the boundary angle 6, reads

sin (ﬂ‘ i1\/ €1 — sin? 9h> =0, (C2)
[

which has the solution

.

2on 2

6y = arcsin y | &y — [ =) | (C3)
Opdiy

where n=0,1,2,....

Appendix D: EP position as a function of the interlayer
thickness

Here, we briefly discuss the influence of the interlayer
thickness ; on the response of the structure. In the main
text, we have considered mostly the case dj/d. = 10 and
seen the line of singular points in Fig. [@ and the BIC at the
plasma frequency. On the contrary, the bilayer (d; = 0) does
not supports such features. In order to trace the transition be-
tween these two cases, we fix @ = @, and 6 = 0 and plot the
EP position as a function of dj in Fig. [[Za). We observe
a periodic dependence when regions of easy &7 7 -symmetry
breaking take turns to the regions of tough .7 -symmetry
breaking. Such a periodicity means that singular points are at-
tainable not for every interlayer thickness, what is supported
by Fig. [[2(b): the singularity is seen at dj;/d. = 3, but not at
diy/d= =1 or 2. Thus, tuning the interlayer thickness is im-
portant for realizing the necessary regime of light interaction
with the structure.

Appendix E: The case of the purely absorbing ENZ media

Here we consider the case of purely lossy media used as a
model of the ENZ layers. This means that the permittivities
of the first and third layers of the trilayer are the same, being
equal to &= = 1+iy— @}/ @ with y > 0. Reflection spectra
at the BIC angle g for different y are shown in Fig. [[3] We
start from the strict BIC at y = 0 (there are no resonances).
Introducing the loss we break the BIC. However, here the BIC
breaks in a fundamentally different way in comparison to the
case of balanced loss and gain considered in the main text.
Loss causes a wide-band decrease of the reflection due to ab-
sorption. This results in the low-reflection background with
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Figure 12. (a) The dependence of yxp on the interlayer thickness at
®= @) and 6 =0. (b) The angular dependence of the EP at different
interlayer thicknesses at @ = ). The other parameters are the same
as in Fig.[[l

a peak at the BIC position. In other words, the BIC resists
losses and strives for its own preservation. On the contrary,
in case of the balanced loss and gain, we see a high-reflection
background with a sharp dip due to the easily broken BIC. We
can make a conclusion that the loss itself is not the best way
to transform a BIC into a quasi-BIC. The balance of the loss
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Figure 13. Reflection spectra of the purely lossy trilayer at the inci-
dent angle 6 for different loss levels y of the first and third layers.
The other parameters are the same as in Fig. 71

and gain is much more efficient.

A dixF: C ion of i
trilayer

distributions inside the

In order to illustrate features of the perfect-transmission
high-Q quasi-BIC at ® = @, and 6 = O, we calculate the
distributions of the intensity inside the structure at the plasma
frequency and neighboring frequencies with the approach de-
scribed in Ref. [83]. In particular, we divide the layers into
many thin sublayers and utilize a partial transfer-matrix M)
covering a part of the structure from its input interface to the

ith sublayer as
€ \ _ aqi) [ i
<r0>_M (r,-)' (Fl)

where ry is the reflection coefficient of the entire structure, f;
and r; are the amplitudes of the forward and backward waves

in the ith sublayer. Then, we readily get

M;ll]rO’M‘z,l)eU _ *M}a)’nﬂLMweo
MM — )

= =
M(III’MZZ = M‘l,‘l]M’l,l]
(F2)
The normalized intensity inside a given sublayer is calculated
asli=|ti+ri*/e}.

Appendix G: Modeling of the ENZ layers permittivity using the
Drude model

Here we show that the results obtained in the main text with
Eq. (D are in accordance with analogous calculations per-
formed with the standard Drude formula for the ENZ media,
£ =1- @} /(0 £iTw). Figure [ corresponds to Fig. [
Aside from minor changes in the positions of the Fano res-
onances, the features of the quasi-BICs induced by balanced
loss and gain persist in the Drude-model case as well.
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Figure 14. The same as in Fig. [71 but for the loss and gain layers
described by the standard Drude formula.
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Magnetic Octupole Response of Dielectric Quadrumers

Pavel D. Terekhov,* Andrey B. Evlyukhin,* Dmitrii Redka, Valentyn S. Volkov,

Alexander S. Shalin, and Alina Karabchevsky

The development of new approaches to tuning the resonant magnetic

p of simple all-dielectric is very imp in
nanophotonics. Here, it is shown that a resonant magnetic octupole (MOCT)

p can be ob d by dividing a solid re gular silicon block to a
quadrumer with the introd of narrow gaps between four
nanocubes. The spectral position of the MOCT resonance is controlled and
tuned by varying the di: b the bes. It is d d that
several magnetic hot-spots related to the MOCT resonance can be located in
the gaps creating a strong magnetic field gradient in free space. It is observed
that the resonant excitation of the MOCT moment leads to a significant

h of light ab in the system at the spectral region, where
light absorption in bulk silicon is weak. The results of this work can be applied
to design new compositi and ials based on pl
building blocks, energy harvesting devices, and molecular trapping with

o

of electromagnetic energy.®*! Addition-
ally, dielectric high-index particles have
commercial value due to low resonant ab-
sorption in optical range /! while plas-
monic structures experience significant
Ohmic losses."**?l To study scattering
of light by dielectric nanostructures one
can use the multipole decomposition
approach, already widespread in scien-
tific investigations!’*~*°! including differ-
ent spectral ranges.|”’7?! State-of-the-art
literature reports that the multipole re-
sponses can be tuned by changing parti-
cles’ geometry,?*! size, aspect ratio, mate-
rial dispersion, and the refractive index of
surrounding media. Several recent stud-
ies have focused on high-order multipole

magnetic hot-spots.

1. Introduction

Dielectric nanophotonics is one of the most actively developing
fields in photonics research.!'*! A variety of applications of di-
electric nanostructures in technological devices has led to a grow-
ing interest of scientific groups over the globe. One very impor-
tant property of dielectric structures in comparison to their metal
counterparts is the opportunity to control electric and magnetic
components of light due to the excitation of electric and magnetic
multipole resonances!**! with the simultaneous accumulation
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excitations.|*-3¢]

Owing to the large value of refractive
index and low losses in near-infrared!**!
silicon is the most suitable material for

the resonant dielectric nanophotonics*l and structures
development.****! For instance, silicon nanostrips placed
on optical waveguide allows for probing forbidden overtone
transitions./“*! If placed on top of a lossy plasmonic material,
silicon nanostrip allows for the realization of the cloaking effect
and manipulation with waveguide’s evanescent fields.*'!

Dimers, oligomers, and other dielectric nanostructures (fabri-
cated from silicon) are used for magnetic field concentration and
enhancement.*>#! In this work we study the optical properties of
the silicon quadrumer which supports the resonant excitation of
amagnetic octupole moment and allows it to be controlled using
structure parameters. We show that a solid block of crystalline
silicon does not support magnetic octupole resonances, and that
simply cutting it enables a resonant magnetic octupole response
of the resulting silicon quadrumer.

This effect leads to both the magnetic field enhancement in-
side the structure’s slits and to increased light absorption by the
structure. The suggested structures can be used to design mod-
ern optical devices and for efficient light control using magnetic
octupole excitation. It is worth noting, that the achieved magnetic
octupole response appears in an unusual part of the spectrum:
for a bulk structure of comparable size, it would appear at far
shorter wavelengths.

Modern optics actively studies metasurfaces and metamateri-
als, which require advanced meta-atoms supporting a specially
tuned optical response. High-order multipole excitations feature
specific radiation patterns and distributions of near fields. There-
fore, involving high-order multipoles in an optical response of
metasurfaces can expand their functional properties.|*l Usually,
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Figure 1. The artistic representation of the quadrumer of silicon cubes.

one needs to increase particles volume to excite high-order
multipoles (magnetic octupole, electric 16-pole, etc.). However,
exploiting bigger particles as building blocks is complicated be-
cause their size and, consequently, interparticle spacing can sur-
pass resonant wavelengths. That results in a diffraction, which
crucially restricts the functionality of metasurfaces making them
to become simple diffraction lattices. Here we pave a way to over-
coming this challenge and demonstrate the possibility to reso-
nantly excite high-order multipoles via artificial nanostructuring
of a scatterer, so that its total size remains nearly unchanged and
effectively smaller than the resonant wavelength. This approach
can find wide application for the development of new types of
metasurfaces, compact nanoantennas with unique high-order
multipole response, and other nanostructures for multiscale
light governing. In general, tailoring the resonant response of
high-order multipole moments over the optical spectral range
opens new opportunities in practical applications, for example,
sensors, detectors, and selective or directive nanoantennas.

2. Theoretical Background

Here, we use multipole decomposition approach described in
refs. [13,45-47] including multipole moments up to the magnetic
octupole (MOCT) term. To study the multipole contributions to a
scattering cross section of full quadrumer structure presented in
Figure 1 we consider it as an unite system. The origin of the Carte-
sian coordinate system is located at the center of mass (center of
symmetry) of the structure, and, for the incident wave, the elec-
tric field is polarized along x-axis, and k-vector is directed along
z-axis (see Figure 1).

In our approximation a scattering cross section of a particle in
a homogeneous host medium can be presented as (see ref. [47]
for details)

A ke
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where E, _is the electric field amplitude of the incident light wave,
&, = 1} is the dielectric permittivity of the surrounding medium,
£, is the vacuum electric permittivity, and v, = ¢//; is the light
speed in the surrounding medium; k, and k; are the wavenum-
bers in vacuum and in the surrounding medium, correspond-
ingly. m is the magnetic dipole moment (MD) of a particle; D is
the total electric dipole moment (TED); Q, M, O, and O,, are the
electric quadrupole tensor (EQ), the magnetic quadrupole ten-
sor (MQ), the tensor of electric octupole (OCT), and the tensor
of magnetic octupole (MOCT), respectively. Here || denotes the
sum of squared tensor components. Note that these tensors are
symmetric and traceless, and in tensor notation, for example, Q
is equal to Q,; (for quadrupole moments) and O is equal to O.p,
(for octupole moments), where subscript indices denote compo-
nents (e.g., @ = x,y,2).1! Let us also show the expressions used
here for the Cartesian electric and magnetic octupole moments,
expanding the multipole decomposition at ref. [46]

L 1si [ k)
0= ). Ty

(jer +rjr +r'rj— A)dr (2)

5 - 105 [ k), o o
Om_T V\W([r X'y + [’ xj)r

+rr[r xj] - A)dr 3)

where vector j(r’) is the electric polarization current density de-
pending on the position inside the scatterer and induced by
an incident light wave, r’ is the radius vector of a point inside
the scatterer, w is the angular frequency of the incident wave;
Jo(kyr"),Js (k,r') are the spherical Bessel functions, V., is a scatterer
volume, and the tensors A and A’ are

Ay =08,V . +6,V, +6,V, (4)
A},” =5MV:+6/“V;+6”V; (5)

where f = x,y,2; 7 = X,,2, T = X,Y,2; 8, is the Kronecker delta,

V= %lz(r )+ %) ©)
v =1 xj] )

The combinations of three vectors (like jr'r) in Equations (2)
and (3) are the tensor products of the corresponding vectors, the
sign X stands for the vector product and the sign - stands for the
scalar product of two vectors. Detailed derivations are presented
in ref. [47).

The polarization currents inside the dielectric structure are
calculated using the total electric field obtained from the
full-wave simulations in the commercial package COMSOL
Multiphysics.**l The details of the methods involved can be
found, for example, in ref. [49]. Electric fields E(r') and polar-
ization currents are related by the Equation j(r') = —iwe, (e, —
£,)E(r') , where ¢, is the dielectric permittivity of the silicon
scatterers.**! These currents are then used to obtain multipole
contributions to the scattering cross section. To compare, the total
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scattering cross section is also obtained through the direct inte-
gration of the Pointing vector over a closed surface in the far-field
zone and the normalization to the incident field intensity.

3. Results and Discussion

In this work, we study previously unrevealed MOCT-induced
optical properties of silicon quadrumers. We learn how to use
controllable resonant MOCT excitation to tailor magnetic hot-
spots and resonant energy absorption. The considered systems
are the silicon block with dimensions equal to 500 x 500 x 250
nm, which represents zero distance between silicon cubes in
Figure 1 and silicon quadrumers composed of four Si cubes
(250 x 250 x 250 nm) with distance between them D = 25, 50,
and 100 nm. These structures are illuminated with a linearly po-
larized monochromatic plane wave with time-dependence ¢~
as shown in Figure 1. Material data for silicon has been taken
from ref. [35]. To investigate scattering cross section spectral res-
onances, we apply the multipole decomposition technique which
shows good performance in all cases considered (Figure 2). The
almost perfect agreement between the sum of the multipole
contributions and the directly calculated scattered cross section
proves that the multipole approach is sufficiently accurate. Fig-
ure 2a shows the scattering cross section spectrum calculated for
the solid silicon block. One can note that both the resonant mul-
tipole contributions and the total scattering cross section in this
case significantly differ from the spectra in Figure 2b—d due to
the introduction of inhomogeneity to the system.

In this way, the conversion of the solid block to the quadrumer
structure leads to a strong reconfiguration of electric and mag-
netic fields in the system and to a higher order multipole ex-
citation. Surprisingly, the presence of narrow air gaps in the
quadrumer leads to the excitation of the MOCT moment in the
considered spectral range. Note that this is not related to the in-
crease in the total structure size, since our calculations for solid
blocks with the edge of 525 nm do not show MOCT resonances
in the considered spectral range. To visualize this, we show the
total scattering cross section of 525 x 525 x 250 nm silicon block
(dashed line in Figure 2b) in order to compare it with the case
of the corresponding quadrumer. It can be seen that there is no
resonant response between A = 850 nm and 4 = 900 nm; small
resonant peak at 4 = 840 nm corresponds to EQ.

Let us consider in detail the resonant excitation of the magnetic
octupole moment at the wavelengths of 850-900 nm. Cutting the
solid block enables MOCT resonance weakening with increasing
the intercube distance. The resonant MOCT peak occurs at 4 =
874 nm in Figure 2b, at 2= 863 nm in Figure 2c, and at 4 = 852
nm in Figure 2d. While attenuating, the resonant peak also expe-
riences a blue shift. Moreover, the multipole decomposition and
scattering cross section do not depend on rotation of the incident
plane wave polarization by 45° (not demonstrated in figures).

Figure 3 shows the distribution of normalized (to the magnetic
field amplitude of the incident wave) magnetic field at the MOCT
resonance. It is important for practical applications to be able to
create the so-called magnetic hot-spots in free space.*?l Due to
structuring, the total magnetic field in the gaps can be enhanced
(comparing to the incident one) up to ~ 10 times for D = 50 nm
(Figure 3a) and ~ 14 times for D = 25 nm (Figure 3b). Strong
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Figure 2. Scattering cross-section spectra and corresponding multipoles’
contributions calculated for a) the single silicon block of height H = 250
nm and base edge 500 nm; b—d) the quadrumer of silicon cubes. The dis-
tance between cubes in the quadrumer is b) D = 25 nm c) D = 50 nm d)
D= 100 nm.’Sum Scat’ states for the scattering cross section as the sum
of the multipole contributions; "Total scat (COMSOL)’ states for the total
scattering cross sections calculated directlyin COMSOL.
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Figure 3. a) Distribution of the normalized magnetic field in (xy) - plane
(z =0) of the silicon quadrumer with a) D = 50 nm, A=863 nm,b) D=
25 nm, 4 = 874 nm. Color bar is the same for both pictures.

Figure 4. The absolute value of a,c) E, and b,d) H, in a,b) the solid silicon
block and ¢,d) the silicon quadrumer with D = 25 nm at A = 874 nm.

local magnetic fields can be used to control or detect small quan-
tum objects (quantum dots, atoms, and molecules) supporting
magnetic optical transitions.**! Magnetic hot-spots are also use-
ful for spectroscopy,*!! better enhancement of Raman scattering,
fluorescence, and circular dichroism of molecules,*?! sensing,**!
and other applications.

The location of obtained hot-spots can also be tuned using
the incident light polarization. The hot-spots move to another air
gaps if the polarization is rotated by 90° (i.e., if electric field is
polarized along perpendicular axis). It is possible to exploit this
effect to design magnetic switchers at the nanoscale.

It is important to go in details with the physics of the con-
sidered process. Figure 4a,c show the absolute value of the x-
component of the electric field (E,) in the solid block and in the

www.lpr-journal.org

in the quadrumer structure constructing magnetic octupole near-
field pattern.”**I The magnetic field does not undergo a disconti-
nuity in the gaps along H, (1 = 1 in the both media) that is why
the magnetic hot-spots take place between the cubes too.

In addition to the magnetic field enhancement, MOCT res-
onance can provide a strong electromagnetic absorption in the
quadrumer. Figure 5a shows the comparison of absorbed power
for 4 between 850 and 900 nm for the solid silicon block and the
quadrumer with the distance D = 25 nm between the cubes. Fig-
ure 5b proves that the discovered energy absorption peak spec-
trally corresponds to the MOCT resonance. It is worth noting
that in this spectral range natural light absorption by silicon
is small. Therefore, air gaps in the quadrumer structure cause
strong absorption in silicon, despite its very small Im(n) ~ 0.08.
Figure 5c compares the electric field inside the silicon block and
quadrumer structure. Clearly, resonant magnetic octupole re-
sponse leads to a strong electric field concentration and, there-
fore, to the resonant absorption in the silicon quadrumer. The
spectral position of the MOCT resonance and, hence, the position
of the absorption peak can be changed by varying the distance be-
tween the cubes. Such the tunable absorption can be widely used
to control the energy concentration by dielectric structures and
to design modern optical devices.

Here, we note that the substrate influence on this effect is yet to
be studied. It is known that dielectric substrates with low refrac-
tive index almost does not change the optical response,”” > how-
ever, to take into account more reflective materials more complex
formalism should be introduced. The principal demonstration
paved the way to future theoretical and experimental investiga-
tions of magnetic octupole excitations in quadrumers placed on
different metal and dielectric substrates.

4. Conclusion

In this work we study resonant MOCT excitation which leads
to controlled magnetic hot-spots and resonant absorption by a
nanostructure. We analyze the multipole contributions to the
scattering cross section and reveal the excitation of magnetic
octupole due to the coupling effects in this structure as compared
to the single cube. In this work, the resonant excitation of a mag-
netic octupole moment in dielectric quadrumers is demonstrated
and analyzed in detail. We show how to control MOCT resonant
excitation and its spectral position. In addition, we reveal its
possible application to obtain magnetic hot-spots and to absorb
electromagnetic energy in the nanostructure. The magnetic field
in the air gap between the nanocubes can be 14 times larger
in comparison with incident one, and is even stronger inside
the nanostructure. Use of quadrumers as building blocks for
metasurfaces promises even higher magnetic field enhancement
due to potential excitation of so-called trapped modes. It is very
important to note that an excitation of high-order multipole

quadrumer, respectively. Following N l's equati in the

exploiting nanostructuring of small particles is the

oligomer structure the electric field enhancement appears in the
slits along the polarization of the incident wave due to the discon-
tinuity of the normal component. In addition, Figure 4b,d show
the absolute value of the y-component of the magnetic field (H,)
and the crucial redistribution of the magnetic field because of the
structuring. This leads to six different field concentration zones
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powerful approach to avoid diffraction restriction in designing of
advanced metasurfaces and metamaterials. Moreover, after being
scaled to the microwave region the considered structure could be
very perspective for magnetic resonance imaging applications,
where a strong concentration of magnetic fields is necessary to
increase the contrast and quality of the pictures.*** Besides,
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Figure 5. Spectra of the a) absorption power and b) MOCT contribution to the scattering cross section calculated for a single silicon block of height
H = 250 nm and base edge 500 nm (green lines) and the quadrumer of silicon cubes with the distance between cubes D = 25 nm (red lines). The
absorption peak in the structure clearly corresponds to the resonant excitation of MOCT moment. c) Normalized electric field inside the solid block
(top) and quadrumer (bottom) at A = 874 nm. One can see that resonant MOCT response provides strong electric field concentration leading to the

resonant absorption in the silicon quadrumer.

resonant magnetic octupole response can be widely used for
spectroscopy, sensing, small quantum objects detection, and
many other promising applications.!*’-¢1!
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Controlling wave fronts
with tunable disordered
non-Hermitian multilayers

Denis V. Novitsky'™, Dmitry Lyakhov?, Dominik Michels?, Dmitrii Redka’,
Alexander A. Pavlov* & Alexander S. Shalin®®

Unique and flexible properties of non-Hermitian photonic systems attract ever-increasing attention
via delivering a whole bunch of novel optical effects and allowing for efficient tuning light-matter
interactions on nano- and microscales. Together with an increasing demand for the fast and spatially
compact methods of light governing, this peculiar approach paves a broad avenue to novel optical
applications. Here, unifying the approaches of disordered metamaterials and non-Hermitian
photonics, we propose a conceptually new and simple architecture driven by disordered loss-gain
multilayers and, therefore, providing a powerful tool to control both the passage time and the wave-
front shape of incidentlight with different switching times. For the first time we show the possibility
to switch on and off kink formation by changing the level of disorder in the case of adiabatically raising
wave fronts. At the same time, we deliver flexible tuning of the output intensity by using the nonlinear
effect of loss and gain saturation. Since the disorder strength in our system can be conveniently
controlled with the power of the external pump, our approach can be considered as a basis for
different active photonic devices.

Recently, the studies of open optical systems containing loss and gain attract increased attention. Although such
systems are well-known for many years, the recent trend of non-Hermitian photonics provides the second breath
to the investigations of lasers, waveguides, resonators, etc. This is not only due to a different language borrowed
from quantum mechanics, but also because of a number of novel phenomena found in loss-gain structures. We
name here only a few examples, such as the effects of 7 .7~ symmetry'-* and exceptional points**. These effects
include unidirectional invisibility®7, sensors®® and gyroscopes'®! with enhanced sensitivity, loss-induced'? and
asymmetric'* lasing, novel single-mode'*-'¢ and vortex'” lasers, coherent perfect absorbers'®-2!, and topological
bulk-boundary correspondence?*-%.

Disordered photonics is another spotlight of modern research®. It deals with light propagation in the pres-
ence of random fluctuations of the medium parameters such as refractive index or unit cell dimensions. The
rich physics of such systems rooted in multiple scattering allows to realize a number of unusual features; the
scattering properties of single particles and complex structures are well-studied in literature?’-**. The most
prominent feature of disordered systems is the Anderson localization of light**-* appearing as a result of multi-
path interference of waves scattering on random inclusions. Multiple scattering can also lead to the peculiar
statistical properties of light violating usual diffusion (sub- and superdiffusion) like in optical Levy flights™-*.
The situation becomes even more complicated when the interplay between disorder and nonlinearity occurs
with the subsequent suppression of Anderson localization or promotion of diffusion™*%,

There is a recent trend combining together disorder and non-Hermiticity in the random systems with loss
and gain. One of the main aims of such combinations is the enhancement of transmission which is usually
strongly suppressed due to multiple scattering®. For example, this problem can be solved with the help of the
concept of so-called constant-intensity waves in specially designed loss-gain profiles®-*. The non-Hermitian
disorder due to random fluctuations of loss and gain can bea source of novel-type localized states*~**. Another
interesting direction is the effects of asymmetric hopping on many-body localization predicted for dynamics
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of the quantum particles***”. Such effects can have an optical analogue realized, e.g., due to nonreciprocity via
utilization of magnetic or nonlinear materials. There is also a very active subfield of random lasing obtained in
disordered amplifying media®->!. However, the dynamics of light interaction with structures containing both
loss/gain and disorder are still poorly studied.

In this paper, we analyze the propagation of wave fronts through the disordered loss-gain non-Hermitian
multilayer structures. The problem is aimed to be as realistic as possible: The fronts are the monochromatic
waveforms having finite switching time, the loss and gain are due to resonant media and not merely a phenom-
enological imaginary part of permittivity, and the disorder can be controlled with external pump and change in
time due to gain depletion and loss saturation. We have previously reported the study of short pulse propagation
and localization in such media® with the possibility to slow down or even stop the pulse. Here, we deal with the
opposite case of continuous radiation with the emphasis on the transient process of steady-state establishment
for the light intensities large enough to saturate the medium and give substantial transmission. This process can
have different dynamics depending on the sharpness of the incident wave switching. In particular, we distin-
guish two regimes, when switching is slow (adiabatic) and fast (non-adiabatic). For these switching regimes,
we show that the introduction of disorder changes the characteristic time of the transient process, whereas the
resulting intensity of the signal is governed by saturation-limited input intensity. In particular, for the first time
we demonstrate how the disorder can be used to switch on and off kinks at the output of the system. Thus, the
non-Hermitian approach to disorder-induced control of propagation time, wave-front shape and transmitted
intensity proposed in this paper opens new possibilities for ultrafast (picosecond or subnanosecond) multifunc-
tional manipulation of optical signals.

Results

Problem statement. Hereinafter, we consider a host dielectric doped with two-level atoms. Light propaga-
tion in such a medium is described by the well-known semiclassical Maxwell-Bloch equations for the dimen-
sionless electric-field amplitude Q = (11/hw)E (normalized Rabi frequency), complex amplitude of the atomic
polarization p, and population difference between the ground and excited states w**-:

d,
L —ilQw +ipb — yap, (1
dt
dw .
—— =2i(*Q*p — p*IQ) — (W — 1), (2)
dr
7?Q 2?Q Q. L, ?p Ap
% —ns Py +21E +2m§¥ 4 (nﬁ -1)Q= 3el<ﬁ —213 — p), 3)

where 7 = ot and § = kz are the dimensionless time and distance, y is the dipole moment of the quantum
transition, 7 is the reduced Planck constant, § = Aw/w = (wy — w)/w is the normalized frequency detun-
ing, w is the carrier frequency, wy is the frequency of the quantum transition, y; = 1/(wTy) andy, = 1/(wT3)
are the normalized relaxation rates of population and polarization respectively, and T, (T>) is the longitudinal
(transverse) relaxation time; € = wr /& = 47 4*>C/3ha is the light-matter coupling strength with C the density
of two-level atoms and w; the Lorentz frequency; = (nf, + 2)/3 is thelocal-field enhancement factor due to the
polarization of the host dielectric with refractive index n, by the embedded two-level particles. We numerically
solve Eqs. (1)-(3) using the finite-difference approach described in Refs.*%” well-proven in solving such tasks.

The parameters used for calculations are characteristic, e.g., for semiconductor quantum dots as the active
particles. We suppose the exact resonance (§ = 0). The host refractive indexis s = 1.5. Incident monotonically
switching cw field has the central wavelength /. = 0.8 um and the envelope as follows,

2o

@)= 14 e =0/’

4)
where ©, is the amplitude of the resulting cw field (plateau), t, is the switching time, o = 5t, is the offset time.
The disorder is introduced to the system through the periodical random variations of the initial population
difference wo = w(t = 0) along the light propagation direction. One can say that the population difference
shows which part of two-level atoms in the medium are excited. We use here the two-valued quadratic model
of disorder described in Ref.*2. In fact, we have the multilayer structure with the initial population difference in
the jth layer of the medium corresponding to the distance (j — 1)L < z < jSL given by
wy = sgn(l — 2r[(2¢; — D(r — 1) +1]), (5)
where ¢; is the random number uniformly distributed in the range [0; 1], 7 is the parameter of the disorder
strength, sgn is the sign funclion(,and 8L = /./4 s the layer thickness. When r = 0, we have the trivial case of
purely absorbing medium (all wy” = 1, Fig. 1a). For r 2 0.3, the gain layers with wé’) =-1 becnme)possible
(Fig. 1b,c). The case of the maximal disorder, = 1, corresponds to the purely amplifying medium (allw{’ = —1,
Fig. 1d). Thus, the parameter r not only governs deviation from the ordered case of pure loss, but also takes on
the role of pumping strength resulting in appearance of gain. In general, the different layers of the structure are
under different, randomly distributed pumping and can be lossy or gainy with a certain probability. This can be
realized in a side-pumping scheme similar to that utilized in Ref.** or with the adaptive-pumping approach™.
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Figure 2. Intensity profiles for the transmitted and reflected light in the case of incident non-adiabatic front.
Different panels show the results for different disorder strengths r.

Note that the quadratic model of disorder (Eq. 5) gives essentially the same results as the linear one®, but is more
convenient for symmetric representation of gain and loss. The similar linear model was experimentally realized
recently in the context of random lasing™.

Non-adiabatic fronts. In this section, we consider the case of non-adiabatically switching field (Eq. 4),
when t, « T>. In particular, we take the relaxation times T) = 1 ns and T, = 0.1 ns and the switching time
tp = 5 ps. The Lorentz frequency is wf = 10'® s~". The full thickness of the medium is L = 100.. The final
amplitude is 29 = 10y,.

Figure 2 shows the results of transmitted and reflected intensities calculations for different values of the
disorder strength r. The initial population difference used in calculations is the same as in Fig. 1. Note that we
consider here a single realization of disorder, since the observed features of interest for us are the same for differ-
ent realizations at a certain level of disorder r: the specific oscillations of output intensity can differ, but the time
needed for steady-state establishment and the final intensity are essentially the same for every realization. In the
ordered system (r = 0, see Fig. 2a), which is the uniform resonantly absorbing medium, the time needed for the
front to pass through (~ 150t,) is much longer due to dispersion than the free propagation time (Lng/c ~ 0.08t,)
and, in fact, is governed by the relaxation time T, = 201,. The stationary response of the medium is established
after its saturation and is seen from ~ 3001, on.
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Figure 3. Dynamics of population difference at the entrance of non-adiabatic front in the medium with
different disorder strengths r.

Increasing disorder strength r results in larger number of gain layers. As a result of stimulated emission in
these layers, saturation needs less time and the stationary level is established faster. This is especially obvious
forr = 0.5 (Fig, 2c). For even larger r, the number of gain layers becomes so large that amplified emission in the
form of powerful bursts happens in the very first instants of time effectively returning most two-level particles
to the ground level. Therefore, the propagation time of the front through the highly-amplifying system is similar
to that in the case of purely absorbing medium (compare Fig. 2d and a).

The difference in the response time can be illustrated with the dynamics of population difference at the
entrance of the structure shown in Fig. 3. This figure demonstrates the initial stage of medium saturation with
the oscillations converging to the very low (almost zero) value. These are the well-known Rabi oscillations with
the frequency given by the so-called Rabi frequency and, hence, dependent on the incident radiation amplitude.
Note that for these oscillations to appear, the Rabi frequency should be larger than the medium relaxation rate
that is easily satisfied in our calculations (29 = 10y»). It is seen that although the dynamics for the amplifying

(r = 1) and the absorbing medium (r = 0) start from absolutely different levels (w = —1and w = 1, respec-
tively), the oscillations of population difference very closely follow each other. On the contrary, for r = 0.5, we
also start from w = —1(the first layer with gain), but the subsequent dynamics strongly differs from those for

r = 0andr = 1. This confirms that similarity of the transmitted intensity profiles in Fig. 2d,a is not accidental.

An additional corroboration of this conclusion is given in Fig. 4, which shows the distribution of popula-
tion difference for different disorder strengths r at the time instant f = 201, corresponding to the initial stage of
radiation interaction with the medium (before the steady-state is established). It is seen that we have the random
variations atr = 0.4 (Fig. 4b) and r = 0.5 (Fig. 4c) which can be treated as the variations of population differ-
ence around zero value. In other words, the medium can be considered as saturated on average. The light-matter
interaction is comparatively weak in this case (there is no loss and gain on average) resulting in the increased
speed of signal propagation, especially for = 0.5. On the contrary, the distributions for the purely absorbing (r
= 0, Fig. 4a) and purely amplifying media (r = 1, Fig. 4d) are very similar, except for some local excitation due
to random wanderings of light inside the medium. This confirms the rapid relaxation of amplifying medium
due to spontaneous emission, so that the incident wave front propagates further in such effectively de-inverted
medium giving the response analogous to that for r = 0.

We see from Fig. 2 that the stationary level of transmission is around 51.5% and reflection is only about 1.5%.
The rest (almost half the energy of the wave) is absorbed by the saturated medium. How realistic is it? Let us
estimate the level of stationary population difference necessary for this value of absorption. In the steady-state
approximation, the two-level medium can be described with the effective dielectric permittivity as follows®

K(=8 +iy2)

L
S = &g 6l =n _,
o=t e =Mt T opra,

(6)
where Q% = y1(y} + 6%)/4F%y, is the saturation intensity, K = 3w /w(y} + 6°). In the exact resonance
(5 =0), we have £}, = n} and 5['}, = 3w TaWeyr, Where wey = (1+ |2/ Q2%,)~" is the sought-for effective
population difference. Since 7 = (11 + i), we can easily connect wey; with the effective absorption coefficient
«, which, in turn, can be linked to the transmission as T = exp(—4m«L/7). For the parameters used in our
calculations, one should take we; = 5.5 - 10~ to reach the transmission of 50%. This value of effective popula-
tion difference is close to zero (i.e. the medium is indeed saturated) and has the same order of magnitude as the
stationary population difference obtained in our numerical calculations.
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Figure 4. Distributions of population difference along the medium with different disorder strengths r at the
time instant t = 20t,. The medium is excited by the non-adiabatic wave front.

Note that in our estimation, we have neglected reflection which is indeed very low as seen in Fig. 2. This can
be easily explained with a simple calculation of transmittion and reflection of light from a uniform layer with the
effective permittivity having small imaginary part. Finally, we see from the expression wey = (1 + |Q[2/Q%,)™!
that it should depend on the incident wave intensity: increasing intensity, we can make absorption smaller due
to saturation. In other words, the low-intensity waves are almost entirely absorbed, whereas the high-intensity
ones are mostly transmitted. The effect of disorder on the propagation time can be conveniently observed at the
intermediate intensities, not very low and not very high (e.g., 20 = 10y2 as in Fig. 2).

The features discussed in this section are also valid for two interacting wave fronts as shown in Supplementary
Information.

Adiabaticfronts. In thissection, we consider the case of adiabatically switching field (Eq. 4), whent, > T>.
In particular, we take the relaxation times T} = 1nsand T, = 0.1ps and the switching time f, = 3075. The Lor-
entz frequency is wf = 10'!s™!. The full thickness of the medium is L = 200, which is long enough for a kink
to form and can be traversed after Lng/c ~ 0.27f, in the case of dispersion-free medium. The final amplitude
is €29 = 0.3, so that there are no Rabi oscillations and the light-matter interaction is quasi-stationary in this
case®.

Itis known that the adiabatically switching waveform (Eq. 4) undergoes self-steepening resulting in the kink
(shock wave) formation after some distance passed through the resonantly absorbing medium®'**. Such a kink is
seen in Fig. 5a for the disorder strength r = 0, when all the layers are the same absorbing medium. For increased
disorder, we still obtain the kink at the exit (Fig. 5b at r = 0.4), although the system is now non-uniform and
contains both loss and gain layers. Note the increased speed of this kink. For r = 0.5, when both loss and gain
are equally probable, the kink formation is totally suppressed as shown in Fig. 5c. Moreover, the transmitted
intensity grows ahead of the incident intensity (at early timest < 4t,). These features are due to the large number
of gain layers providing the proper amplification of the signal and fast saturation of the medium, so that the wave
can almost freely propagate through the structure in later times. For even stronger disorders, the portion of gain
layers becomes so large that even tiny impinging radiation rapidly stimulates a powerful burst of energy as seen
in Fig. 5d for r = 1 (uniform gain medium). After this burst, the most part of the particles return to the ground
state, so that the medium remains only weakly excited and gets saturated by the incident wave front. Although
the kink is not formed in this case, the transmitted profile is closer to a kink than for r = 0.5, manifesting a
characteristic offset time between input and output signals.

‘Thus, disorder gives us an opportunity to control the shape of the output wave switching on and off kink
formation. As shown in Supplementary Information, a similar effect disorder has on a pair of interacting adi-
abatic fronts.

Conclusion

In summary, we have proposed a novel approach for wave-front velocity and shape governing in the multi-
layer structure with disorderly distributed resonant loss and gain. This concept involves functionalities of both
non-Hermitian system and disordered multilayer providing several new optical effects. The two types of fronts
were considered—the adiabatic (slowly switching) and non-adiabatic (rapidly switching) ones. These two cases
have different dynamic features—kinks and Rabi oscillations, respectively,—which condition the propagation
characteristics of the wave fronts. Introduction of disorder governed by external pumping results in a number
of easily noticeable novel features, such as kink suppression and propagation time shortening. These disorder-
induced effects together with the transmitted intensity determined by the medium saturation give us a tool to
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Figure 5. Intensity profiles for the transmitted and reflected light in the case of incident adiabatic front.
Different panels show the results for different disorder strengths r.

control t shape and p ion time of the waves with the finite switching time. Such possibilities
are extremely important for manipulation of light produced by realistic laser sources and can be used in optical
switching and data processing among other applications.

Data availability
The datasets generated during and/or analysed during the current study are
author on reasonable request.
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ABSTRACT: Carefully designed nanostructures can inspire a new type of
optomechanical interactions and allow surpassing limitations set by classical
diffractive optical elements. Apart from strong near-field localization, a
nanostructured environment allows controlling scattering channels and might
tailor many-body interactions. Here we investigate an effect of optical binding,
where several particles d a collective h I behavior of bunching
together in a light field. In contrast to classical binding, where separation
distances between particles are diffraction limited, an auxiliary hyperbolic
metasurface is shown here to break this barrier by introducing several

llable near-field i ion cf Is. Strong material dispersion of the
hyperbolic metamaterial along with high spatial confinement of optical modes,
which it supports, allows achieving superior tuning capabilities and efficient control over binding distances on the nanoscale. In
addition, a careful choice of the metamaterial slab’s thickness enables decreasing optical binding distances by orders of
magnitude compared to free space scenarios due to the multiple reflections of volumetric modes from the substrate. Auxiliary
tunable ials, which allow lling collective hanical i ions on the open a venue for new
investigations including collective nanofluidic interactions, triggered biochemical reactions, and many others.

KEYWORDS: optical forces, optical tweezers, hyperbolic metamaterials, surface plasmons, optical binding

ptomechanical manipulation' is a widely used technique
across many disciplines,” where it is utilized for many

features (in comparison to antenna arrays) might provide
additional capabilities, such as optical attraction,'” and are less

fundamental and applied i g The capability to
manipulate small objects with focused light beams and measure
pico- and even femto-"* Newton-scale forces opens a venue for
studies of new light—matter interaction regimes®’ and
biomolecular processes™ to name just a few. Conventional
optical tweezer realizations rely on diffractive optical elements
and, as a result, have limited trapping capabilities in application
to nanoscale particles. As a promising paradigm solution,
auxiliary nanostructures have been introduced. So-called
plasmonic tweezers'”'" utilize the capability of noble metal
structures to confine light beyond the diffraction limit'*'* and
provide improved trap stiffness with relatively low optical

to accurate p ing of trapping beams with respect
to a structure.

In general, functionalities of auxiliary structures can be split
into three main categories. The first one is related to the ability
of near-field concentration beyond the diffraction limit, which is
traced back to the first generation of plasmonic tweezers.”’~**
Here the main tool for analysis is based on dipolar

pproxi where the d particle’s size is small
compared with the fastest spatial intensity variation. It is also
important that this model assumes the local field to remain
unperturbed by a small particle. The next level of sophistication
in auxiliary structure design is to account for a modified density

powers. While the majority of pl ic tweezer g of photonic states, which governs scattering channels from the
utilize arrays, op hanical surfaces,'"'®
metasurfaces,'® and metamaterials'”'® have been recently Received: September 23, 2019

proposed. These types of configurations with less structured
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particle. For example, if a nearby structure significantly modifies
a scattering pattern, the particle takes the recoil in order to
conserve the entire linear momentum. One of the main
functions of metasurfaces and metamaterials'*™"* is to tailor
scattering into high density of states modes. Apparently, the
most complex approach to optomechanical manipulation
utilizes active feedback, where a Brownian particle in an optical
field modifies the trappin, g potential dynamically and experi-
ences a back action effect.
An important niche in the field of the optomechanical
mampu.latmn is devoted to the investigation of many-body
diated by self- optical fields. Light-

induced binding of micro- and nanosized objects can provide
stable configurations of particles due to light rescattermg and
their self-organization under external illumination. 2425 Capa-
bilities to achieve simultaneous sorting and ordering of particle
clusters without a need to structure the incident beam makes
optical binding advantageous over holographic tweezing
techniques.””**” Various binding scenarios have been inves-
tigated and include studies of interactions under Gaussian- and
Bessel-shaped beam illumination,”**’ pattern creation with
several interfering beams, 3931 evanescent field excitations, and
self- orgamzauon of several optically interacting plasmonic
particles.”” However, those methods rely on either high-field
intensities or specific particles’ materials, which may limit their
generality. Increasing optical trap stiffness without a need to use
high-intensity illumination, flexible control over interparticle
distances, and anisotropic optical binding in different directions
are among the long- standmg challenges, valuable from both
d land p of optical
binding can be significantly mﬂuenced by mtmducmg a nearby
interface. It modifies both the incident field due to Fresnel
reflection and effective particle polarizabilities owing to near-
field interactions, qualitatively understood with the help of the
image theory.”"*"*

7 It was shown that metal—dielectric
interfaces supporting the propagation of surface plasmon-
polariton modes (SPPs) can increase optical trapping stiffness
and reduce pamcle—mlerface sespaxatlon distances owing to
strong interactions with SPPs."

Structured interfaces can provide an additional flexibility in
tailoring scattering channels via a predesigned dispersion of
surface and bulk modes. Anisotropic response is one among

ibilities. Generally, ly anisotropic metamate-
nals 39°41 1 roved to be useful in various types of applications, i.e.
cloakmg,“'f“ super-resc)lutmn,ﬁ 4% and energy transfer,”’ %
and recently have opened a venue for flexible optomechanical
control. Furthermore, it has been shown that hyperbolic
dispersion of bulk modes causes ogncal pulling forces,"” can
lead to levitation®® and repulslon, and can even generate
negative lateral optical forces along the surface.'

Here we investigate capabilities of hyperbolic metamaterial
substrates in application to optical binding. A typical scenario is
depicted in Figure 1, where a pair of small particles are linked
together by an optical field, mediated by a structured surface. In
contrary to free space binding scenarios, a layered metal—
dielectric substrate opens additional interaction channels,
mediated by surface and volumetric modes. As it will be
shown, the interplay between the surface geometry and the
modes within the bulk will allow achieving optical binding with
deeply length di and even efficient]
tune the latter by explomng strong chromatic dispersion of the
metamaterial.

426

.ntera"'.-ace

ubst

Figure 1. General concept of optical binding above a metamaterial slab.
Highly confined optical mades inside the layered hyperbolic

ial open additi ion channels and allow for the
formation of dimers and chains with separation distances below the
diffraction limit.

This article is organized as follows: Green’s function approach
to optomechanical interactions is revised first, followed by the
analysis of optical binding next to semi-infinite hyperbolic
substrate and finite thickness slab.

B GREEN'S FUNCTION FORMALISM IN APPLICATION
TO OPTICAL BINDING NEAR INTERFACES

The considered scenario is depicted in Figure 1, where a plane
wave illuminates two subwavelength nanoparticles placed in the
vicinity of an anisotropic substrate. Particles’ locations in
Cartesian coordinates are (0, 0, a) and (x, y, a), where a = 2,/30
is the radius of the particles and 4, is the incident light
wavelength. Light—matter interactions with the particles will be
analyzed under the dipolar approximation. There are three types
of channels, which govern the binding phenomenon: (i)
particle—particle interaction via the substrate modes, (ii)
particle—particle interaction via free space modes, and (iii)
individual coupling between each particle and the substrate.

Optical force on a particle in the dipolar approximation can be
written as follows:

= 1

F = JRe| 3 (a(0) E(7, @) *VE(, @)
i 1)

where E; corresponds to the ith comp of the self-c

electric field, i = x, y, z are coordinates, and a(w) is the dipolar

particle’s polarizability in vacuum, including the radiation

e—¢,
correction @ = j Ay = 471'6'0113 P L g, is the vacuum
£p+28

permittivity, ¢, is the permittivity of the particle (we consider &,
=3),and ¢, is the permittivity of the surrounding media.

In our notations, where 7, = (0,0, a) and 7, = (x, y, a), the self-
consistent electric field is given by
RaE(7)

" . .
E(F) = E,(7) + =G,
&

Fol o v s
+ LG(',: BIGE®), j=1,2

£ ()
The first term here represents the incident field with the
substrate reflection taken into account; the second and the third
terms are the contributions of the dipoles. The Green’s function
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Figure 2. (a) Color map of the imaginary part of the reflection coefficient as a function of the wavevector’s x-component and incident wave frequency.
From this graph one can, for example, pick out frequencies @ = 2.05 X 10" and @ = 1.4 X 10"* rad/s as points A and B, correspondingly (shown with

dotted red lines). A corresponds to 4y = 920 nm and effective medium parameters &,, = —1.714 + 0.075i, €. = 5.392 + 0.0084i and for B 2, =

1350 nm,

€= —8.94+0.33t, £,, = 5.19 + 0.0118i. (b) Imaginary part of the reflection coefficient as a function of the wavevector x-component. The dependence
is plotted for three sets of parameters: A with blue, B with black, and C (ideal case without the SPP contribution for 2, = 920 nm, €, = —2 + 0.066i, €. =
0.5 +0.0084i) with red lines. Characteristic regions to underline the contributions of different interaction channels are k, € [0;k,] for propagating free-

space modes, k, € (kosk,] for SPP, k, € (k,,00) for hyperbolic modes.

G encapsulates the entire information on the interaction of the
dipole with the substrate.”* Substituting the solution of self-
consistently formulated eq 2 into eq 1 allows for calculating the
optical force.

B TAILORING GREEN’S FUNCTIONS NEAR
HYPERBOLIC SUBSTRATES

Investigation of different particle—substrate interaction chan-
nels can be performed by analyzing the corresponding Green’s
function in reciprocal space (k-space). This integral representa-
tion, as it will be shown hereinafter, can be split into three parts
corresponding to the interaction channels with different physical
origin. In particular, propagating (nonevanescent in the upper
half-space) modes, surface plasmons, and bulk hyperbolic
modes can be involved.'®****~>* Further, we will consider
layered realization of the metamaterial depicted in Figure 1. The
permittivity tensor linked to the chosen set of layers is diagonal
and obtained via standard homogenization theory’*® with
£, = €, # €., where hyperbolic dispersion occurs when Re[e,.]
< 0 and Re[e,.] > 0. Those components also have strong
chromatic dispersion, which will be subsequently used for
achieving tunability in binding parameters (see section
Chromatic Tuning of Binding).

In order to split the spectral integral representing Green’s
function in k-space, dispersion of the contributing modes should
be derived first. The longitudinal component of the wavevector
of bulk metamaterial mode has the form**

(3)

where k; is the wavenumber of an incident wave and k, is the
component of the wavevector of a bulk mode along the substrate

Rele, ]

surface (transversal component). While v < 0, the wave

propagation in a bulk hyperbolic material is possible as long as k,
surpasses a critical value
ke = ko ez (4)
and k. becomes real.
In order to reveal the contribution of different types of modes
(free space, plasmons, hyperbolic modes), Fresnel coefficients
should be analyzed.”® The reflection coefficient from a semi-
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infinite hyperbolic substrate for s- and p-polarized waves is given
by
Eky

- ek., k
-t L
ek + £k

s a1 ke
ko + ke

PP

(5)

here &, denotes the dielectric permittivity of the upper half-space
and k,,, k., are longitudinal (perpendicular to the substrate)
wavevector components in the hyperbolic metamaterial and in
the upper half-space, respectively.

Examination of the Fresnel coefficients allows identifying
conditions for excitation of two types of modes in the structure:
volumetric hyperbolic modes in a metamaterial and surface
plasmon-polaritons on its interface. From the reflection
coefficient for p-polarization it is possible to obtain the SPP
propagation constant (note that SPP is naturally p-polarized):

spp
ko = ko

(6)

SPP exists only if Re[¢..] > Re[¢,], resulting in imaginary z and
real x components of the SPP wavevector. The surface
plasmon—polariton resonance condition corresponds to the
zero denominator of eq 6, but it is not satisfied as far as Re[¢,,] <
0, Re[e..] > 0. The minimal value of the denominator
corresponds to the Re[e,,] — 0 and Re[e..] — oo, which is
close to the surface plasmon-polariton excitation. For the
opposite case Re[¢,,] >0, Re[e..] < 0 surface plasmon-polariton
does not exist, as perpendicular to the surface wavevector
component is real.

Let us consider in detail the hyperbolic case of Re[e,,] < 0,
Re(e..] > 0. Figure 2(a) is presented to provide a better
understandmg of the modal structure of the system. The

ginary part of the refl information
about all of the modes.” Here the dispersion for homogenized
multilayered Ag/Ta,O; is presented (filling factor of the
structure is 0.133). The imaginary part of the reflection
coefficient as a function of the parallel to substrate wavevector
component and frequency @ is presented. White lines (solid and
dash-dotted) correspond to the light line (ko(®) = @/c) and
critical wavevector k(@) from eq 4; the dark blue line illustrates
the dispersion characteristic of the surface plasmon-polariton
kPP(w) from eq 6, and hyperbolic modes are marked with blue

DOI: 10.1021/acsphotonics.9b01378
ACS Photonics 2020, 7, 425-433

135



ACS Photonics

<10’

003
o~ 0.02

o0

<0

2

001

(S — Total force
-0.02 w—SPP contribution

HM contribution

0.03 = Free space modes

= Total force
© HM contribution

= Frec space modes

05 1
Distance / /\”

L5 2

Figure 3. Dependence of the optical binding force on the distance between the particles. (a) is for A from anure Z(b) b) is for line C. The blue line
corresponds to the total optical binding force near the anisotropic substrate, the red line is for the surface pl. buti

08 1 12 14 1.6

Distance / A,

1.8 2

mode the

gray circles depict contribution of hyperbolic modes, and the black lines show contribution of free-space propagating modes.

dashed lines (just a few examples). The behavior of the Im[r*] is
in perfect agreement with the dispersion characteristics.

Therefore, there are three important regions governing the
interaction of a nanoparticle with the hyperbolic metamaterial.
Hyperbolic modes are contributing for k, > k, and surface
plasmon-polaritons are supported between k, and k, so the
distance between them defines the overall contribution of SPPs.
The free-space modes are allowed at 0 < k, < k. In the particular
case of k., — ko the SPP is negligible while hyperbolic modes and
free-space modes play the main role. This scenario (among
many others) is considered in Figure 2(b) (red line) to
underline the contribution of hyperbolic modes in the absence
of SPPs.

Thus, Green’s function for particles—substrate interaction can
be decomposed as follows:

< subs Ko . subs ke o subs
&, 7,)=f (k) dkx+f (k) dk,
0 ko

Lo ..snbs(k dk
+fM dk,j=1,2i=1,2
ke )8 f )

« sub: P o w
The integrand matrix M " in the Green'’s function is presented
in the Supporting Information (Section Green’s Function
Formalism).

k
In accordance with the aforementioned: I = j; °, the free-

k,
space propagating mode contribution, II = fk “, the surface

o

plasmon-polariton contribution (if SPPs are supported £, > €,),

and Il = f w, volumetric (hyperbolic) modes of the substrate.
kn

The hyperbolic mode contribution is usually estimated with the
approximation k,/ky — 00, where reflection from a substrate
depends only on the dielectric permittivities, as long as k, >
k. %" Moreover, the interplay between plasmonic and
hyperbolic contributions could be efficiently tailored via
adjusting material parameters (¢,.) and, consequently, k..

In order to demonstrate this capability, the imaginary part of
the reflection coefficient for a p-polarized wave as a function of k,
has been plotted in Figure 2(b) for different @ corresponding to
different material parameters: line A (4, =920 nm, ¢, = —1.714
+0.075i, &, = 5.392 + 0.0084i), where k,, is quite large and the
SPP contribution is dominating, Line B (1, = 1350 nm, &,,
—8.94 + 0.33i, £,. = 5.10 + 0.0118i), where SPPs peak is much
narrower and bulk mode contribution is more pronounced, and
line C for arbitrary metamaterial with (4o = 920 nm, €, = =2 +
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0.066i, £.. = 0.5 + 0.0084i), where k is less than k,, the SPP
contribution is absent, and, consequently, the interaction is
governed by free space modes and bulk hyperbolic modes
(magnitudes are related as III = 2.5I). These particular scenarios
will be further investigated in terms of optical forces. We should
stress that each of these integrals is taken into account twice via
effective field eq 1, so the overall difference in force is bigger.
Noteworthy, the interval-based integration given by eq 7 is
valid only for a standalone particle. Introducing another particle
involves cross-coupling between different terms; for example,
the SPP generated by the first particle could be scattered by
another one into bulk hyperbolic modes and vice versa. This
effect will be considered in the next section and shown to have a
minor impact on the overall trapping and binding efficiency.

B RESULTS

Having identified the contribution of different interaction
channels to the Green’s function, we can proceed with the
self-consistent scattering problem (eq 2).

Semi-infinite Substrate. The influence of a semi-infinite
anisotropic multilayered metamaterial on optical binding will be
analyzed next. The most significant parameters for binding are
the period and stiffness, allowing for effective structuring of
nanoparticles in many different 2D and even 3D architec-
tures.”*""” Recently, we revealed the possibility to bind
nanoparticles with subwavelength separation distances via the
interference of surface plasmon-polaritons.” Introducing addi-
tional metamaterial bulk modes seems promising for the further
enhancement of binding capabilities.

Let us consider a pair of nanoparticles, one of which is fixed at
the origin of the coordinates as in the previous scenario. For the
sake of simplicity, we consider the second particle to have the
same parameters as the first one. Effective field at the
nanoparticle follows from eq 2 and is given in the Supporting
Information (Section Expressions for the Effective Fields).

The period of optical binding can now be defined as a distance
between two nearest stable equilibrium positions, and the
stiffness is the ratio of the restoring force to the particle’s
displacement k = —AF, /Ax (in close vicinity to a stable position,
where F,(x) has approximately a linear profile). Hereinafter the
period Ly;,g and distances will be normalized over the incident
wavelength Ay, and the optical forces are given in pN over
intensity (W/um?).

The material parameters are taken to be the same as for lines A
and C in Figure 2(b), corresponding to the dominating
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contributions of SPPs (A) and hyperbolic modes (C). In Figure
3 the optical forces for both principally different scenarios are
shown. The blue lines correspond to the total optical force, and
the black lines correspond to the contribution of modes with k,
< ky (propagating free-space modes in the upper half-space).
The SPP contribution for A is given by the red line (it is zero for
the C case by definition; see the previous section). Hyperbolic
mode (HM) contribution is depicted by gray circles.

In case A, the optical forces are fully driven by surface waves,
and the contribution of other modes is negligible. In case C
despite the predominating influence of the hyperbolic modes,
optical binding has almost nothing special in comparison with
the free-space scenario. In this case, the HM contribution just
increases the force almost twice (which is still two orders of
magnitude less than that of SPPs) and slightly shifts the
equilibrium positions, almost not affecting Ly;,q. In this case of a
semi-infinite metamaterial for normally incident light the
hyperbolic modes excited by the first particle just propagate
symmetrically in the volume, not interacting with the second
particle, and vice versa.

However, the existing nonzero contribution of the HMs can
be explained via the aforementioned cross-terms, when modes
excited by one particle are scattered by another one, giving rise
to additional HMs with broken symmetry, which, in turn, leads
to the optical force shift.'®

Thus, the hyperbolic modes even being dominating in the
interaction with the semi-infinite metamaterial do not provide a
sufficient contribution to binding in this case.

Finite Thickness Metamaterial Slabs. The main reason
for the weak influence of HMs on binding is the lack of a
feedback from the bulk modes, which propagate away from the
particles to infinity. However, as it will be shown hereinafter,
strong optical binding can be obtained utilizing an anisotropic
finite thickness slab due to reflections of hyperbolic modes from
the boundaries. The structure under consideration appears in
Figure 4.

Figure 4. Scheme of optical binding near an anisotropic hyperbolic
metamaterial (HMM) slab. Reflections from the boundaries of the slab
form high-intensity regions and result in optical binding with separation
distances Ly, below the diffraction limit.

In contrast to conventional waveguides, k, in hyperbolic slabs
can achieve rather high values, which, together with the highly
confined shape of the modes, could allow for very small distances
between the hot-spots driven by multiple reflections. This, in
turn, paves the way for strong subwavelength binding of
nanoparticles and also provides tunability via changing material
parameters, slab thickness, excitation wavelength, etc.

The formalism developed for the semi-infinite substrate is also
applicable for the finite-thickness slab. The main difference is in
the Fresnel reflection coefficient, which in the latter case is given
by

r expl(2ik,.d)
— () expl2iksd)

b =

(8)
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where d represents the thickness of the slab. It is clearly seen that
additional periodical maxima will be present in rfj(k,)
(reflection of a p-polarized wave). These peaks are related to
the additional boundary, which causes multiple reflections
between the upper and lower interfaces. The distance between
hot-spots at the interface and, thus, between the bound particles
depends on the parameter d and angle between the group
velocity of the hyperbolic modes and the normal to the surface.
Noteworthy, hyperbolic modes are not usual “geometric” rays;
thus exact calculations are needed to find the actual binding
period Lyng.

Let us consider the optical binding force near an anisotropic
slab with parameters A and C (from Figure 2(b)) and
thicknesses d = 4y/2 and d = 1,/8, 4y = 920 nm. Figure 5
represents the imaginary part of the reflection coefficient (left
column (a, c)) and optical force (right column (b, d)).
Noteworthy, additional peaks corresponding to the multiple
reflections appear in the reflection coefficient. Here we show
Im[#] only for k,/k, < 10, because the next peaks are much
weaker due to the absorption and are not necessary for
subsequent qualitative analysis. However, the force calculations
take into account all possible k, (0 < k./ky < o0) to provide
accurate values. The distance between the reflection peaks
increases (in k-space) with decreasing thickness and leads to the
optical force period decrease.

Comparing Figure 2(b) and Figure 5(a) we find SPP
contribution to become much less pronounced (magnitudes
of integrals from formula (6) I & 31 for a semi-infinite case, Il
2.31ford =1y/2, and I » 2I for d = A,/8 (Figure 5(a))) (where I
is the integral contribution of the free-space modes from eq 7).
For a thin slab d = 4,/8 the contribution of SPPs k,/k, = 1.044
and k,/k; = 1.84 can be considered as negligible for small
distances and almost does not influence the optical forces
(Figure 5(b)) governed predominantly by the hyperbolic mode
with k,/ko = 8.8 (IIT ~ 7I) and Ly,y ~ 1/8.8 ~ 0.114. Ford = 1,/
2, however, we have more supported modes, e.g,, SPPs (k./k, =
1.17 and k,/kg = 1.2) together with a set of hyperbolic modes.
This leads to the peculiar behavior of the optical forces: HM
with k,/ky > 3.08 enables subwavelenght binding with Ly,q ~ 1/
3.08 ~ 0.32 modulated by SPPs’ overall envelope (schematically
shown with a gray dotted line) with the period ~0.85. Note, all
the distances are normalized over the wavelength of the incident
wave Ag.

For the parameters C (Figure 5(c,d)) there is no surface
plasmon-polariton contribution by definition (we have chosen
the appropriate parameters in the first section especially to
emphasize the influence of hyperbolic modes in both semi-
infinite and finite cases), because k/ky = 0.7 < 1, so the optical
forces are completely dependent on the free-space and
volumetric modes. For the half-wavelength hyperbolic slab the
forces are governed by free-space propagating waves (I1I = 0, III
~ I) with small k, and low-amplitude HMs (high k, ones are
effectively absorbed via a rather large thickness); thus, the
dependence is close to optical binding in free space in terms of
both period and force magnitude. For the thin slab the force is
almost 2 orders of magnitude increased (Figure 5(d)), and the
periodicity now is fully driven by the two most pronounced
peaks k,/ky = 1.33 (Ly;,g ® 0.75), shown by a gray envelope, and
k,/ky=3.11, corresponding to Ly, 4 & 0.32 (overall integral Il &
6.31). The total force in both cases reaches 30 fN for intensities
of ~100 mW/um?,

Here the stability of equilibrium positions along the x-
direction is discussed; however, these positions are stable along
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Figure 6. Chromatic tuning for the multilayered structure of silver and Ta, 05" layers with a slab thickness 115 nm and filling factor of 0.133. (a)
Imaginary part of the reflection coefficient (dispersion diagram). (b) Optical binding period over the frequency.

the y-direction too (see Supporting Information Figure S3). The peaks contribute to the optical force and form a unique
trapping potential of optical binding approaches 3k, T at room signature, either with SPP or not (e.g., curved and asymmetric
temperature for both A and C parameters and moderate Figure 5(b,d)). However, it allows for a better understanding of
intensities usually involved in optical trapping of nano- the binding scenarios in the presence of such complicated
particles;”” thus it is stable against Brownian motion. structures as hyperbolic metamaterials and even for some
Considering the overall vertical force, we should take into quantitative estimations provided above. It should be stressed
account van der Waals forces attracting the particles to the that the existence of higher multipoles in the case of bigger
substrate together with the optical forces, Therefore, the overall particles leads to more complicated field distribution; therefore,

force tends to adpress the particles to the surface. However, we the maxima of the field are less pronounced.
should mention here that it can be suppressed or even reversed Moreover, comparing two principally different scenarios
(if necessary) via, for example, a nanometer-thick dielectric (with and without SPP contributions), we find a new possibility
spacer, electrostatic charging,”® or one more light source, to obtain optical binding forces, which are several orders of
enabling additional optical traps above the surface. magnitude higher than in the free-space binding scenarios (and
The aforementioned qualitative mode analysis of optical about one order of magnitude stronger than that delivered by
forces and binding period is an approximation. Often, several plasmonic metals*"). Furthermore, tuning the distance between
430 DOE10.1021/acsphotonics 9b01378
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bound particles beyond the diffraction limit is also possible.
These characteristics are strongly enhanced in the case of thin
slabs, allowing for better utilizing hyperbolic mode feedback,
and the proved great tolerance to the metamaterial parameters
paves the way to a plethora of highly demanded applications.

Chromatic Tuning of Binding. In the previous sections we
have considered semi-infinite and finite slabs of hyperbolic
metamaterials consisting of Ag™” and Ta,0* layers, allowing
for effective tuning via adjusting material and geometrical
parameters. Hereinafter let us consider another important
degree of freedom: chromatic tuning of the metamaterial-
assisted optical binding.

Figure 6(a) shows the dependence of the reflection coefficient
on the incident wave frequency and k,/k; for a slab thickness of
115 nm. It can be seen that the number of HM peaks governed
by the reflections (equal to Fabry—Perot resonances for
hyperbolic modes) and contributing to optical binding is
increased with lower frequency (d/4, decrease), so the optical
force dependence becomes more complicated.

The distance between the bound particles (Figure 6(b)) is
now a function of the frequency; thus the material dispersion
plays a key role here. The binding period is proportional to the
relations of the thickness of the slab and incident wavelength and
£.(®) and e_.(w). In this case the permittivities are monotoni-
cally dependent on the frequency;3 thus the dependence of the
optical binding distance is more or less monotonic. However, in
other wavelength regions additional HMs and nonmonotonic
dispersion of optical constants could displace the stable
equilibrium positions and change the dependence shown in
Figure 6(b). This additional degree of freedom opens room for
opportunities for tuning optical binding via a “noninvasive” way
and fabricate novel designs and architectures of nanostructures
on metamaterial substrates by adjusting optically induced forces
with hyperbolic modes.

Moreover, in the Supporting Information (Section The
Impact of the Topmost Layer) we consider the dependence of
the optical binding force on the topmost layer of the slab (metal
or dielectric), which also can be useful in a plethora of
applications.

B CONCLUSION

In this work we describe the transverse optical binding of two
particles near a hyperbolic metamaterial. High-k volumetric
modes can provide additional channels of the particles’
interaction with substrates and, therefore, drastically enhance
capabilities of optomechanical manipulation schemes. For a
semi-infinite (or rather thick) metamaterial slab the hyperbolic
modes even being dominating in scattering do not contribute to
optical binding because of the almost absent feedback
(hyperbolic modes excited by one particle do not interact with
the second one). In contrast, thin metamaterial slabs provide
multiple reflections from boundaries, forming a set of strongly
localized hot-spots with huge intensity gradients governing
nanoparticle motion at the nanoscale. Furthermore, mode
analysis shows the predominant impact of HMs on binding
giving rise to several orders of magnitude increased optical forces
and deeply subwavelength nanoparticle positioning. Moreover,
the principal realization of this phenomenon appears to be rather
tolerant to the metamaterial parameters, enabling strongly
enhanced performance for a whole set of designs and driving
broadband chromatic tuning. Novel auxiliary carefully designed
metamaterials and metasurfaces featuring superior optomechan-
ical mechanisms are nowadays extremely demanded in a variety
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of applications, such as microfluidics, lab-on-a-chip devices, and
biology and medicine to name just a few.
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Abstract The research work of current contribution is
focused on the study of periodic macroporous arrange-
ments, their designs scaling ability and performance
depending on a possible technological imperfection. The
studied in this work phononic structures are designed for a
subsequent integration into the new class of integrated
solutions on a basis of solid mounted film bulk acoustic
resonators (SMR FBARs). Devices completed on a basis of
developed solutions are intended for front-ends of
telecommunication and radar systems applications. The
main purpose of the research is an initial step towards
enabling an efficient operation of integrated FBAR devices
in a broad band or in several frequency bands using a
multiple bandgap reflecting solid arrangements that ensure
the isolation of acoustic energy within the piezoelectric
layer for selected operation bands. The possibility of
technological integration of periodic structures into the
FBAR platform is a main critical point that limits the
application of certain approach. Proposed in current work
phononic crystal macroporous arrangements can be applied
to improve an isolation of film bulk acoustic modes for
SMR at specific frequencies; improve isolation and spatial
separation of FBAR filter banks; enable an efficient oper-
ation of switchable and tunable SMR FBARs.
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1 Introduction

New front-ends of mobile devices are developed for the
single chip integration of multiple frequency bands and
operating modes while simultaneously minimizing a power
consumption and size. Banks of microwave filters based on
thin film bulk acoustic resonators (FBAR) are currently
utilized for that purposes and exhibit certain limits of
miniaturization. Nowadays, FBAR devices demeonstrate
significant advantages in comparison to surface acoustic
wave (SAW) devices. Their ultra-small dimensions and
ability to work at frequencies up to tens of gigahertz make
them a convenient replacement of the SAW based devices.
They are widely used in miniaturized filters for commu-
nication, radar and navigation systems.

Modern microwave FBARs are multilayer thin film
structures containing in most cases a single piezoelectric
layer (AIN, ZnO) (Lakin et al. 1993; Ueda et al. 2008:
Hashimoto 2009). The piezoelectric layer thickness is a
micrometer order, and it is required to utilize a resonator
handling substrate to provide a mechanical support for the
films. The acoustic energy of FBAR resonator, however,
should be concentrated within the thin piezoelectric layer.
Nowadays, two different concepts are applied for this
purpose. In a membrane type of the film resonator, the
isolation of acoustic vibrations is achieved by means of the
under-etched membrane that limits the acoustic energy
dissipation only at the membrane clamping boundaries.
Feature of membrane based structures is an existence of
supporting membrane eigenmodes that should be sup-
pressed. Another type of the film resonators utilizes
acoustic mirrors to isolate the acoustic vibrations from
scattering into the bulk of a substrate. This type of the
resonators is known as solidly mounted resonators (SMR).
SMRs use a reflective structure made of subsequently

@ Springer

143



Microsyst Technol

deposited layers of materials with a high acoustic contrast.
The thickness of those layers is defined as a quarter of a
wavelength. The layers thickness reproducibility plays a
significant role in a resonator performance. Deviations in
the Bragg reflector layers cause a dissipation of acoustic
energy into the structure volume that deteriorates the res-
onator performance. Considering high frequency FBAR
applications, the fabrication of efficient Bragg reflectors
becomes rather challenging due to finite tolerances of a thin
films reproducibility.

General trends towards the integrated solutions and the
structures miniaturization have currently let to the devel-
opment of another type of FBAR devices that utilize the
induced piezoelectric effect for the selective excitation of
normal acoustic modes of the resonator and as a result gain
an access to the resonator frequency switching (Kozyrev
et al. 2011; Gevorgian et al. 2013; Kalkur and Mansour
2015). These devices are currently only at the initial state
of development but in the future they can gain a significant
interest. Therefore, the necessity to ensure the operation
within several frequency band is one of the requirements
that has to be satisfied developing a novel SMR devices.

In current contribution, the ability to implement two-
dimensional periodic composite arrangements (phononic
crystal structures) is discussed in order to obtain an effi-
cient isolation of piezoelectric film resonances. Consider-
ing the direction of propagating wave, the isolation can be
completed in different ways. The phononic crystal based
structure can be considered as a replacement of a standard
Bragg reflector or as an arrangement that separate the
neighboring resonators in a lateral direction. In current
contribution we focus our work on the possible ways of
phononic structures implementation as an alternative to
currently utilized Bragg reflectors. Although the subject of
decoupling of separate resonators in a lateral direction is an
important task, we mostly focus on the structures design
where the isolation of main thickness shear mode is dis-
cussed. Therefor the PnC structure is positioned under the
piezoelectric film. The phononic structures of a certain
design can exhibit complete bandgaps that ensure the iso-
lation of the acoustic energy within the piezoelectric layer
regardless of the polarization of acoustic modes. The fab-
rication of periodic structures can be completed even for
higher frequency structures applying developed techno-
logical approaches.

Periodic structures attracted a great attention since the
development of a theory of the electronic band for solid
materials. Similarly to the periodic potential of the crystal
lattice, composite materials with a periodic spatial modu-
lation of the dielectric constant on the scale of the optical
wavelength, so-called photonic crystals, were introduced
several decades ago (Joannopoulos et al. 2011). Scattering
centers with dielectric properties that differ from a
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homogeneous matrix surrounding the scatters are arranged
in a typical photonic structure. Due to the destructive
interference of multiple scattered waves, these structures
are featured by regions of wave lengths, where an incident
electromagnetic wave cannot propagate through the struc-
ture. These ranges of wavelengths with respective fre-
quencies were called the photonic band gaps (Joannopoulos
et al. 2011).

In comparison to propagation of transversal electro-
magnetic waves through the photonic structure, the prop-
agation of acoustic waves in solid periodic composite
materials is featured by much richer and at the same time
more complicated behavior. It is defined by a simultaneous
propagation of transversal and longitudinal components of
an incident acoustic wave. As an equivalent of photonic
crystals, acoustic periodic composites materials with a
spatial modulation of elasticity, a mass density and longi-
tudinal and transverse velocities of elastic waves were
called Phononic Crystals (PnC). As it was demonstrated for
electromagnetic waves, the destructive/constructive inter-
ference of elastic waves in phononic structures features
band gaps in certain wavelength regions (Sigalas and
Economou 1992; Kushwaha et al. 1993).

The existence of a band gap in a certain frequency
(wavelength) range can be advocated in the same way as it
was originally shown for electron spectrum in a solid
material. The band gap can be considered as a region of a
very low density of states for propagation of the acoustic
wave through the structure with a periodic variation of
mechanical properties of a medium. By analogy with solid
materials, the acoustic wave propagation behavior in pho-
nonic structures can be described by the Bloch’s theorem
as a wave function in a periodical environment.

During the last decade, the reports on micrometre
wavelength scale studies of periodical phononic structures
that are mostly applicable for radio frequency communi-
cation devices were published. Unique properties of pho-
nonic structures, such as an ability to exhibit bandgaps in a
certain frequency range that is predefined by the structure
design, made them attractive for surface acoustic wave
devices applications (such as filters, resonators etc.). Wu
et al. (2005) reported on a silicon based phononic structure
fabricated under standard MEMS technology as well as
acoustic wave excitation and detection with a help of
piezoelectric ZnO layer with a system of slanted IDTs. PnC
structure scatters are performed as air filled holes with a
square lattice. The experimental confirmation of existence
of the complete bandgap for surface acoustic waves was
demonstrated later by Benchabane et al. (2006). The
square-lattice two-dimensional phononic structure was
directly etched in a lithium niobate waveguide. In this case,
surface acoustic waves were excited with standard IDTs.
The complete bandgap was experimentally found at
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frequency around 200 MHz. Afterwards, scattering and
propagation of surface acoustic waves through the square-
lattice phononic structure was experimentally investigated
with optical methods in (Kokkonen et al. 2007; Profunser
et al. 2009). The bandgap properties of the investigated 2D
arrangement were vividly demonstrated as measured wave
fields at different frequencies. Considering the phononic
structures as an efficient acoustic wave reflector, the two-
port SAW devices were combined with phononic reflective
gratings (Wu et al. 2009). The experimental structure was
completed as layered ZnO/Si SAW device with a square
lattice phononic structure performed as an array of cylin-
drical scatters (holes) in the silicon waveguide. The
achieved results demonstrated that phononic structures can
act as an efficient acoustic wave reflector with significantly
reduced number of lattice periods in comparison to the
conventional metal reflective gratings.

The mvestigation of two-dimensional solid/solid binary
composite systems showed that the square array of carbon
fibres embedded in an epoxy matrix can exhibit rather large
absolute bandgaps or multiple bandgaps (Vasseur et al.
1994). In current case, it is beneficial to obtain the com-
posite arrangement that is able to exhibit several bandgaps
in order to perform an isolation of multiple acoustic reso-
nances in ferroelectric films of switchable FBARs. In
previous works, two-dimensional boron-nitride arrays of
infinite cylinders of two different radii that are periodically
distributed in an infinite matrix were studied (Pennec et al.
2010). The structure constituted with carbon cylinders that
are built in the epoxy matrix showed an ability of such
composite arrangement to exhibit five separate complete
bandgaps. It was shown that contrast between the diameters
of two cylinders significantly influences the acoustic band
gaps determining the width and appearance in a certain
frequency range. A variation of the scatters material has
shown that the bandgaps width can be significantly
improved. Thus, the performance of cylindrical scatters
made of tungsten arranged in boron-nitride arrays in an
epoxy background allowed to obtain considerably large
absolute multiple bandgaps. Demonstrated bandgaps
broadening can be explained by a contrast between the
densities of tungsten and carbon (Pennec et al. 2010). The
variation of scatters arrangement, geometry and material
allows to design the required spectral behavior of the
composite periodical arrangement defining the regions of
absolute bandgaps.

However, in order to utilize previously demonstrated
theoretical results in certain applications, the technological
aspects of composite arrangements fabrication should be
taken into consideration. The fabricated structures should
be technologically designed with respect to the wavelength
that predetermines arrangement geometrical parameters.
Depending on the structure dimensions, the fabrication

approaches vary and significantly limit possible arrange-
ment designs.

Depending on the structure design, various technologi-
cal approaches can be undertaken. Previous works have
reported about the fabrication of periodic phononic
arrangements in the micrometer wavelength range for the
surface acoustic wave devices application. The structures
were etched directly within a piezoelectric substrate as a
periodic arrangement of etched holes and trenches.

Initial results of periodic arrangement fabrication with
CHF5/Ar, CF,/O, and CFy/Ar dry etching demonstrate
extremely low etching rates and poor selectivity (Ronggui
and Righini 1991). Deep reactive ion etching of
microstructures in Pyrex glass applying SF6 plasma was
investigated in (Li et al. 2001), and considerably high etch
ratio of 0.6 um/min has been achieved. It has been found
that physical sputter-etching significantly improves the
etching process by assisting the removal of etch residuals
providing an access of the etching medium to the targeting
surface. By application of this approach it became possible
to reach the reduction of the nonvolatile product rede-
positing on sidewalls and improve the structuring of peri-
odic microarrangements. Further technology improvement
was completed using a SF6/Ar gas mixture in order to
avoid trenches formation at the bottom during the etching
process (Park et al. 2005). In a contrast to SAW structures
application, FBAR devices operate at the higher frequency
utilizing the film bulk acoustic waves. The structure design
in this case has to be adjusted to the type of the excited
wave within the piezoelectric film, and the dimensions of
microfabricated structures have to be scaled to the
respective wavelength region.

2 Results

The prime aim of the current contribution is to investigate
the most optimal solutions of the periodic structure design
considering the technological aspects of the structure fab-
rication. The study was performed with the help of finite
element method using COMSOL Multiphysics FEM soft-
ware. The prime requirement is that the periodic structure
should exhibit an existence of bandgaps at several fre-
quency regions of the switchable FBAR.

The current work is focused on the consideration of
periodic structure designs that are technologically achiev-
able for sub-micrometer dimensions using standard
microfabrication approaches. With regard to that, the
application of macroporous structures is proposed.
Macroporous silicon based structure can be fabricated
utilizing standard masked electrochemical etching with the
structure design that is predetermined by the photolithog-
raphy (Lehmann and Foll 1990). Nowadays, macroporous
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silicon structures have found various applications including
photonic crystals (Wehrspohn and Schilling 2003), sensors
(Kurowski et al. 2002), optical filters (Lehmann et al. 2001)
and etc. The fabrication of porous structures with electro-
chemical etching in a HF solution is currently the devel-
oped micromachining process (Barillaro et al. 2002). The
micrometer size porous structures can be achieved (Smith
and Collins 1992) with the use of the p-doped type of
anodized silicon substrates. The initial structuring of the
wafer surface will allow to predefine areas of the
micrometer size pore formation (Lehmann and Griining
1997). The process of the macropores fabrication of
defined geometry can be achieved adjusting the techno-
logical parameter and can reach the wafer thickness in
depth (Lehmann and Ronnebeck 1999). The technological
results of sub-micrometer structure fabrication (Matthias
et al. 2005) as well as the lateral direction nanostructures
fabrication (Liang et al. 2002) provide a significant basis
that ensures the technological feasibility of the proposed in
current contribution designs.

In the current work we found optimal solutions for pore
arrangements of different symmetry that are completed as
arrays of air filled cylindrical inclusions in the silicon host
material. 2D square, triangular and honeycomb arrange-
ments of holes were used for this study as shown in Fig. 1.

The propagation of acoustic waves in the elastic medium
is governed by:

u(r,1) 0 du, (1, 1)
.U—a 2 Zﬁ_xj {Cumn o, ]-,

Jum.n

where u;(r,t) is a component of the elastic displacement
field; Cij,, is a component of the elastic stiffness tensor; p
is the mass density; r = (x, y, z) denotes the position vector.

The silicon based porous artificial periodic structures
were modeled as arrays of air filled cylinders for three
different symmetry cases. This arrangement is obtained by
translating the unit cells for each case respectively as it is
shown in Fig. 1. The cylinders are assumed to be parallel to
the z axis; thus, in this paper we consider only the elastic
waves that propagate in the x—y plane.

According to the Floquet-Bloch wave theory, the dis-
placement vector can be represented as a product of peri-
odic function and exponential factor:

Fig. 1 Square (a), triangular
(b) and honeycomb

(c) arrangements of cylindrical
holes in the silicon host material
and propagation directions for
2D phononic crystals based on
them

M
rl. (]
¥
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u(r, k) = ug(r) exp(ikr),

where wug(r) is a periodic function of r with the same
periodicity as the structure; k = (ky, ky) is the wave vector.
For square 2D structures, the irreducible Brillouin zone
spans from " to X to M and back to I". The results of the
band diagram computation for the infinite periodic
arrangement with lattice constant 0.94 pm, square sym-
metry and holes filling factor of 76% are demonstrated in
Fig. 2a. The filling factor was defined as a percentage ratio
of the area of the holes per unit cell square. The depen-
dence of absolute bandgap boundaries from the filling
factor is demonstrated in Fig. 2b.
in Fig. 2b computational
bandgaps variation depending on the filling factor show
that the increase of the holes diameter for the same lattice
constant causes a broadening of the low frequency bandgap
and appearance of higher frequency stop bands. At the
same time, it can be seen that a relatively narrow high
frequency bandgap that is found for low filling factors
completely vanishes with an increase of the diameter of
holes. It should be mentioned that at relatively high filling
factor, the square symmetry arrangement exhibits a rather
broad complete bandgap at lower frequency range and a
narrower bandgap at higher frequency that is advantageous
for the case of switchable FBAR applications. The dis-
placement distribution and the analysis of frequency
dependence of the structure reflection for the shear com-
ponent of displacement are demonstrated in Fig. 3. In
comparison to complete FBAR structure, the simulation
model should be extended with top and bottom electrodes
and piezoelectric film in between. However, in order to
simplify the calculations and obtain the results that deter-
mine the behavior of the periodic structure separately from
the piezoelectric film, the model was reduced to the pre-
scribed shear displacement at the boundary of the pre-
sumable FBAR reflector. In contrast to that simplified
model, the finite FBAR structure will be extended with the
piezoelectric layer and electrodes with certain dimensions.
Despite that fact the most of piezoelectric films have an
efficient coupling to shear acoustic mode, the appearance
of normal components is unavoidable as a result of mode
conversion at the structure boundaries. Appearance of
resonant modes different from the horizontally polarized

Demonstrated results of
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cylinders in the silicon matrix (filling factor 54%). Displacement
distribution of the structure excited with a shear displacement applied

can introduce the leakage of acoustic energy and as a result
the deterioration of the resonator performance. In order to
diminish those effects, it is beneficial when near to the
resonance mode the reflecting phononic structure has a
complete bandgap and isolate the top piezoelectric struc-
ture modes independent on their polarization. Eventhough
the unwanted resonance modes should be suppressed by the
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finite FBAR design, the leakage of acoustic energy is
ensured by the efficient complete bandgap reflector. More
detailed consideration of possible effects appearing in 3D
arrangement should be addressed at the stage of final
device developing and are a subject of separate study.
The completed analysis of the finite structure reflection
for the case of horizontally polarized excitation of the top
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structure boundary demonstrates an efficient isolation of
the surface displacement at several relatively narrow fre-
quency ranges. Despite the fact that the complete bandgaps
for the structure filling factor of 54% exist only around 4
and 10 GHz, the efficient isolation of shear displacement
component is also achievable at the frequency around
6 GHz.

The analysis of triangular symmetry arrangement
demonstrates the absence of complete bandgap at low
filling factor and several rather narrow complete bandgaps
for the higher filling ratios. The band diagram computed
for the infinite periodic arrangement with the lattice con-
stant 6.3 pm and the filling factor of 65% is demonstrated
in Fig. 4a. The structure shows several rather narrow
complete bandgaps that do not improve with the increase of
filling factor, as it is demonstrated in Fig. 4b. The reduced
wave vector in this case spans in direction of -K-M-T",
according to directions shown in Fig. 1b.

The computational results of triangular arrangement
demonstrate the possibility to achieve several rather narrow
bandgaps at the relatively high filling factor. From the
practical point, that arrangement is not optimal, since the
achievable bandgaps are relatively narrow for multiple
operation bands applications and support the frequency
switching within very narrow regions. The analysis of the
finite structure reflection for the shear excited top boundary
shows that an efficient isolation can be achieved only at

narrow frequency ranges that coincide with the complete
bandgap computation results. The structure displacement
distribution for the frequencies of high reflection and the
computed reflection coefficient for the broad frequency
range are demonstrated in Fig. 5.

The honeycomb arrangement was theoretically investi-
gated as an alternative solution for the periodic arrange-
ment design. The results of completed band diagram
computations for the filling factor of 58% and a lattice
constant of 0.9 um are demonstrated in Fig. 6a. As it can
be seen, the honeycomb structure design supports the
appearance of the broad bandgap at lower frequency and
several middle broad bandgaps at higher frequencies. In
terms of FBAR application, the computed structure allows
the operation of switchable FBARs and operation of sev-
eral isolated bands within the frequency region of the broad
bandgap. The dependence of the structure response on the
filling factor of cylindrical scatters (for fixed lattice con-
stant of 0.9 pm) is demonstrated in Fig. 6b.

The obtained computational results show that for the
low filling factor, the lower frequency bandgap becomes
narrower and the higher frequency bandgaps vanish, when
the filling factor is lower than 52%. The most promising in
the described structure design is ability of the structure to
sustain the relatively broad bandgap for the wide filling
factor range. The honeycomb structure design appeared to
be the most promising in terms of switchable FBARs
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Fig. 4 Band diagram for the pore silicon infinite trigonal arrangement, filling factor 65% (a) and the dependence of the width of the absolute
forbidden acoustic bands on the filling factor (b) for fixed lattice constant of 6.3 pm
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Fig. 5 Simulation results of trigonal arrangement of air filled
cylinders in the silicon matrix (filling factor 65%). Displacement
distribution of the structure excited with a shear displacement applied
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Fig. 6 Band diagram for the pore silicon infinite graphite arrangement, filling factor 58% (a) and the dependence of the width of the absolute
forbidden acoustic bands on the filling factor (b) for the distance between neighboring scatters a = 0.9 pm

applications that can isolate the resonance modes of several
switchable resonators or support an efficient operation of
FBAR filters in several neighboring frequency bands. The
computation results completed for the structure reflection
with the horizontally excited top boundary confirm the
structure bandgap behavior. The structure displacement
distribution and the frequency dependence of the finite

arrangement reflection coefficient are demonstrated in
Fig. 7.

The obtained computation results of the structure
reflection coefficient demonstrate two well defined fre-
quency regions, where the arrangement is able to efficiently
isolate mechanical deformations. At lower frequencies, the
structure has a rather broad region from almost 2 GHz till
5 GHz that is beneficial for switchable FBARs and
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Fig. 7 Simulation results of graphite arrangement of air filled
cylinders in the silicon matrix (filling factor 55%). Displacement
distribution of the structure excited with a shear displacement applied

multiple band arrangements. The displacement distribution
simulations show a high level of the displacement local-
ization at the structure surface with relatively low pene-
tration of the mechanical displacement into the volume.
Relatively narrow high frequency bandgap that appears in
the structure reflection spectrum is beneficial considering
the application for the FBAR structures, where the efficient
operation within multiple frequency bands have to be
ensured. Among the demonstrated structures designs, the
honeycomb arrangement demonstrates the most promising
response as an acoustic reflector for FBAR devices on a
basis of the microporous technological approach. Further
investigations of the structure response depending on the
deviation of technological parameters were performed for
the honeycomb symmetry arrangement.

3 Discussion

The respective structure dimensions, as it was demon-
strated in performed simulations, are micrometer and sub-
micrometer order. In most cases, theoretically achieved
structure designs are rather challenging to fabricate in
micrometer and sub-micrometer dimensions. In previous
works (Gorisse and Reinhardt 2016), the fabrication pro-
cess of the 2D phononic structure for the purpose of a
lateral coupling reduction between neighboring resonators
was demonstrated. The fabrication of periodic arrange-
ments was completed by means of hydrogen implantation
into the LiNbO3 piezoelectric material forming Li,H;_,.
NbO; inclusions. Another work has demonstrated the
design and fabrication of the silicon carbide/air periodic
arrangement that was utilized as a Bragg acoustic mirror to
confine the acoustic energy in a resonance cavity (Ziaei-
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Moayyed et al. 2010). Most works underline the com-
plexity of microstructures fabrication with standard
approaches. In current contribution, the realization of the
periodic arrangement within sub-micrometer dimensions is
considered to be realized within subsequent steps on a basis
of the macroporous structures fabrication technology.

Previously demonstrated results of complete bandgaps
were addressed to the infinite periodic arrangement. In
order to estimate the structures performance within finite
dimensions, the analysis of reflection coefficient depending
on the number of structure periods was completed. The
analysis was completed for the honeycomb arrangement.
Summarized computation results are demonstrated in
Fig. 8. The reflection coefficient was computed for the
frequency of 4 GHz.

The obtained results demonstrate that the structure with
8 periods already exhibits the reflection behavior compa-
rable to the infinite case. Considering this observation, the
required minimal number of the arrangement periods for
the honeycomb symmetry can be reduced to the value
where the maximal structure reflection coefficient is
already achieved.

The ability to design the structure for certain frequency
bands is the subject of geometry variation with respect to
the wavelength. The theoretical investigations of variable
lattice constant and pore dimensions demonstrate the
ability to adjust the structure for the required frequency
ranges. The computation results of the honeycomb struc-
ture bandgap variation depending on the wavelength
structure scaling are summarized in Fig. 9.

The obtained computation results show that the increase
of the structure wavelength shifts the bandgaps towards
lower frequency regions as expected. The change of
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Fig. 9 Honeycomb arrangement bandgap variation depending on the
structure lattice constant for fixed filling factor of 55%

structure wavelength causes an equal relative shift of both
bandgap edges keeping the number of bandgap regions.

The structure performance and reproducibility of
geometry play a significant role in order to obtain the
theoretically predicted results. The estimation of influences
of the structure dimensions deviation on the periodic
arrangement reflection coefficient is demonstrated in
Fig. 10. Random fluctuations of the holes diameter were
modeled using the normal law, according to which the
distribution function of the holes diameters by sizes can be
presented in a following way:

(d—dy

202

Sld) =

1
€X -
Yt

where d is the diameter of the holes, d is the average
diameter of the holes, and & is dispersion.

Figure 10a shows the distribution of the holes diameters
by sizes for different values of the dispersion. The results
of modeling the reflection coefficient from the structure
shown in Fig. 7a with the corresponding fluctuations of the
diameter of the holes (¢ = 0, 6 = 0.0015 d, o = 0.03 d,
where d = 0.495 pm) are shown in Fig. 10b—d.

The results show that the deviation of structure dimen-
sions can cause an appearance of narrow vibration modes
as a result of disruption of the structure periodicity that
enriches the number of possible transmission modes within
the bandgap. The most significant impact is observed for
the higher frequency bandgaps. The increase of dimensions
fluctuations deteriorates the reflection coefficient for the
low deviations and completely vanishes for the higher
values, Fig. 10. Technologically, it is more likely to obtain
a rather slight distribution of the dimensions deviation that
should not cause a significant deterioration of the periodic
structure within the certain spatial area of the FBAR
structure. Nevertheless, as it can be seen, it is advantageous
to have a rather broad bandgap than several narrow ones to
reduce influences of possible fabrication tolerances.

4 Conclusions

In current contribution we have demonstrated the results of
the theoretical research work focused on the study of
technologically competitive solutions of phononic struc-
tures performance for the FBAR devices purposes. We
proposed to consider the established technological platform
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for the macroporous structures fabrication as an approach
that allows to realize the phononic based acoustic reflectors
for FBAR SMR devices and to study appropriate periodic
structure solutions with numerical methods. We have
shown that the application of macroporous periodic
arrangements can enable the efficient operation of SMR
FBARSs within broad frequency ranges without necessity to
utilize a membrane type of the piezoelectric film isolation.
The work presented the computation results for square,
triangular and honeycomb arrangements showing the
achievable bandgap responses. It was found that the hon-
eycomb arrangement is the most advantageous in terms of
bandgap performance that presumably should allow to
operate the FBAR structures within the broad frequency
range. The completed work is an initial step towards the
phononic crystal based FBAR devices fabrication that is
the subject of ongoing research.

Acknowledgements The research work of current contribution was

pported by German R h F under LU 605/16-1 and
HI 1261/5-1 grants, by the Federal Ministry of Education and
Research (BMBF) within MEMSonMID (03IPT518X) project and by
the DAAD program “Mikhail Lomonosov” (Project no.
3.10001.2017/DAAD).

References

Barillaro G, Nannini A, Piotto M (2002) Electrochemical etching in
HF solution for silicon micromachining. Sens Actuators A
102:195-201

Benchabane S, Khelif A, Rauch J, Robert L, Laude V (2006)
Evidence for complete surface wave band gap in a piezoelectric
phononic crystal. Phys Rev E 73:65601

Gevorgian S, Tagantsev AK, Vorobiev A (2013) FBARs utilizing
induced piezoelectric effect. In: Tuneable film bulk acoustic
wave resonators. Springer, New York, pp 117-131

@ Springer

Gorisse M, Reinhardt A (2016) Laterally coupled BAW filter
employing phononic crystals

Hashimoto K (2009) RF bulk acoustic wave filters for communica-
tions. Artech House, London

Joannopoulos JD, Johnson SG, Winn JN, Meade RD (2011) Photonic
crystals: molding the flow of light. Princeton University Press,
Princeton

Kalkur TS, Mansour A (eds) (2015) Tunable and switchable
resonators and filters based on ferroelectric BST thin films for
wireless communications. IEEE, New York

Kokkonen K, Kaivola M, Benchabane S, Khelif A, Laude V (2007)
Scattering of surface acoustic waves by a phononic crystal
revealed by heterodyne interferometry. Appl Phys Lett 91:83517

Kozyrev AB, Mikhaylov AK, Ptashnik SV, Zinoviev SV, Petrov PK,
Alford NM, Wang T (2011) Electronically switchable bulk
acoustic wave resonator based on paraelectric state ferroelectric
films. Electron Lett 47:1326-1327

Kurowski A, Schultze JW, Liith H, Schoning MJ (2002) Micro-and
nanopatterning of sensor chips by means of macroporous silicon.
Sens Actuators B Chem 83:123-128

Kushwaha MS, Halevi P, Dobrzynski L, Djafari-Rouhani B (1993)
Acoustic band structure of periodic elastic composites. Phys Rev
Lett 71:2022

Lakin KM, Kline GR, McCarron KT (1993) High-Q microwave
acoustic resonators and filters. IEEE Trans Microw Theory Tech
41:2139-2146

Lehmann V, Foll H (1990) Formation mechanism and properties of
electrochemically etched trenches in n-type silicon. J Elec-
trochem Soc 137:653-659

Lehmann V, Griining U (1997) The limits of macropore array
fabrication. Thin Solid Films 297:13-17

Lehmann V. Ronnebeck S (1999) The physics of macropore
formation in low-doped p-type silicon. J Electrochem Soc
146:2968-2975

Lehmann V, Stengl R, Reisinger H, Detemple R, Theiss W (2001)
Optical shortpass filters based on macroporous silicon. Appl
Phys Lett 78:589-591

Li X, Abe T, Esashi M (2001) Deep reactive ion etching of Pyrex
glass using SF 6 plasma. Sens Actuators A 87:139-145

Liang J, Chik H, Yin A, Xu J (2002) Two-dimensional lateral
superlattices of nanostructures: nonlithographic formation by
anodic membrane template. J Appl Phys 91:2544-2546

152



Microsyst Technol

Matthias S, Miiller F, Schilling J, Gosele U (2005) Pushing the limits
of macroporous silicon etching. Appl Phys A Mater Sci Process
80:1391-1396

Park JH, Lee N, Lee J, Park JS, Park HD (2005) Deep dry etching of
borosilicate glass using SF6 and SF6/Ar inductively coupled
plasmas. Microelectron Eng 82:119-128

Pennec Y, Vasseur JO, Djafari-Rouhani B, Dobrzynski L, Deymier
PA (2010) Two-di ional phi ic crystals: les and
applications. Surf Sci Rep 65:229-291

Profunser DM, Muramoto E, Matsuda O, Wright OB, Lang U (2009)
Dynamic visualization of surface acoustic waves on a two-
dimensional phononic crystal. Phys Rev B 80:14301

Ronggui S, Righini GC (1991) Characterization of reactive ion
etching of glass and its applications in integrated optics. J Vac
Sci Technol A Vac Surf Films 9:2709-2712

Sigalas MM, Economou EN (1992) Elastic and acoustic wave band
structure. J Sound Vib 158:377-382

Smith RL, Collins SD (1992) Porous silicon formation mechanisms.
J Appl Phys 71:R1-R22

Ueda M, Hara M, Taniguchi S, Yokoyama T, Nishihara T, Hashimoto
K. Satoh Y (2008) Development of an X-band filter using air-
gap-type film bulk acoustic resonators. Jpn J Appl Phys 47:4007

Vasseur JO, Djafari-Rouhani B, Dobrzynski L, Kushwaha MS, Halevi
P (1994) Complete acoustic band gaps in periodic fibre
reinforced composite materials: the carbon/epoxy composite
and some metallic systems. J Phys Condens Matter 6:8759

Wehrspohn RB, Schilling J (2003) A model system for photonic
crystals: macroporous silicon. Phys Status Solidi A 197:673-687

Wu T, Wu L, Huang Z (2005) Frequency band-gap measurement of
t i ional air/silicon pl ic crystals using layered
slanted finger interdigital transducers. J Appl Phys 97:94916

Wu T, Wang W, Sun J, Hsu J, Chen Y (2009) Utilization of phononic-
crystal reflective gratings in a layered surface acoustic wave
device. Appl Phys Lett 94:101913

Ziaei-Moayyed M, Su MF, Reinke CM, El-Kady I, Olsson RH (eds)
(2010) Silicon carbide phononic crystals for high fQ microme-
chanical resonators. IEEE, New York

@ Springer

153



8-PAPER: Different regimes of ultrashort pulse propagation in
disordered layered media with resonant loss and gain

Novitsky D.V., Redka D., Shalin A.S., “Different Regimes of Ultrashort Pulse
Propagation in Disordered Layered Media with Resonant Loss and Gain”, (2019)
Annalen der Physik, 531 (9), art. no. 1900080, DOI: 10.1002/andp.201900080

154


about:blank

ORIGINAL PAPER = physik

Disordered Photonics www.ann-phys.org

Different Regimes of Ultrashort Pulse Propagation in
Disordered Layered Media with Resonant Loss and Gain

Denis V. Novitsky,* Dmitrii Redka, and Alexander S. Shalin

has gained great momentum since then.
Different optical nanostructures containing both loss and gain components Both the number of active structures

attract ever-increasing attention as novel advanced materials and building considered and the list of effects in
blocks for a variety of hotonic and pl. ic applications. Unique these structures increased dramatically.

tunable optical signatures of the so-called active metamaterials support their For example, widely utilized hyper.
bolic metamaterials*'! supplemented

utilization for ing, imaging, and signal p ing on micro- and o N )

e T EeTe X i with gain material allows us to reach
nanoscales. However, this tunability requires flexible control over the simultaneously ~ spontaneous  emis-
metamaterial parameters, which could be provided by involving a set of sion enhancement and outcoupling
nonlinear interactions. In this paper, a method of governing ultrashort pulses of high-wavenumber modes,"" strong
. o o . . . i 12] i 13
is proposed by varying the level of a population difference disorder in a gnkx]plmg,[ _I and loss comp;nsanon.[ !
random active metamaterial. This enables us to deliver three different Other active nanostructured _systems
. . X Ifinduced low disorder). localizati include magnetic metamaterials for

- i ‘se A e TSPETE (‘ow h tunable reflection,"  graphene-based
regime (moderate disorder), and light amplification (strong disorder) random metamaterials, ¥ and hybrid
corresponding to strongly different light pulse speeds. Since this control could metal-semiconductor metasurfaces for
be realized via rather plain tools, like simple pump tuning, the proposed polarization switching and light-beam

steering.!'! There are a multitude of stud-
ies on novel laser sources based on active
metamaterials, from dark-state lasing
in metal-dielectric systems''” to metas-
tructures  utilizing  superconducting
1. Introduction qubits™ and rz.mdomly dispersed gr:.iphene ﬁakes.“”_ The fruit-
fulness of studies devoted to photonic systems containing both
Since the first optical metamaterials utilized plasmonic effects  loss and gain is vividly illustrated by the great attention to the so-
and were based on metal-containing nanostructures, the prob-  called PT-symmetric structures in recent years. Although such
lem of losses has arisen from the very beginning of this field. ~ systems are often developed on the basis of waveguides and cav-
The idea to add active (gain) components to nanoplasmonic ities (see, e.g., recent reviews!'?’)), there are also proposals of
metamaterials to compensate losses was a natural next step.!!.  PT-symmetric metamaterials,”*' !
This concept was successfully applied to negative-refractive-index In this paper, we modify the usual loss-gain setting by intro-
metamaterials’>’l which were of primary interest in the early in-  ducing another variable into system — disorder. Since the seminal
vestigations in nanophotonics. The topic of active metamaterials  paper by P. W. Anderson'*) who predicted the localization of mat-
ter waves in disordered lattices, the concept of Anderson localiza-
tion was transferred to optics and became the starting point of the
Dr. D. V. Novitsky fruitful field of disordered photonics.”** It turned out recently

B. I. Stepanov Institute of Physics that disordered metamaterials are of great interest not only due
National Academy of Sciences of Belarus

disordered medium opens a room of opportunities for designing a peculiar
active component for a whole set of highly demanded optical applications.

68 Nezavisimosti Avenue, Minsk 220072, Belarus to Anderson localization *?’] but also can serve for observation
E-mail: d.novitsky@ifanbel.bas-net.by of topological state transitions, ! transmission enhancement,?”!
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tures, it should be mentioned that disordered photonics with
active materials has a long history. The main concern of these
studies was perhaps random lasing based on multiple scatter-

Dr A S. Shalin ing of light in amplifying disordered media. The standard ap-
Ulyanovsk State University proach to reach random lasing is to use solid-state powders,*! in-
42 Lev Tolstoy Street, Ulyanovsk 432017, Russia cluding semiconductors,*” and dye solutions with scatterers.*’!

More advanced variant is a fiber laser with random distributed
feedback.***l Recently, random lasing in the Anderson localized
regime was reported both in 2D disordered photonic crystals!*’)
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and disordered optical fibers.” Random lasing systems can be
also utilized for switching® and nonlinearity-induced modifica-
tion and competition of laser modes. 4!}

We study the disordered 1D layered structure with resonant
loss and gain. Another feature of our consideration is the em-
phasis on the dynamics of a short pulse propagation. Therefore,
our results belong not only to the fields of active and disordered
photonics, but also continue the long chain of investigations de-
voted to the coherent pulse propagation in resonant media.*”l In
particular, our analysis is naturally connected to the studies of
self-induced transparency (SIT)"*** and related coherent effects
such as the formation of population density gratings'*>#l and col-
lisions between solitonic pulses.*7#%

In the pioneering work by Folli and Conti,"™” the interplay be-
tween SIT and localization was studied for the first time. They
considered the disordered multilayer formed by randomly chang-
ing layer thicknesses with incorporated two-level particles. In
other words, the disorder was in the background medium of the
structure, so that the commonly known localized states of light
form then interact with the SIT pulses supported by the non-
linearity due to the two-level particles. Here we are interested
in the systems with disorder in the parameters of the resonant
part of the system, whereas the background is uniform. In our
recent paper,®!! we have proposed the concept of a disordered
resonant medium which is the realization of such a system. It
can be considered as a multilayer metamaterial with the density
of active particles randomly varying from layer to layer. We have
studied pulse localization in this model and analyzed the tran-
sition from SIT to localization as a function of a number of pa-
rameters, such as disorder parameter, mean particle density, total
length, and the thickness of constant-density layers. Localization
in this framework results in a strong suppression of the trans-
mission and enhancement of both the reflection and absorption.
In a further study,” these observations were used to propose a
transmission modulation scheme based on disorder-induced in-
elasticity of pulse-pulse collisions.

In contrast to those passive systems, here we assume that the
density of active particles is uniform and study another class of
disordered resonant media with randomly varying initial popula-
tion difference. Such a medium can be viewed as a sort of active
disordered metamaterial and represents a set of layers with dif-
ferent levels of loss and /or gain. The ordered case is just the uni-
form resonantly absorbing medium, whereas the introduction of
a disorder means appearance of excited layers: the stronger the
disorder, the larger the excitation. Since it is not obvious how such
systems respond to the external pulsed excitation, we analyze sev-
eral concrete models of disorder and demonstrate three different
regimes of pulse interaction with the system: the SIT regime, the
localization regime, and the amplification regime. The first one is
observed at a low disorder and is characterized by almost unper-
turbed slow soliton propagation. The localization regime occur-
ring at an intermediate disorder implies low output and strong
absorption of a radiation inside the structure. At a large disorder,
the signal rapidly appears at the back end of the structure, and
the total energy of the transmitted and reflected light is amplified.
One can switch between these regimes by changing disorder pa-
rameter, for example, via change of pumping. This allows us to
obtain dramatically different responses (transmission and reflec-
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Figure 1. Schematic depiction of the system under consideration. Differ-
ent shades of blue and red denote different levels of loss and gain, respec-
tively.

tion) at different levels of disorder that can be used as a basis for
tunable optical devices.

2. Governing Equations

The system considered in this paper consists of a background
dielectric doped with active (two-level) atoms (Figure 1). Light
propagation in this medium can be described in the semiclas-
sical approximation by the well-known Maxwell-Bloch equa-
tions. Namely, we have differential equations for the dimension-
less electric-field amplitude Q = (u/hw) E (normalized Rabi fre-
quency), complex amplitude of the atomic polarization p, and
population difference between the ground and excited state w!*?)
(see also ref. [49]):

ﬁ = ilQw +ips — yp (1)
dw T .
2. =B =) —pw-1) )
aQ  ,9%Q 4 ., ,
TEZ—ndTﬂ+Zt¥+2md¥+md—l)Q
3p Lop
_3‘l(ﬁ —2ig- —p) @)

where t = wt and & = kz are the dimensionless time and dis-
tance, p is the dipole moment of the quantum transition, h
is the reduced Planck constant, § = Aw/w = (wy — w)/w is the
normalized frequency detuning, o is the carrier frequency, w,
is the frequency of the quantum transition, y; = 1/(»T;) and
y» = 1/(0T;) are the normalized relaxation rates of population
and polarization respectively, and T, (T;) is the longitudinal
(transverse) relaxation time. The dimensionless parameter ¢ =
w1 /o = 47 > C /3haw is responsible for the light-matter coupling,
where C is the density of two-level atoms and w; is the nor-
malized Lorentz frequency. Quantity | = (n? + 2)/3 is the local-
field enhancement factor due to the polarization of the back-
ground dielectric with refractive index n, by the embedded active
particles.””” Further we numerically solve Equations (1)—(3) using
the finite-difference approach described in ref. [54].

We limit our analysis to the 1D system described above as it
is usually done in analysis of SIT and similar effects. The pa-
rameters used for calculations are characteristic, for example,
for semiconductor quantum dots as the active particles:***% the
relaxation times Ty = 1 ns and T, = 0.1 ns (much larger than
light pulse duration, that is, we are in the coherent regime), the
Lorentz frequency ) = 10'? s™! (if not stated otherwise), and
the exact resonance (§ = 0). The full thickness of the medium

©2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Examples of initial population difference wy distributed along
the medium for the model of disorder given by Equation (4). The thickness
of the layer with constant wq is 5L = 4/4 and the disorder strength is
r=1

L = 1000x. Incident light pulses have the central wavelength
% =0.8 pm and the Gaussian envelope Q = Q, exp (—t*/2t})
with the pulse duration of t, = 50 fs. For pulses of such short
duration, we can safely neglect the influence of the near dipole—
dipole interactions between the two-level emitters’”! as well as
the inhomogeneous broadening."® The peak Rabi frequency is
given by Q, = @y = 1/+/27ct, which corresponds to the pulse
area of 2 (the 27 SIT pulse). Without loss of generality, we take
na = 1; similar results can be obtained for other values of back-
ground refractive index as will be shown directly.

The disorder is introduced through the periodical random vari-
ations of the initial population difference wo = w(t = 0) along
the light propagation direction (see Figure 1). Further we con-
sider the concrete model of disorder, which is the simplest exam-
ple of a general class of disorder allowing to study its influence
on the system’s response. The model considered implies that the
initial population difference in a given layer can take on any pos-
sible value. In Supporting Information, our findings are backed
with calculations for the two other models of disorder — the two-
valued one with layers either fully inverted or totally unexcited
and the generalized one which is a straightforward modification
of the previous two. We believe that the behavior of light pulses
will be qualitatively the same for different specific models of dis-
order, so that we can limit ourselves to the simplest ones used in
this paper.

3. Results

The model of disorder considered here implies that the initial
population difference in the jth layer of the medium correspond-
ing to the distance (j — 1)8L < z < jSL is given by

wd =1-25r (4)
where ¢; is the random number uniformly distributed in the
range [0; 1] and r is the parameter of the disorder strength. When

r = 0, we have the trivial case of purely absorbing (lossy) medium
(all Y’ = 1). On the contrary, r = 1 corresponds to the maximal
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disorder, when loss and gain have equal probability to appear. In
other words, the system can be considered as a multilayer (total
thickness L) consisting of slabs (thickness § L) with different ini-
tial population differences, that is, different parts of the medium
are under different pumping (see Figure 1). Forr > 0.5, the gain
layers with w§’ < 0 become possible. Thus, the parameter r not
only governs deviation from the ordered case of pure loss, but
also takes on the role of pumping strength resulting in appear-
ance of gain. An example of distribution governed by Equation (4)
is depicted in Figure 2 for the period of random density variations
8L = A/4 and maximal disorder r = 1.

(8)4 [ .‘ T : T T ]
Reflection+Transmis: on'
3 4
0 1
.S 201 s
5150 ]
a
§ 10+ .
2051 1
w
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(b)12<
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3
0
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Disorder strength r

Figure 3. a) Average output energy of transmitted (bottom) and reflected
(middle) light as well as their sum (top) as a function of the disorder pa-
rameter r calculated within the model of disorder given by Equation (4).
Energy averaged over 100 realizations was calculated for the time inter-
val 500t, and was normalized on the input energy. The layer thickness is
8L = A/4. The error bars show the unbiased standard deviations for the
corresponding average values. b) The ratio of average values of reflection
and transmission as a function of r.
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Figure 4. Profiles of a) transmitted and b) reflected intensity for different
values of the disorder parameter r calculated within the model of disorder
given by Equation (4). Profiles are averaged over 100 realizations, the layer
thickness is 5L = A/4.

Figure 3a shows the mean values of transmission and reflec-
tion for different levels of disorder calculated in the framework
of the model (4). One can distinguish three different regimes
of a pulse interaction with the disordered resonant medium. At
low disorder (r < 0.2), we have the SIT regime with high trans-
mission and the resulting pulse corresponding to a SIT soliton
[see the profile in Figure 4a at r = 0]. Remind that SIT is the
nonlinear effect of high-intensity ultrashort pulse transmission
through the resonantly absorbing medium.*>*!l The pulse dura-
tion should be much shorter than relaxation times of the medium
(t, << Ty, T), sothatthe energy absorbed at the front edge of the
pulse can be coherently returned to the pulse at its trailing edge.
As a result, the solitonic pulse of a specific form can be observed
propagating through the medium with low attenuation. This is
exactly what we see in Figure 4a.

For r > 0.2, the transition to localization occurs with grad-
ual decrease of transmission and increase of reflection and
absorption. In this case, localization means that the radiation
gets trapped inside the structure in the form of population
inversion.”**!! This trapping happens closer to the entrance
as disorder grows, so that the slowing down SIT pulses and
almost standing population inversion can be observed as
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Figure 5. The distributions of a) light intensity and b) population differ-
ence atdifferent moments of time for a realization of disorderwithr = 0.4.

shown in Figure 5 for a realization with r = 0.4. Another sign
of transition to localization is the increase of variancel® —
the statistical value related to the standard deviation shown
in figures with the error bars. It is indeed seen that the
standard deviation (hence, variance) increases near the tran-
sition to the localization regime (r = 0.3 in Figure 3a), which
means strong fluctuations of response from realization to
realization.

The average transmission profile at the point of this transition
[Figure 4a at r = 0.3] contains several residual peaks due to the
presence of strongly attenuated pulses at the output in some re-
alizations, whereas the average reflection profile [Figure 4b] has
an almost linear slope. For 0.4 < r < 0.7, we have the localiza-
tion regime with very low and almost uniform transmission and
reflection slowly growing with r. The average intensity profiles
(Figure 4 at r = 0.6) have sharp leading edge and exponentially
decaying trailing edge.

For r > 0.7, the second transition occurs, from localization to
amplification regime, with the rapidly growing transmission and
reflection. The large standard deviations in this regime indicate
thatindividual realizations of a disorder can strongly deviate from
the mean response, but the amplification is relatively large in all
realizations. The average profiles (Figure 4 at r = 1) have sharp
peaks and flat tails. It is interesting that the transmission peak
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in this case appears at the back end much faster than the SIT
soliton at r = 0. The simple estimation shows that the peak cor-
responds to the time needed for photons to almost freely pass
through the medium (At & L/c % 50t,), in contrast to SIT
regime with slowly moving solitons (At ~ 380t,). Thus, vary-
ing the degree of disorder, we have the possibility to control the
response time of the medium via registering the transmitted sig-
nal: from relatively long times (SIT regime, slow pulse) to infinite
time (localization regime, no pulse) to relatively short times (am-
plification regime, fast pulse).

Another feature is that changing the disorder parameter (e.g.,
by changing pumping) allows us to switch between the regimes
with the prevailing transmission and reflection. Indeed, as we
see in Figure 3b, the transition from SIT to localization regime
means that the cumulative reflected energy is much higher than
the transmitted one, the optimal ratio being atr = 0.7, at the edge
of the localization regime. If we do not compare the total ener-
getic characteristics, but the signal levels shown in Figure 4, we
can see essentially the same behavior: from the almost zero re-
flected signal due to SIT (r = 0) to the prevailing reflected signal
(r = 0.6) and back to the transmitted signal an order of magni-
tude stronger than the reflected one (r = 1). Thus, varying the
degree of disorder, we have the possibility to control the reflection-
to-transmission ratio back and forth.

The results reported above were obtained for § L = 1/4 as the
thickness of layers with constant initial population difference. Let
us now discuss the influence of this parameter on the perfor-
mance of the disordered medium. We choose the value r = 0.5
sitting in the middle of the localization regime and calculate the
average transmission and reflection for different § L as shown in
Figure 6. (Note that we use smaller number of realizations — 25
instead of 100, — since our experience evidences that such num-
ber is quite enough to make reliable conclusions). We see that the
optimum for localization (i.e., minimum of total output) is in the
range 0.11 < §L < 0.251 that is in a very good accordance with
the results on the problem reported in ref. [51].

In Supporting Information, we show that similar results can
be obtained for two other models of disorder. In particular, in
the framework of the so-called two-valued model, we analyze the
importance (and optimization) of the medium thickness and the
average concentration of active particles. It is also demonstrated
that the same regimes discussed above can be observed in the
more realistic structures with non-vacuum host medium.

As to possible experimental implementation, the random dis-
tributions of the population difference can be created, for ex-
ample, in a side-pumping scheme similar to that utilized in
ref. [60]. According to our model of disorder, Equation (4), the
random numbers ¢; set the random variations of population dif-
ference along the radiation propagation direction. This disorder
can be introduced into our system within a side-pumping scheme
through periodic placing absorbing strips of random thickness
on the structure. Different strips will block different portions of
pump, so that different regions of the medium will be differ-
ently and randomly excited. The disorder parameter r, which gov-
erns the strength (or degree) of disorder, shows, how large the
variations of population difference are. It can be tuned simply
by changing pump intensity, so that at the same distribution of
random numbers ¢;, stronger pumping results in larger ampli-
tude of population-difference variations. Within this conceptual
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Figure 6. Average output energy of transmitted (bottom) and reflected
(middle) light as well as their sum (top) as a function of the layer thick-
ness L. The disorder parameter is r = 0.5. Energy averaged over 25 real-
izations was calculated for the time interval 500t, and was normalized on
the input energy.

scheme, one can create the distributions of loss and gain with
different disorder strengths on demand.

4. Conclusion

In conclusion, we have studied the propagation of ultrashort
pulses in the resonant multilayered medium with initial pop-
ulation difference randomly varying along the propagation
direction. In contrast to previous considerations of SIT and
localization,"*5! we deal with not passive, but active system
with disordered loss-gain distribution and uniform background.
Calculations performed for three possible models of the disor-
der reveal two transitions (and, correspondingly, three different
regimes) as the disorder in such a system grows and the medium
starts to strongly deviate from the uniform absorbing medium.
The transitions are: from the SIT regime to the localization
regime and then to the amplification regime. The latter appears,
only when the population difference can take negative values
and the disorder parameter is large enough. Coexistence of the
three regimes in the same system opens a room of opportunities
for a flexible control over the optical response of the medium.
In particular, we show the possibility to govern the reflection-
to-transmission ratio and the speed of a pulse propagation
through the medium by changing the disorder parameter via, for
example, utilizing tunable pumping. Thus, we propose the active
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multilayered ~ disordered ~metamaterial-like system (e.g.,
quantum-dot-based) enabling us to switch between differ-
ent light-interaction regimes, which is of high demand for a
variety of applications, such as imaging, signal processing, and
as a basis for ultracompact light absorbers (localization regime).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Structured environment controls dynamics of light-matter interaction processes via modified local density
of electromagnetic states. In typical scenarios, where nanosecond-scale fluorescent processes are involved,
mechanical conformational changes of the environment during the interaction processes can be safely neglected.
However, slow decaying phosphorescent complexes (e.g., lanthanides) can efficiently probe micro- and mil-
lisecond scale motion via near-field interactions with nearby structures. As the result, lifetime statistics can
inherit information about nanoscale mechanical motion. Here we study light-matter interaction dynamics of
phosphorescent dyes, diffusing in a proximity of a plasmonic nanoantenna. The interplay between time-varying
Purcell enhancement and stochastic motion of molecules is considered via a modified diffusion equation,
and collective decay phenomena is analysed. Fluid properties, such as local temperature and diffusivity,
are mapped on phosphorescent lifetime distribution and then extracted with the help of inverse Laplace
transformation. The presented photonic platform enables performing contactless all-optical thermometry and
diffusion measurements, paving a way for a range of possible applications. In particular, detailed studies of
nanofluidic processes in lab-on-a-chip devices, challenging for analysis with other optical methods, can be

performed with time-dependent phosphorescence.

DOI: 10.1103/PhysRevB.101.035420

L. INTRODUCTION

Light-matter interaction processes strongly depend on both
internal structure of quantum systems and surrounding envi-
ronments [1]. While the first factor in a vast majority of sce-
narios is pre-defined by nature, the latter one can be modified
by carefully designed nanostructuring [2-6]. Purcell enhance-
ment of spontaneous emission rates with plasmonic nanoan-
tennae is one among prominent examples of tailoring first-
order light-matter interaction, e.g., Refs. [7.8]. The essence
of structuring-inspired manipulation can be understood via
local density of electromagnetic states (LDOS), which enter
interaction Hamiltonians governing quantum processes of any
order [9,10]. LDOS is directly related to a classical Green’s
function, which allows formulating quantum problems in
terms of pure classical electromagnetic quantities.

Common approach to address light-emission processes is
based on time-dependent perturbation theory in the case of
weak coupling regime, or on the complete solution of dynamic
equations in more advanced strong coupling scenarios. In
both cases, however, strength of the fundamental interaction
parameter is time independent. This approach is well justified
in cavity quantum electrodynamics, where the environment is
static and does not change during the interaction. In colloidal
applications, where a solution of particles can undergo either

"denis.a kislov@gmail.com

2469-9950/2020/101(3)/035420(7)
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ordered or random motion, dynamical changes of the environ-
ment can be also neglected under certain and commonly met
approximations. For example, fast virtual level assisted non-
linear processes and even dipole-allowed nanosecond scale
fluorescent decays are orders of magnitude faster than slow
microsecond-scale changes in fluidic environment.

In a sharp contrast to dipole-allowed fluorescent tran-
sitions, phosphorescent dyes are characterized by micro-
and milli- second slow decays, which originate from funda-
mentally different quantum process — spin flip followed by
the photon emission transition. In particular, phosphorescent
(e.g., Ref. [11]) and rare earth (e.g., Ref. [12]) luminescent
molecules have characteristic decay times in a range of mi-
cro and even milliseconds scales. Those properties can be
employed for different imaging techniques, such as gated
photoluminescence microscopy [13], and also can be affected
by nanostructuring [14-17]. In terms of fundamental light-
matter interaction processes, phosphorescent timescales can
be comparable with conformational changes inside colloidal
environment. For example, a spherical molecule in water at
room temperature has an average drift of several hundreds
of nm during the time period of 100 us. This nanoscale
displacement between an emitter and a nanoantenna is enough
to dramatically change the decay rate, as it will be shown
hereafter. It is worth noting that conformational changes are
still significantly slower than the optical carrier frequency
and allow applying time-scale separation approach for the
theoretical treatment. This approach has been recently applied

©2020 American Physical Society
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FIG. 1. The schematics of the system-diffusion of slow-
decaying phosphorescent dyes next to a resonant nanoantenna.

to velocimetry mapping with phosphorescent emitters [18]
and for analysis of rotational micro-Doppler effects [19,20].

Here we develop a theoretical framework for treating diffu-
sion processes of slow-decaying phosphorescent compounds
in a solution of resonant optical antennae (Fig. 1). An as-
sembly of emitters, dissolved in a liquid mixed with metal
nanoparticles, is pumped with an external illumination. Slow-
decaying dyes diffuse in the vicinity of resonating nanoparti-
cles and change their emission on the timescale, comparable
with the spontaneous decay. As the result of this interaction,
the information on the fluid dynamics is imprinted in the
photon statistics.

The manuscript is organized as follows: the basic diffusion
model with an additional decay term associated with the
position-dependent Purcell effect is introduced in Sec. II.
Contrary to traditional description of diffusion processes, the
overall number of excited emitters is kept as a variable.
Orientation-averaged and position-dependent Purcell factor is
calculated next. The analysis is based on the evaluation of
classical Green’s functions via Mie series expansion. Solution
of the diffusion equation with the position-dependent Purcell-
driven decay factor comes as the main result in Sec. IID,
followed by the conclusions in Sec. IV.

II. THEORETICAL FORMALISM
A. Diffusion model

The proposed diffusion model describes the density of
excited and time-decaying molecules, undergoing Brownian
motion in a proximity of metal or dielectric nanoparticles
(Fig. 1). Since the later objects have significantly higher
mass, they can be assumed to be static during the interaction
(however, the reference frame can be linked directly to the
resonator, which is static in its rest frame). The concen-
tration of excited molecules is n(r,f) and it depends not
only on the diffusion in a solvent, but also on time via
Purcell-enhanced interactions with a nearby nanoantenna.
This position-dependent decay rate can be written as y (r) =
yoF (r), where F(r) is the Purcell factor and r stays for the
distance between the nanoparticle and the excited molecule. In
free space, without a particle present, the characteristic decay
time is 7o = 1/y. For lanthanide complexes it can vary from

s to ms depending on an internal structure and surrounding
solvent, which can quench the radiation.
The diffusion equation for this type of a process can be

written as

on DAn (r)n (1)

—_— = Ji r)n,

a 4
where D is the diffusion coefficient of phosphorescent
molecules. Purcell effect introduces an additional spatially
dependent decay channel. Diffusion coefficient (D) generally
depends on temperature and other parameters of an environ-
ment, which can be related to each other via Stokes—Einstein
relation:

Dy, _ Thprp

D, Tpr’

)

where 1 is a solvent’s dynamic viscosity and subindices cor-
respond to different local temperatures [21]. This dependence
can provide a new methodology for local temperature sensing
via Purcell-effect-induced luminescence modification, as it
will be shown with forthcoming analysis.

Hereinafter, the model will concentrate on the interaction
dynamics with a single spherical particle by assuming radial
symmetry of the entire scenario. It means that the pumping
mechanism is also isotropic (unpolarized) and it induces a
spatially dependent excitation of molecules in the region
under consideration. While the antenna effect for pump can be
also introduced, here for the sake of simplicity we assume a
Gaussian initial distribution of the form n(r, 0) = nge=>"/%*,
where R, is the waist radius of a tightly focused pump laser
beam. Under the simplifying conditions, we can neglect the
angular dependence of concentration and recast Eq. (1) in
spherical coordinates by leaving only the radial component:

on Dafn ,Don 5

% Lgp iy VO @)
We will solve Eq. (3) numerically in a range of r from
the radius of the nanoparticle (a) to a certain value R > a.
This allows us to set the boundary conditions as an absence
of molecular flow near the surface and far away from the
nanopanicle%?'” = w = 0. This assumption relies on
relatively low density of nanoparticles in the liquid. To obtain
the solution of Eq. (3), position-dependent Purcell Factor
should be estimated, which will be done next.

While the proposed model assumes low concentration of
plasmonic nanoparticles, it can be extended to scenarios that
are more complex. Increase in the concentration can lead to
emergence of several effects. For example, dye molecule can
drift from one resonator to another—in this case, boundary
conditions for Eq. (3) should be modified. For dense nanopar-
ticle solutions, antenna-antenna interaction start playing a
role, giving rise to collective modes. In this case, LDOS
based on Green’s functions formalism should be revised.
The general model for the case of high concentration should
address both of the beforehand mentioned aspects and cannot
utilize the radial symmetry, assumed for deriving Eq. (3).
To justify the low concentration assumption, the volumetric
fraction of gold nanoparticles should be less than a single
one per focal volume of a collecting objective. Also, the
mean-squared displacement of diffusing molecules during
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their decay time should be smaller than an averaged spacing
between gold nanoparticles. Furthermore, high concentration
of emitting molecules can lead to additional decay channels
(concentration quenching), which can complicate the overall
dynamics beyond the proposed model. Optimal concentration
values around 100 «M [22] and other beforehand mentioned
conditions can be met in a possible experimental realization.

B. Position and orientation averaged Purcell enhancement

Electromagnetic Green’s function of a radiating dipole next
to spherical dielectric particle has a closed form analytical
solution based on Mie theory. This allows to obtain analytical
expressions for Purcell factor, describing the enhancement of
spontaneous emission rates in the vicinity of nanoparticles as
follows [23,24]:

0o
FM(r) = %Zm(m +D@2m+1)

m=1

2

Ym(kr/2q) w4 Em(kry/2q)

X 3 m 7|
(kry/ea) (kry/ea)
3 Y (k1 \/€2) Enlkrea) [}
Friry =33 @m+ 1)( + By
4 ooy kr/eq kr./eq
VakryEa) | EakryED) [
+‘ i e +An kr e : 4)

where F[* and £ stay for radiative enhancement of the
emission in the case, when the dipole moment of a molecule is
either perpendicular or parallel to the nanosphere surface. In
the case, when the molecules are randomly oriented in respect
to the sphere, the average enhancement is given by F™(r) =
_%ﬁ{"“(r) + _%Ff‘“(r). Corresponding fotal rate enhancements
are given by

S
R =1+33 @m+1)
m=1

2 ' 2
x Re B,,,(&”(krﬁ)> +A,,.<E'"(kr\/67)> s

kr/eq kr\/eq
3- oo
F'(r)=1+ 5 Z_;m(m +12m+1)
_m_ 2
x Re A,,,(g—”’(k"‘/g—‘i)) ’ )
(kr/ea)”

In Eqgs. (4) and (5) &4 is the dielectric permittivity of the
environment, kK - wavenumber in vacuum, A,, and B,, are Mie
coefficients (widely used notions have been used [23.24]),
m — number of multipole terms, ,,(x) = Xj,u(x), &,(x) =
xh{P(x), where j,(x) and (" (x) are, respectively, spherical
Bessel and Hankel functions of the first kind.

Radiative and nonradiative enhancements should be dis-
tinguished, as they influence the light-matter interaction in
different ways. Total radiative lifetime governs the decay
dynamics, while the radiative contribution is responsible for

—Fu

tot

- Frad(r)

nonrad

()

rla

FIG. 2. Purcell enhancement next to a gold (50-nm-radius)
nanoparticle. Orientation-averaged total, radiative, and nonradiative
enhancements (black, red, and green lines, respectively) as a function
of the normalized distance (to the particle’s radius) between the
dipole and particle’s surface. Detailed parameters are given in the
main text.

a number of photons detected at the far field. The differ-
ence between radiative and total rates is the result of losses
within the particle [25]. While in a majority of optoelectronic
applications only the radiative enhancement is a factor for
maximization, our diffusion model requires the knowledge
of the total decay rate. The information about local prop-
erties of the fluid, however, can be analyzed via collecting
emitted photons. Separation into radiative and nonradiative
channels, based on Green’s functions formalism, can be also
preformed [26].

Radiative and total enhancements are plotted as the func-
tion of the distance between the emitter and the gold nanopar-
ticle (Fig. 2). The following typical parameters have been
used—the radius of the spherical particle is 50 nm, the optical
properties of gold were taken from [27]. The phosphorescent
emission central wavelength is 690 nm. It can be seen that
nonradiative channels prevail the decay dynamics in the close
proximity of the particle, while at distances larger than 100 nm
the influence of the particle is minor, and Purcell enhance-
ment approaches unity (no enhancement). Qualitatively, it
means that far-situated fluorophores will contribute to the
background radiation and will decay with the rate of y,. Those
contributions can be factorized by applying lifetime distribu-
tion post-processing techniques [28]. The most relevant region
for observing the diffusion dynamics via photon counting
is situated at distances of 20-100 nm from the nanoparticle
surface.

C. Temperature dependence of the diffusion coefficient

Taking into account the spatial distribution of the Purcell
enhancement and low density of the dissolved nanoparticles,
electromagnetic coupling between neighboring nanoantennas
can be ignored. Furthermore, contributions of the emitters
situated far apart from the particle are neglected, since their
lifetimes are unmodified during the diffusion process, as it was
previously discussed.
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FIG. 3. Radial distribution of excited dye molecules density in a vicinity of the particle. Different times, elapsed from the pump pulse
are represented with color lines (in captions—{0 : 6 : 0.17] the interval is equidistantly divided into six sections). Diffusion coefficients
(D [pem?/ms]) are: (a) 0, (b) 0.2, (¢) 1.6. Other parameters: @ = 50 nm, R, = 4.8a, tp = 300 ps.

The diffusion coefficient of emitters is given by the Stokes-
Einstein relation assuming spherical shapes of the molecules
and low Reynolds numbers, which are justified in the case of
nanoscale objects dissolved in water [29]:

kgT

PO = TR

(6)
where p is the dynamical viscosity of the solvent, T is
absolute temperature, and Ry is the radius of the light-
emitting complex. Ryo & 0.5-1nm for the molecules, which
are discussed here [29]. There are empirical models relat-
ing dynamical viscosity and local temperature. For example,
distilled water obeys pu(7') = AOJOBD/T “, where Ag = 2.4 x
107 Pas, By =247.8K u C, = 140 K. In this case, the
diffusion coefficient for a range of organic compounds (e.g..
eosin, rose bengal, erythrosine), which possess relevant phos-
phorescent properties [30], will fall in the following range:
0.2 = 1.6 pm?/ms (from 273 to 373 K).

D. Analysis of the diffy

Having the values of the diffusion coefficient and the
position-dependent Purcell factor, the entire model can be
solved now. Figure 3 shows the density of the excited
molecules as a function of the distance from the particle at
different instances of time. Color lines correspond to different
times elapsed from the instance of the pulsed pump excitation.

It can be seen from Fig. 3 that when the diffusion co-
efficient is very small (panel a) the population of excited
dyes drops down fast next to the particle and there is no

. . .
pired y S

Brownian inflow towards it. However, when the diffusion
is efficient, slow decaying molecules (unaffected by Purcell
enhancement) flow in and start sensing the presence of the
antenna. As the result, they become decaying faster. This
dynamical behavior is clearly seen by comparing panels a, b,
and c. The diffusion kinetics has a direct replica on the lifetime
distribution, which can be measured at the far field.

Intensity, collected at the far field, has the following time
dependence:

Reoliection 70 027
I(t) ~ f f f F™(r) yon(r, t)r?sin® (9 )drd 0 d p.
a 0 0

(@)}
R_ollection N€Te corresponds to the focal volume of a collecting
objective and it is supposed to be much larger than the spot
size of the exciting beam Rj, (this assumption does not affect
the main result, however). Note that the time dependence
solely originates from n(r, t). While n(r, t) is governed by the
total decay rate, the emitted intensity in Eq. (7) also depends
explicitly on the radiative Purcell enhancement. Figure 4(a)
demonstrates the time-dependent intensity decay for different
values of the diffusion constant. It is clearly seen that in the
chosen range of parameters the intensity drops faster with the
increase of the diffusivity. When the molecules are randomly
moving around the antenna, they have larger probability to be
found in its vicinity and, as a result, they experience larger
Purcell enhancement.
The kinetics of the collected intensity can be used as
a tool for diffusion and, hence. temperature detection. To
demonstrate this, we apply the inverse Laplace transformation
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Phosphorescence of erythrosine
molecules in water

== == Intrinsic

=0 um?ims
2 ym/ms
=1,6 umims

0 100 200 300
t(us)

o
I
o

Temperature (K)
25 3475

73 295 3 3865
E) ?

0,2 pméims.

e
]
<1

2
0.154 1,6 um?/ms

Peak position (js)

0.104

02 04 08 12 18
Diffusion coefficient (um?ms)

0.05 ] 54321

Laplace transform amplitude (a.u.)

=4
o
<]

10

100
T (us)

1000

FIG. 4. (a) Normalized intensity (log-scale) decay of the dye molecules in a vicinity of the particle for different diffusion coefficient values:
Intrinsic phosphorescence of erythrosine molecules in water (no particle present) and with the particle present for D [um?/ms] = 0, 0.2, and
1.6. (b) Lifetime distribution analysis of the collected luminescence signal. Color lines correspond to different diffusion coefficients and, hence,
temperatures. The inset shows the position of the secondary (numbered) peak as the function of the diffusion coefficient. The decay time is
derived from the regularized inverse Laplace transformation. The radius of the collecting objective focal volume is R.gjjeciion = 10a.

on the function /(t) given by Eq. (7). Namely, the intensity can
be represented as
00
I(r) =[ g(s)e™"ds, (8)
o

where § = 1/t is the inverse relaxation time. We solve this
equation using the numerical approach similar to that re-
ported in Ref. [28] and get the distribution g(s) for different
exponential contributions to the total luminescence kinetics.
The result is shown in Fig. 4(b), where the nonexponential
response of the system is clearly seen. The right strongest peak
corresponds to the free-space relaxation time of the molecules
(70 = 300 ps). The secondary peak on the left is associated to
the Purcell effect and contains the information on the diffusion
characteristics. Indeed, it is seen that the increase in the
diffusion coefficient results in further shift of this secondary
peak towards shorter lifetimes due to increasing probability
for molecules to approach to the metal nanoparticle. The
position of this peak as a function of the diffusion coefficient
and, consequently the temperature, is shown in the inset.
Therefore, it becomes possible to measure temperature and
diffusion coefficient in a liquid via the proposed photonic
contactless design. This pronounced dependence of the optical
signature of phosphorescent molecules on surroundings can
be extremely useful for remote all-optical temperature control.

III. OUTLOOK

Quite a few spectroscopic methods have been devel-
oped for thermometry applications. For example, different
types of vacancies in nanodiamonds were shown to serve
as an excellent platform for high-resolution temperature
mapping [31,32]. Micro-photoluminescence measurements of
quantum well structures can be used for mapping cryogenic
temperatures [33]. Quite a few proposals and demonstra-
tions have been developed for measuring temperatures in
microchannels [34-37] and diffusion coefficients of reagents
in microfluidic cells [38,39]. Monitoring and control of fluid
properties, such as temperatures and viscosities, as well as as-
sociated mass transfer processes (including diffusion), is cru-
cial in many biochemical, biological and medical applications.

For example, several degrees deviations significantly affect
efficiencies of polymerase chain reactions [40], the heating
mode in the Reimer-Tiemann reaction [41], crystallization
process of quantum dots formation [42], and many others. En-
vironmental control is especially important for protein-based
biotherapeutic drugs, which are very sensitive to tempera-
ture fluctuations (for example, insulin [43] and monoclonal
antibodies), which are a new class of biotherapeutic drugs
used to treat various diseases, such as autoimmune diseases
and cancer [44,45]. Therefore, microanalysis methods provide
significant benefits for characterizing the degradation of such
drugs, because native protein solutions have different viscosi-
ties in comparison to degraded samples [46,47].

Our approach for measuring the diffusion coefficient and
temperature offers flexible solutions for the beforehand men-
tioned applications. Under experimental constrains, resonant
metal nanoparticles can be mixed with a fluid within a chan-
nel. However, nanoantennae array can be directly deposited
on channel boundaries (e.g.. Ref. [48]). Analyte solution is
then mixed with slow-decaying molecules. Erythrosine, eosin,
bengal rose, and rare-earth metal ion complexes are among the
candidates that can be employed in the experiment. This ver-
satility provides flexibly in choosing certain spectral range for
analysis as well as identifying characteristic decay times, most
suitable for a desirable range of solvent’s viscosity. Relevant
concentration, antennae spacing and other conditions, which
simplify data interpretation, have been discussed after Eq. (3).
High numerical objective should be used for pumping the
dyes and for collecting the emission. While time-correlated
single photon counting (TCSPC) techniques should be used
for retrieving time-dependent intensity decay, slow decaying
phosphorescence can be detected with sensitive photodiodes.
capable to resolve the signal in time.

IV. CONCLUSIONS

Lab-on-a-chip architectures, capable to accommodate sev-
eral sensing functions within in a miniature device, is a fast-
growing field attracting ever-increasing attention. However,
hardware realizations of many important functionalities are
often face challenges, especially in cases when nanoscale

035420-5

167



DENIS KISLOV et al.

PHYSICAL REVIEW B 101, 035420 (2020)

resolution is required. Here we developed a novel concept
for contactless all-optical temperature and diffusion measure-
ments, which are enabled by dynamic time-dependent Purcell
effect in a solution of phosphorescent molecules interfacing
resonant nanoantennae. Dynamics of the long lifetime phos-
phorescent molecules decay is shown to be strongly depen-
dent on the Brownian motion next to a resonator. This special
interaction is described with temperature-dependent diffusion
coefficient of the surrounding liquid. Subsequently, far-field
radiation emitted from diffusing molecules is analyzed via
the inverse Laplace transform and exploited to recover local
properties of a fluid environment. As the result, an efficient
contact-free approach to measure required hydrodynamical
characteristics of a liquid in a broad temperature range with

nanoscale spatial resolution is demonstrated. Moreover, the
proposed method can utilize biologically compatible com-
pounds demonstrating new capabilities in a variety of lab-on-
a-chip realizations and expanding the range of microfluidics
applications.
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# Check for updates We study the Mie-like scattering from an open subwavelength resonator made
of a high-index dielectric material, when its parameters are tuned to the regime
of interfering resonances. We uncover a novel mechanism of superscattering,
closely linked to strong coupling of the resonant modes and described by the
physics of bound states in the continuum (BICs). We demonstrate that the
enhanced scattering occurs due to constructive interference described by the
Friedrich-Wintgen mechanism of interfering resonances, allowing to push the
scattering cross section of a multipole resonance beyond the currently
established limit. We develop a general non-Hermitian model to describe
interfering resonances of the quasi-normal modes, and study subwavelength
dielectric nonspherical resonators exhibiting avoided crossing resonances
associated with quasi-BIC states. We confirm our theoretical findings by a
scattering experiment conducted in the microwave frequency range. Our
results reveal a new strategy to boost scattering from non-Hermitian systems,
suggesting important implications for metadevices.

Non-Hermitian physics offers a wide range of unusual phenomena not
accessible for purely Hermitian systems'. In recent years, there has
been tremendous progress in the implementations of non-Hermitian
platforms in optics, with discoveries of many intriguing effects that
may occur in lossy or gain-compensated optical structures. Being
motivated by the studies of parity-time (P7) -symmetric systems, a
novel field of non-Hermitian photonics emerged', taking advantage of
new degrees of freedom offered by complex energy landscapes” . The
advancements are particularly exciting for subwavelength photonics,
allowing to study of unconventional regimes of light-matter interac-
tion such as exceptional points™* and dark states’ ",

Importantly, the eigenvalues of an isolated optical resonator
with uncompensated radiative losses are always complex.

Nevertheless, they can be controlled by engineering the resonator
parameters to achieve the regime of bound states in the continuum
(BIC) with ultrahigh quality factors (Q-factors) and strong energy
localization". This regime arises due to the destructive interference
within the modes of the same radiation channel, as a consequence of
the Friedrich-Wintgen (FW) mechanism of interfering resonances"”.
While a bimodal system coupled to one channel of the continuum is
well understood, the subtleties underlying multiple-channel inter-
actions are yet to be exploited in photonics. Destructive interference
leads to a quasi-BIC regime and the suppression of radiation in one
channel. Here, we pose the question, of whether constructive inter-
ference of a quasi-BIC state and a low-Q mode in a multi-channel
structure can boost radiation beyond the limit for an isotropic
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arising in the scattering cross-section of a dielectric cylinder with refractive index
n,~3.8, radius 130 nm, and height 180 nm. The scattering cross-section of the
electric dipole channel significantly exceeds the single-channel limit. This is in
contrast with conventional superscattering, where several multipole resonances
need to be overlapped.
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scatterer, realizing superscattering'*". Until now, superscattering
was known to originate only from a degeneracy of multipolar
resonances'**, which, when spectrally overlapped, exceeded the
single-channel cross-section.

In this work, we demonstrate that strong coupling between two
modes can lead to a previously unknown regime of superscattering in
subwavelength resonators, in addition to the quasi-BIC states (see
Fig. 1a). We reveal that mode coupling induces power redistribution
between two scattering channels, allowing to overcome the single-
channel scattering limit and control not only the Q-factor, but also
enhance the power scattered by a multipole, (e.g., the electric dipole)
beyond the limit, as demonstrated in Fig. 1b. Unlike the recent pro-
posal in”, there is no need to introduce gain in the resonator. We first
formulate a general phenomenological model and later employ rig-
orous perturbation theory for quasi-normal modes (QNMs) of non-
Hermitian resonators*** to design several examples of subwavelength
cavities with broken spherical symmetry.

Results

Enhancing scattering by finite objects

We start our analysis by overviewing how superscattering arises
through the mechanism originally proposed in'*. Consider a particle
possessing either spherical symmetry, or dimensions much smaller
than the incident wavelength, illuminated along the z axis by an inci-
dent plane wave. In all that follows, we consider its center of mass is
taken as the origin of the coordinate system.

In or outside the smallest spherical region surrounding such
particle, the electromagnetic fields can be expressed as a combination
of multipolar waves, i.e., E(r)= Y c,W.(r). The triplet (1) = (/,m,p)
represents a scattering ‘channel’, through which the particle can
exchange power with the environment. The first number indicates the
total angular momentum, so that /=1 is a dipole, /=2 a quadrupole,
and so forth. The second is the absolute value of the projection of
angular momentum to the z-axis, while p denotes the magnetic or
electric character of the multipole (p =1 for electric or p = 2 magnetic).
Each multipolar wave can be decomposed further into an outgoing (-)
and an incoming (+) wave, so that the field in one channel is alter-
natively expressed as E(r)=s; W (r)+s;W;(r). s;" are the
incoming (outgoing) coefficients in channel 7. With a suitable nor-
malization, |s{‘”|2 corresponds to the power carried towards or away
from the particle in every multipole channel.

The effect of the scatterer is completely described by the ‘reflec-
tion’ coefficients R, = s; /s; . Furthermore, energy conservation dic-
tates |R|<1 for passive scatterers. The scattering cross section for
each channel is then given by

_w+1

NL-R?
g V=Rl

o, @

The limit is attained for R, = — 1, and yields Oy, = (2/+ DA% /21
For example, in the case of a dipole (electric or magnetic), the limit is
Opax =3)\1/2n. In a scatterer with negligible absorption losses, this
limit can be achieved at a multipolar resonance'®. To each resonance,
one can associate an underlying quasinormal mode (QNM), with a
complex eigenfrequency ®,, =w,, — iy,,. For small y,, a multipolar
resonance appears in the real frequency spectrum, centered around
,, and having a linewidth of 2y,,.

To design a superscatterer, the resonant frequencies of several
QNMs associated to different multipolar channels must be brought
together by a smart design of the particle geometry, so that the total
scattering cross section, given by the sum of their contributions,
exceeds the limit. This is typically done so by adding material layers of
different thickness to a sphere or an elongated rod"***. The super-
scattering regime was very recently experimentally verified for the first
time'’,

What happens in the absence of spherical symmetry? Intriguingly,
it was shown that larger bounds on total extinction could be attained
for lossy nonspherical shapes”, even for deeply subwavelength plas-
monic particles. The enhancement, however, was mostly delivered by
absorption from such particles, and still remained significantly below
the single-channel limit (for a detailed comparison, we refer the reader
to the Supplementary Information S12 and Figure S6). Finite plasmonic
nanorods were also numerically investigated”, exhibiting enhanced
cross-sections for some well-chosen geometrical parameters (Fig-
ure S6). Despite these works, focused in plasmonic cavities with large
absorption cross-sections, there appeared to be no qualitative differ-
ences between a spherical shape and the general case.

In fact, scattering by nonspherical objects, even with sub-
wavelength dimensions, is described by a matrix R with potentially
nonzero off-diagonal components of the form R, =s;/s;. They
relate the incoming wave in channel T, to the outgoing wave in channel
7. This has animportant consequence: since the limit in Eq. (1) relies on
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Fig. 2| ti a Artistic picture illus-
trating the question at hand: can symmetry break enhance the scattering cross-
section of a multipole beyond the limit? Red lobes represent the scattering pattern
ic of an electric or ic dipole. On the left-hand side, a spherical
scatterer is illuminated by a plane wave with momentum . On the right-hand side, a
nonspherical scatterer displays a similar dipolar scattering pattern, but significantly
enhanced. b, ¢ General model of a single QNM |a) compatible with two scattering
channels 7=1, 2. b Shows the evolution of the real and imaginary parts of f(w),
whose modulus the scattering (see details in text), as a
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function of the detuning w, — w, for fixed y, =1 (radiation rate to channel 1in
normalized units) and increasing y, (radiation rate to channel 2). Dark blue: y, =0,
green: y, =0.017, pink: y, =0.06. Resonance takes place when w, — @ =0. A max-
imum of f(w) occurs for a critical value of radiation rate to the second channel
(green curve), and then ively c ing cross section to
channel 1 for the same cases studied in b, normalized by the single-channel limit,
denoted as 0yy,,. When Y, =0.017, the scattering cross section of the channel sig-
nificantly exceeds the limit, leading to a ‘super” multipole resonance.

the R-matrix being diagonal, (i.e., there is no power exchange between
the multipole channels), the latter, in principle, ceases to be valid.
We realize that, in general, depending on the symmetry of the object,
the scattering cross section of one multipole can receive contributions
from other multipoles. Intriguingly, this suggests that the strength of a
multipole could, in theory, be boosted beyond the conventionally
accepted limit, as depicted in Fig. 2a. In stark contrast with conventional
superscattering, by being able to enhance the cross section of a single
multipole, we could not only enhance overall scattering, but also
manipulate the radiation pattern, for instance making it larger without
significantly altering its shape, as illustrated in Fig. 2a. So far, this effect has
proven to be elusive, and has not been reported in the literature.

Super-multipole resonances

To verify this possibility, we assume only two scattering channels
(multipoles) 7=1, 2 are important, and, after some assumptions we
derive an ad-hoc expression for the scattering cross section of channel
1 (derivation provided in the Supplementary Information S3):

1
01/Oyax = 11 = Ry — Ryl = |f(@) 2)

The function fiw) can be complex, and its modulus will determine
the ultimate limit for scattering in this case. Namely, if |f(w)[>1, the

single-channel limit could be exceeded, since o, would then be larger
than oy,,. To derive an analytical expression for it, we investigate a
hypothetical structure supporting a single QNM |a) which, due toana
priori unknown mechanism, is coupled to the two scattering channels.
The radiation rate of is the sum of radiation rates to the two channels,
i€, Y,=Y;*Y,. According to temporal coupled mode theory*
(TCMT), we get f(w)= % (refer to Supplementary Infor-
mation S4 for details). AR

What happens when the radiation rate to the second channel
increases? Fixing y, =1 (in normalized units), we plot f(w) as a function
of detuning from resonance o, — w, for different values of y, (Fig. 2b).
In all cases, the maximum occurs at resonance (zero detuning). If
¥>=0, |f(w)|=1, since the QNM can only radiate to one channel. This is
the conventional case. Strikingly, there exists a critical y, for which
|f(w)| reaches a maximum exceeding 1 (green curve in Fig. 2b).
Interestingly, for radiation rates larger than the critical (pink curve in
Fig. 2b) we observe a progressive degradation of the enhancement,
confirming that there indeed exists an optimal, small y, where the
cross section is maximized beyond the limit.

To provide more insight, the scattering cross section of channel 1
is displayed in Fig. 2c, for the different cases shown in Fig. 2b. It can be
clearly seen that the green spectrum exceeds the limit by almost 1.5
times. It should be noted that this is the case despite a clear broadening
of the resonance due to the additional losses. Thus, contrary to what is
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widely accepted, radiation losses can contribute to an enhancement of
the channel cross section, instead of degrading it. We refer to this
novel regime as a ‘super-multipole’, in contrast with conventional
superscattering, where several QNMs need to be overlapped in the
spectrum.

With this first model, we have predicted the existence of super-
multipole resonances capable of enhancing the cross section of one
channel beyond the limit. Symmetry breaking is a necessary but not
sufficient condition for their formation. In particular, a careful control
of the radiation rate to each of the multipoles involved is required for
their realization. It is not evident how this control can be achieved in
practice.

In the following section, we show that, in the vicinity of a quasi-
BIC, symmetry breaking has a strong impact on the scattering cross
section. QNMs belonging to different multipoles can couple strongly in
the near field, leading to an avoided crossing and acquiring a mixed
multipolar character, which allows to easily modify their radiation
rates, Then, defying conventional intuition, a single super-multipole
resonance can drive the scattering cross section of a multipole beyond
the single-channel limit (as well as the total scattering cross section).
Super-multipoles exist as a natural counterpart of a quasi-BIC, where
the contribution of a QNM to one or more scattering channels is
forbidden.

Super-multipoles emerging from quasi-BICs
We now extend our TCMT model above to the case of a structure
supporting two QNMs |a), |b), each compatible, respectively, with a
single scattering channel r=1, 2. These can be, for instance, two mul-
tipolar QNMs of a suitably designed spherical scatterer (e.g., the
electric dipole and magnetic quadrupole modes). In a real system,
there might also be contributions from non-resonant QNMs forming a
‘background’, as shown later. These are, however, neglected in our
preliminary analysis. The model is used solely for illustration purposes.
Later, the results are verified with rigorous cavity perturbation theory
in a realistic nanoresonator, as well as with microwave experiments.
After breaking the spherical symmetry in some fashion, the two
QNMs can couple in the near field, leading to an ‘effective’ Hamiltonian
of the form (refer to the Supplementary Information S2):

k(@) )
Wy(Q)

Diagonalizing H, () results in two new hybrid QNMs |u),|d) that
are a combination of the original ones. Thus, the new modes have a
mixed multipolar nature. Accidentally, (or due to symmetry), the
coupling coefficient can vanish, and the hybrid QNMs become |u) = |a)
and |d)=|b). We consider that, in general, the uncoupled eigen-
frequencies and the coupling coefficient (here assumed to be real), are
afunction of a geometrical parameter . In our first example in the next
section, { will be related to the ellipticity of the particle.

In general, Eq. (3) does not only describe the hybridization of the
QNMs of a sphere, but that of any particle without spherical symmetry,
such as a finite cylinder, as shown later. If we assume that channel 1is a
low order multipole (for instance a dipole), while channel 2 is a higher
order one, (for instance a quadrupole), radiative losses in channel 2 are
significantly lower. Then, for k = 0, QNM |b) corresponds to a quasi-BIC
with high Q-factor. This is because |b) is, by assumption in our model,
completely unmatched from the lowest order multipoles'>*”.

Assuming time-harmonic dependence of all fields in the form
e~ we can derive an expression for the R-matrix**"’, (in the
remainder of this work, unless written explicitly, we omit the {
dependence for the sake of brevity):

0,(0)

3)
[(¢]

Ho(Q)= (

R(w)=1,+27(w) 4)

T(@)=iD[Ho(Q) — Lw] DT 5)
where I, is the 2% 2 identity matrix, and D is a matrix connecting the
QNMs to the multipole fields™. In the absence of any scatterer, 1,
guarantees the incoming waves are perfectly reflected to the
outgoing ones.

In this first scenario, D= diag(d,,d, ). This ensures that the original
‘QNMs are matched to different multipolar channels. In particular, |a) is
matched only with multipole 1, and |b) with 2. The radiative losses of
each uncoupled mode are given by va,,,=d'121. Emulating a realistic
situation (as shown in the next section), we consider channel 1 corre-
sponds to a dipole (electric or magnetic), and channel 2 to a quadru-
pole (magnetic or electric). Since dipolar QNMs leak strongly to the far
field, d;>d,, hence it follows that y,>Y,. Due to this, as mentioned
earlier, when k=0, QNM |d) = |b) and displays a peak in its Q-factor,
which corresponds to a quasi-BIC.

Based on the model [Eq. (4)], we derive an expression for the
scattering cross section of the dipole channel (channel 1), normalized
by its conventional limit, Gy, =3A?/2m:

01/Opix = | Fl@) (©6)

(i~ )

(@ — wg) (0 — @y) @

_idy (®, — By)
O G o)

For details, see the Supplementary Information S4. Each of the
two terms in Eq. (7) accounts for the contribution of a hybrid QNM to
the channel cross section. On the other hand, @, =&, — kd,/d, is a
zero of the cross section. Near the resonance frequencies of the hybrid
QNMs, only one of the terms in Eq. (7) is dominant. The mechanism
through which the single-channel limit can be exceeded is illustrated
in Fig. 3.

In the absence of coupling (k=0), @, = @, By =0, and By =0,
so that the contribution of QNM \d) in Eq. (7) vanishes, as shown in
Fig. 3a. We provide a scheme of this situation in Fig. 3b. The pole of
flw) associated with \d} annihilates with the zero, cancelling its
contribution to the cross section. In other words, QNM |d) leaks
only through the quadrupole channel and exhibits a high Q-factor (a
quasi-BIC). Then, the maxima in the cross section for the dipole
channel occurs only at Re(w, ) =w, and is bounded to oy,,,, as in the
usual case,

Introducing coupling (k # 0), results in several interesting effects,
as shown in Fig. 3¢, d. Firstly, in Fig. 3d, the pole associated with |d) and
the zero of f(w) are shifted away from one another. Thus, both the zero
and the new pole contribute to the dipole channel (Fig. 3c). The dipole
channel is now ‘open’ for QNM |d). Consequently, its radiative losses
are increased (i.e., lower Q-factor), and the pole is pushed deeper into
the complex plane (see Fig. 3d). Remarkably, we notice that at Re(w,, )
or Re(w,), the maxima in the cross section of the channel is no longer
bounded to 0y, in Eq. (6). Thisis also true if one of the terms in Eq. (7)
is dominant. Thus, by inducing coupling between two multipole
resonances, we can create a hybrid mode that is able to enhance
scattering by itself beyond the established limit.

Such peculiar behavior can be observed in Fig. 3e, where we
plotted the normalized dipole cross section as a function of the tuning
parameter ¢. The functional form of the different elements in H,(@) is
given in the caption of Fig. 3. They are justified by first order QNM
perturbation theory”*** (see Supplementary Information S2). In par-
ticular, k(Q) = a3, where a; is a constant. Due to the nonzero coupling
for any {#0, the hybrid QNMs ‘avoid’ the crossing due to strong
interaction between the original modes (i.e., strong coupling). This is a
particular example of the Friedrich-Wintgen mechanism', which has
been shown to lead to true BICs in extended structures™, or extremely
high-Q quasi-BICs in isolated cavities™***. For the case under
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Fig. 3 | Toy model describing the physics of the new superscattering regime.
a Complex plot of Eq. (7) for k = 0 (spherical symmetry, no coupling). Clockwise
black arrows denote zeros of the function, while counterclockwise ones denote
poles (resonances). In this first case, only QNM |u) = |a) contributes since the pole
induced by QNM |d) annihilates with the zero. b Schematic illustration of the zero-
pole annihilation, corresponding to a quasi-BIC, and conventional multipole scat-
tering. ¢, d Same as in a, b, but for the case with x # 0. Now, the coupling separates
in the complex plane the pole associated with |u) and the zero. In exchange, the
QNM gains additional losses, and is allowed to contribute to scattering, which is no
longer bounded by the limit [blue-shaded area in d]. c-fscattering cross section for
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the dipole channel 1, and the quadrupole channel 2, respectively. All the values have
been normalized by the limit of the dipole cross section Oy, = 3\2/2m. For illus-
tration purposes, we consider w,(@) =0/ (1+a,0),w,(0) = w‘,,"’/(l +a,0) k() =as,
with 0 =0.6,0}” =0.4, a,=0.4,a,=0.38, a; = 0.5. White dashed lines indicate
the path followed by the hybrid eigenfrequencies @, 4. At the quasi-BIC, scattering
to the dipole channel by QNM |d ) is completely suppressed. Once coupling ‘opens’
the channel to |d), the scattering energy is transferred from the quadrupole
channel to the dipole channel, exceeding its limit and reaching the 'super dipole’
regime.

consideration, the quasi-BIC appears in the lower branch at {= 0, since
k(0) = 0 and the contribution of QNM |d> to the dipole vanishes, while
a resonance arises in the quadrupole channel (Fig. 3f). Only the lossy
QNM |u) is matched to the dipole. This corresponds to the usual sce-
nario, where the dipole cross section cannot exceed the
traditional limit.

For any {# 0, there is coupling between the QNMs, and the lower
branch can scatter as a dipole (Fig. 3e), which, from the mechanism
discussed above, can largely exceed the limit in a sphere. We therefore
refer to this unusual resonance as a ‘super dipole’. We bear in mind
that, due to the mixed multipolar nature of the resonance, there is a
small contribution to the quadrupole channel. We also remark
that QNM |u) can display similar features for positive {, as shown
in Fig. 3e.

Summarizing, we have derived a simple theory that allows us to
describe the Friedrich-Wintgen mechanism leading to quasi-BICs in
isolated cavities. We have demonstrated the occurrence of yet another
surprising effect, namely, the possibility to create a resonance capable
of enhancing scattering beyond the accepted limit in a subwavelength
object, reaching the superscattering regime.

We stress again that our mechanism is in stark contrast with the
conventional way to achieve superscattering. Typically, several
orthogonal resonances (several QNMs matched to different multipole
channels) must be overlapped at the same spectral position. Instead,
here we exploit the Friedrich-Wintgen mechanism to ‘open’ the dipole
channel to a quasi-BIC, forming a super dipole mode. So far, however,
our predictions remain purely theoretical. In what follows, we employ
multipolar theory and group-theoretical arguments to design two
subwavelength scatterers displaying super dipole modes. We then

verify our results in the microwave range, confirming their existence
for the first time.

v h nanor S

We consider a Si nanosphere in air, illuminated with a normally inci-
dent, linearly polarized plane wave, with radius 100 nm. In the visible
range, it supports two QNMs matched to the electric dipole (ED) and
magnetic quadrupole (MQ) channels, respectively. Their electric field
distributions are shown in the lower panel of Fig. 4c. We use the same
notation as in the previous section, and label them as |a), |b). The far-
field projections of the QNMs correspond to an x-polarized ED (p,) and
the yz component of the MQ moment (M, ). The reason for our choice
of QNMs will become clear in the following. Note that the chosen
scatterer is deeply subwavelength, with the radius being at least five
times smaller than the incident wavelength.

In order to couple both QNMs, it is necessary to break the sphe-
rical symmetry in some fashion. A simple way to do so is by reducing
the rotational symmetry in the plane parallel to the direction of pro-
pagation, (refer to schematic insets in Fig. 4b). Formally, the point
group of the resonator changes from O(3) (spherical symmetry) to D,
(cylindrical symmetry). Then, multipolar modes with the same parity
(as in the case for the chosen QNMs), can couple™.

As depicted in Fig. 4b, we perform a controlled symmetry
breaking by changing the ratio between the two orthogonal axes of the
resonator r,r, . In this case { = 1 —r /r,. Cavity perturbation theory”
(see Sec. S1of the Supplementary Information), predicts the formation
of hybrid QNMs, whose far fields are now a combination of p, and M, ..
This results in an avoided crossing in the eigenfrequency spec-
trum (Fig. 4a).
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resonant frequencies of the ED and MQ modes of a silicon nanosphere (100 nm
radius), when breaking the rotational symmetry along one of its axis, [generating an
ellipsoid with semiaxis r,r, indicated in the insets of b]. An avoided crossing, the
hallmark of strong coupling, can be clearly observed. b Scattering cross-section of
the ED channel at the two resonance maxima as a function of ellipticity, under
normally incident, linearly polarized plane wave illumination, with momentum
oriented along the axis with broken rotational symmetry. For r, /r; =1 (a sphere),
the cross-section is bounded to 1, and QNM |d) features a quasi-BIC. For an oblate
ellipsoid (left inset), QNM |d) becomes a super-ED, and vice versa for QNM |u) (right
inset). ¢, d Contributions of the QNMs to the scattering cross-section of the ED
channel ina sphere and a perturbed spheroid. ¢ Sphere (r, /r, =1). Upper panel: ED
scattering cross section obtained with conventional Mie theory and its recon-
struction with QNMs (Rec.). The curves labeled Bckg, u,d are evaluated as [pp2//o
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Fig. 4 | Super-ED ina a of the where m=Bckg,u,d correspond to the non-resonant term***, the |u) and |d) QNMs,

respectively. Inset: Normalized ED content of QNMs |u),|d), calculated as in ref. 54.
They provide an estimation of the matching of a QNM to the ED channel. At the
quasi-BIC there is no matching, thus p, =0. Lower panel: eigen wavelengths of |u),
|d), in the complex plane, defined as X,,, =21¢/®,,, and their field distributions in
the x-z plane (|E,,,|, in arbitrary units). d Same as in ¢, but for an ellipsoid with

r, /r;=0.85. Note that QNM |d) is now matched to the ED channel, since its ED
contentis nonzero (upper panel inset). Thus, it contributes to the cross section, and
asuperdipole appears in the spectra. The dashed circle in the lower panel indicates
i,,, which has been pulled deeper in the complex plane due to the additional
radiation losses, in accordance with the mechanism described in the previous
section. Due to coupling with ), the field di of |d) is

in comparison with the sphere. More details on the coupling mechanism can be
found in Figure S1 of the Supplementary Information.

P

Now, anincoming ED or MQ wave will excite a QNM, but the latter
will radiate as a combination of ED and MQ. Thus, the R-matrix is no
longer diagonal, and energy can leak from one channel to another. At
some critical values of r, /r,, this results in the appearance of super
dipoles. For instance, when the spheroid is oblate, the ED channel at w,
almost doubles its allowed bound (Fig. 4b), while we observe the same
effect at w, when the spheroid becomes prolate. Thus, depending on
the sign of the deformation, we can enhance dipole scattering beyond
the limit in one resonance or the other. This can also be confirmed in
Figure S5 of the Supplementary Information, where the super-ED
resonance is seen to exceed the single-channel limit, in contrast to the
ED resonances of the perfect sphere.

We gain insight into the mechanism by evaluating the influence of
each QNM to the ED scattering cross section (Fig. 4c, d). We consider
three contributions: the resonant QNMs |u,d) and a non-resonant
background composed of modes outside the spectral range of inter-
est. With the expressions of the multipoles given in the Supplementary

Information S4, the ED cross section is

2
Ofp = /o ®

> P
m

Py, is the ED moment of the m-th QNM, and /, is the intensity of the
incident plane wave. The reconstruction is in excellent agreement with
the exact analytical results of Mie theory for the sphere (Fig. 4c), and
full-wave numerical simulations for the ellipsoid (Fig. 4d). It is
important to note that the ‘direct’ cross section of each QNM, (i.e.,
|P.I?/1o) by itself, is not bounded by any limit. However, there is a
bound in the total ED cross section, as given by Eq. (8), in the case of
the sphere.

In the upper panel of Fig. 4c, the scattering cross section at the
resonance of |u) is clearly bounded to 3A?/2m. However, once the
sphere is deformed to an ellipsoid with r /r; =0.85, |d) inherits an ED

Nature Communications | (2023)14:4689

176



Article

https://doi.org/10.1038/s41467-023-40382-y

moment due to coupling, and manifests as a sharp peak in the ED
scattering cross section (Fig. 4d, upper panel), which gives rise to a
super dipole.

_ The lower panels in Fig. 4c, d show the eigen-wavelengths
A =21c/®,, of the two resonant QNMs in the complex plane, as
well as their field distributions. Forr, /r; =1,A is very close to the real
axis. Once the spherical symmetry is broken, the additional radiative
losses to the ED channel push A, deeper into the complex plane, as
originally predicted in the previous section. In addition, the hybridi-
zation between the two QNMs leads to a drastic reshaping of the
internal field distributions of QNM |d) (compare the fields in the lower
panels of Fig. 4c, d).

One important drawback of conventional superscattering is the
fast degradation of the effect with intrinsic losses. Indeed, spectrally
overlapping high order multipole resonances strongly maximizes
scattering, but only when Ohmic losses are negligible. Unfortunately,
even high-index dielectrics display small Ohmic losses in the visible,
since their refractive index n,, features a small imaginary part 6. In
general, we will write it as n, =n +i8. As we show in the Supplementary
Information S5, large Q-factors imply a rapid drop of the cross section
maxima, yielding a slope for small § of do/d6 ~ — 4Q/w,, where w, is
the resonance frequency. Since high-order multipole resonances are
associated with large Q-factors, their maximum scattering cross sec-
tion decreases rapidly with increasing 6. Herein the reason why almost
a decade passed since the original proposal until the experimental
demonstration of superscattering'.

As an example, consider the quasi-BIC resonance for the sphere
case, displayed in Fig. 5a (indicated by the dashed line). In the lossless
scenario, a strong scattering peak can be observed, reaching the
maximum allowed for the MQ, i.e., 5\>/2m. Thus, if one is only
interested in the overall scattering cross section, there is no apparent
need to ‘transform it’ into a super-dipole resonance, since the quasi-
BIC already provides a significant scattering enhancement beyond
the dipole limit. Moreover, by adding a shell of a different material,
one could spectrally overlap the quasi-BIC with, e.g., the electric
dipole, to yield a large enhancement. However, there is a caveat:
increasing 6 of the sphere by only 0.03 results in a drastic drop of the
scattering cross section by more than 80%, even below that of a
conventional dipole resonance. Therefore, in a practical scenario,
high-order multipole resonances are not ideally suited to deliver the
desired cross section.

Dipole Limit Quadrupole Limit

Critically, super-multipole resonances, when formed through the
FW mechanism, offer the ability to control the Q-factor. As discussed
earlier, if the QNM is compatible with two scattering channels, the
radiation losses increase, but contrarily to common belief, the total
scattering cross section is not degraded, and can even increase at a
super-multipole resonance. As a result, these novel states are more
resilient to intrinsic losses, since the slope do/dé is smaller than the
original uncoupled resonances. Figure Sb illustrates this with the
example of the super-ED resonance. The sphere of Fig. 5a is deformed
into an ellipsoid, and the quasi-BIC evolves into a super-ED with lower
Q-factor (dashed line in Fig. 5b). In order to make a fair comparison, the
volume of the nanocavity is kept constant. In stark contrast with the
quasi-BIC, the drop in the cross section is appreciably smaller, and for
6=0.03 it still remains above the single-channel limit.

A comparison between the maximal cross section attained by the
quasi-BIC and the super-ED with increasing & is displayed in Fig. Sc. For
small §, we confirm that the quasi-BIC maximum has a much steeper
slope as a function of &, while from the start, the super-ED keeps a
much higher cross section. Thus, due to their inherent robustness to
losses, super-multipole resonances are better candidates to enhance
the scattering cross section at the nanoscale.

Scattering from a dielectric nanorod
The previous example illustrates nicely the formation of a super dipole
from a symmetry-breaking perturbation. However, spheroids are in
general not fabrication-friendly at the nanoscale. Instead, we can also
reach this regime in a similar fashion in a silicon nanorod under nor-
mally incident illumination (refer to inset of Fig. 6a), since the latter
also has cylindrical symmetry.

To do so, we perturb the height of the resonator by an amount of
Ah, starting from a height of h,=180nm, for which two modes
radiating as ED and MQ are spectrally close. As in the spheroid, we
obtain a system of two coupled resonant QNMs of relatively high Q-
factor. We also remark the presence of two additional QNMs of very
low Q, associated with the scattering background. The role of the
background modes is disregarded in most analysis since their spectral
signature is barely appreciable. However, the correct eigenfrequencies
and the scattering response cannot be accurately reconstructed
without taking them into account.

In Fig. 6a the Q-factors of the resonant QNMs display two peaks as
a function of Ah/r. The most pronounced one corresponds to the
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lines in a and b] with increasing losses for the quasi-BIC (sphere) and the super-
dipole resonance (spheroid).
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Fig. 6 | Design of a super ED resonance in a Si nanorod. a Quality factors and
multipolar radiation of the QNMs as a function of a perturbation of the cylinder
height Ah, normalized by the radius r=130 nm. The color-bars indicate the pre-
dominant multipole. The artistic inset depicts the illumination scheme and the
deformation undergone by the resonator. Rightmost panels A, B, C: electric field
norms in the x-z plane of the QNMs at points A, B, and C. b Shows the £, com-
ponent of the total field at the ing points A-C i ina, under x-
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polarized plane wave illumination (in arbitrary units). ¢, d 2D maps of the ED and
MQ scattering cross-sections as a function of kr and Ah/r. White dotted lines
indicate the paths followed by the eigenfrequencies, obtained with the perturba-
tion theory derived in section S1 of the Supplementary Information. LIl correspond
to the resonant QNMs, and b-, b-ll are the background ones. In agreement with
theory, departing from the quasi-BIC condition results in hybridization and the
possibility to enhance scattering of a single mode beyond the limit.

hybridization of the resonant QNMs, while the second is due to the
hybridization of a resonant QNM with the low-Q modal background.
Superscattering in the ED channel (a super dipole) arises in the red-
shaded regions. Interestingly, the super dipole appears for both
resonant QNMs at relatively low Q-factors (points A and C). Near the
quasi-BIC (point B), the dipole strength becomes quenched and the
radiation leaks solely through the MQ channel, (blue-shaded region)
with high-Q. This peculiarity can also be clearly seen in the 2D maps of
the ED and MQ cross-sections shown in Fig. 6¢, d. In points A and C, the
most appreciable signature of ED radiation is the appearance of a
central electric field hotspot inside the nanorod, together with side
lobes. As shown in the field insets of Fig. 6a, at the quasi-BIC, the
hotspot disappears. This behavior is exactly analogous to what took
place in the nanoellipsoid from Fig. 4. In all cases, the incident plane
wave is significantly distorted by the scattered field (Fig. 6b).

In the super dipole regime, the ED is shown once again to almost
double its established bound (Fig. 6¢). Similarly, we observe a peak in
the Q-factor (Fig. 6a) and an enhanced MQ scattering cross section
(Fig. 6d) at the quasi-BIC. Thus, we have demonstrated the feasibility to
obtain super dipoles in an experimentally accessible platform. This
result reveals a new versatile strategy that can be used to engineer the
Q-factor, scattering efficiency and radiation pattern of an isolated,
subwavelength object in practical applications.

Experimental demonstration

We perform a proof-of-concept experiment by measuring the extinc-
tion cross-section and scattering patterns of disk-shaped resonators in
the microwave range. We reproduce the geometrical parameters of the
rod in Fig. 6 using a set of ceramic resonators with fixed 4.0 mm radii,
and permittivity £ =22 with loss tangent 0.001. As shown in the inset of
Fig. 7b, three samples are assembled from several disks to obtain the
desired aspect ratios for the resonators. The measurement results of
both the total extinction cross-section and electric near-field patterns
are collected in Fig. 7 (for more details in the experiment, refer to
section S8 of the Supplementary Information). The spectra are

normalized by the ED single-channel limit (Gyq =3A%/2m). The
experimental measurements are in a reasonable agreement with the
numerical simulations, albeit the resonances appear suppressed due to
material losses in the ceramic. Even with the latter, the ED cross section
at the super ED is still significantly higher than the limit, as we show in
Figure S3 of the Supplementary Information.

Since the resonances redshift with increasing size, the observa-
tions were performed in a broad frequency range. In the highlighted
frequencies of Fig. 7a, ¢, we observe wide resonances with large
extinction values, characteristic of the proposed super dipole modes.
Indeed, the plane wave is seen to be strongly distorted in the near field
(lower panels of Fig. 7). Furthermore, numerical calculations confirm
that the ED exceeds its limit, even when considering losses, (refer to
Fig. S3 of the Supplementary Information). The quasi-BIC appears at
the expected value of Ah/r =0.48, manifesting itself as a sharp peak in
the spectra (Fig. 7b). The results provide experimental evidence of the
control of both the Q-factor and scattered power between two reso-
nances to achieve the superscattering regime with just a single mode.

Boosting a super-multipole even further
In what follows, we discuss the possibility to enhance the cross-section
of a single multipole beyond what has been achieved so far. For that
purpose, we study a subwavelength rectangular prism with refractive
index n=3.3 in the near-IR part of the spectra (inset of Fig. 8a). The
prism has unequal sides in all x, y, and z dimensions. Starting from an
initial prism, we vary the y and z sides by the same amount 6, keeping
the x side constant. Tuning & towards negative or positive values
results in the appearance of the quasi-BIC or the super MD resonance.
In both cases, a drastic reshaping of the near fields takes place, parti-
cularly pronounced in the case of the lower (high-Q) branch (Fig. 8d).
Asinthe previous cases, we identify two coupled QNMs |u) and |d)
(Fig. 8a). Now, however, the Q-factor at the quasi-BIC is two times
larger. This is because the new quasi-BIC is associated not with a
quadrupole, but with a pure magnetic octupole response, similar to
the one investigated in’. On the other hand, QNM |d) has a
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measured total extinction cross-sections and scattered electric near-field patterns.
All the cross-sections are normalized by the single-channel limit for the ED,
Optax =37\z/2n. Insets show an example of the experimental resonator and the

the top plots. The white regions in the near-field patterns correspond to the phy-
sically inaccessible zones for the measurements. The aspect ratios of the disks are:
a Ah/r=0.25,b Ah/r=0475, and ¢ Ah/r=1.25.
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aInset: scheme depicting the geometry of the cavity and the incident illumination.
The initial cavity is a rectangular prism with unequal sides L, =500nm, L, = 435nm,
L,=260nm, and refractive index n,=3.3. L, is kept constant, while L, and L, are
progressively tuned by an amount 6. Q-factors of the two involved QNMs as a
function of 6. The quasi-BIC appears in the lower branch (blue circle), characterized
by an overall high Q-factor, for §=-40 nm, while the super MD appears at the upper
branch (with overall low Q-factor) for a detuning of § = 50 nm from the initial
geometry (red circle). It coincides with a slight enhancement of the Q-factor of the
upper branch and a decrease in the lower one. b Multipole decomposition of the
scattering cross section for the cavity with §=50 nm, normalized by the dipole
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limit. We observe a remarkable enhancement of the MD cross-section of >2.6 times
the conventional limit. The latter is almost equivalent to the cross section of three
magnetic resonances of isolated spheres at the same wavelength (see inset). Inci-
dentally, we also observe the accidental overlap of the high-Qbranch, radiating asa
combination of electric quadrupole (EQ) and MD, with a super ED resonance similar
to the nanorod in the previous section. ¢ Comparison between the scattered fields
produced by a perfect electric conductor (PEC) cavity (upper panel) and the
designed superscatterer (lower panel), both with the same dimensions. The fields
are recovered at the gth of 935 nm, cor to the large MD peak in
b. d Near-field distribution of the involved QNMs for selected & (refer to discussion
in text).
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predominant magnetic dipole (MD) response. When changing 6, we
observe the emergence of a strong MD peak, with a cross section
equivalent to almost three magnetic spheres (Fig. 8b). Interestingly,
the super MD resonance appears in the |d) branch, which does not
feature the quasi-BIC. This is not surprising since the branches are
coupled and as discussed earlier, super-multipole resonances are not
generally restricted to appear in either one of the two.

The reason for the stronger enhancement can be understood
from noticing that, according to Eq. (1), the magnetic octupole with
[=3 is bounded to aw,(=7]\2/2n, while the magnetic quadrupole
bound is 5A%/2m. Thus, the higher the order of the multipole that
couples to the dipole, the larger the enhancement of the dipolar cross
section that can be achieved. In addition, numerical and experimental
evidence has shown that quasi-BICs with high order multipole
response have an increasingly larger Q-factor”. It is possible to utilize
this fact as a handwaving design rule for super-multipole resonances:
the larger the Q-factor at the quasi-BIC, the larger the potential
enhancement of the low order multipole.

To visualize the strong scattering response of the super MD
resonance, we compare it with a rectangular prism of the same size but
composed of perfect electric conductor (PEC). Figure 8c shows the
amplitude of the scattered electric field in both cases. It is worth noting
that a significant enhancement can be appreciated for the dielectric
prism, both in the forward and in the backward directions. This con-
stitutes an important difference with respect to conventional
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The even QNMs are spectrally close and they couple, resulting in the formation of a
quasi-BIC and a super-ED as a function of height (k). Now, however, we designed the
nanoparticle such that the super-ED spectrally overlaps with an odd QNM (acci-
dental crossing), following the original strategy by Fan et al.. Squares and dots
denote the dispersions of different modes. b Scattering cross section for

superscattering. In the vast majority of designs only forward scattering
can be maximized'*'****, Thus, super-multipole resonances offer an
attractive strategy to enhance backscattering without the need to
sacrifice the overall scattering efficiency, as is the case for the anti-
Kerker effect™.

In principle, the strategy above allows to enhance scattering by a
single multipole to arbitrarily large values. Another approach is to
combine super-multipoles with Fan et al.’s original method'*. Namely,
we can spectrally overlap the super-multipole resonance with other
conventional resonances. As a proof-of-concept, we designed a
dielectric nanocylinder with n,=3.3 where a super-ED accidentally
crosses with the MD resonance as a function of height. The combina-
tion of both resonances leads to very large cross-sections, in the order
of 5 times the single-channel limit [Fig. 9b]. This result is more than
three times what can be achieved when overlapping the conventional
ED and MD resonances [Figure S4c in the Supplementary Information].
Moreover, we notice that 70% of the enhancement is entirely due to
the super-ED.

Figure 9c shows simulations of the strong field distortion pro-
duced by such superscatterer. The latter leaves a large ‘shadow’ where
field intensity is significantly lowered. In addition, Fig. 9d shows a
comparison between the far fields of our superscatterer and a PEC
cavity of the same dimensions. The superscatterer clearly exhibits
superior performance, displaying enhanced forward and backward
scattering.

Single-channel limit

0
550 560 570 580 590 600 610
A (nm)
90°
d 120° y 60°
150° 30°
05
il 180° @3 o
Superscatterer
210° 330°
240° 300°
270°

h =300 nm. The super-ED boosts the ED cross-section by three times the single-
channel limit. In combination with the MD and higher-order multipolar contribu-
tions, the total cross-section reaches five times the limit. ¢ x-component of the
electric field at A =565 nm. The field can be seen to be strongly distorted by the
scatterer. d Comparison between the far fields produced by a perfect electric
conductor (PEC) cavity (green pattern) and the designed superscatterer (purple
pattern), both with the same dimensions. The fields have been normalized to the
maximum of the superscatterer.
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Shielding nanoparticles from scattering forces

Finally, we provide a glimpse on the possibilities that can be unlocked
in optics with the realization of the superscatterers introduced in this
study. As an exemplary application, we propose a strategy to ‘protect’
an ensemble of nanoparticles (or one particle, but geometrically sig-
nificantly larger than the superscatterer) from radiation. In particular,
as a figure of merit we will consider parasitic scattering forces induced
by an incident beam. Reducing the influence of scattering forces is
essential for efficient optical traps for experiments in atom cooling or
modern biology***’.

Figure 10a illustrates the main idea. Due to the strong scattering,
the Poynting vector lines (purple) near the superscatterer are strongly
distorted, leading to a large ‘shadow’ area behind it. Several scatterers
can be ‘hidden’ in the shadow, which significantly reduces the scat-
tering force experienced by them (red).

In particular, we consider the scatterers can be modeled as point
electric dipoles with an effective polarizability «. In the case under
consideration, the dominant scattering force experienced by dipolar
particles is given by" F, o Im(a)S,, where S, is the z-component of the
Poynting vector. The black arrows in Fig. 10b show the distribution of
F, as a function of position near the superscatterer presented in Fig. 9.
Inside the shadow region, the latter can be seen to be strongly sup-
pressed. Figure 10c shows the calculated ratio of optical force with and
without the superscatterer at a fixed height. Remarkably, scattering
forces can be decreased in a region much larger than the diameter of
the superscatterer. Hence, several scatterers can be simultaneously
hidden in the shadow.
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Fig. 10 | Protecting other from a C scheme. The

superscatterer interacts with photons in a much larger area than itself. As a result,
the Poynting vector field lines (purple arrows) are deflected, and the superscatterer
leaves a large ‘shadow’, much larger than its diameter'®. The scatterers placed
within that shadow (gray shapes) are ‘protected’ from the radiation pressure (red
arrows) induced by the incident beam. b Electric field norm in the vicinity of the
superscatterer (same parameters as in Fig. 9), and calculated radiation pressure

Discussion

We have demonstrated how strong coupling of two resonances can be
harnessed to achieve novel superscattering regimes with sub-
wavelength, nonspherical resonators. We have observed super-
scattering originating from an electric super dipole moment, being
almost two times stronger than the currently established limit. In
resonators without spherical symmetry, this effect arises when
breaking the quasi-BIC condition by tuning some parameter. Then,
power exchange between the scattering channels allows to engineer
both Q-factors and multipolar contents of the resonances, while
maintaining a high scattering cross-section. The new super-multipole
resonances are more robust to Ohmic losses than their conventional
counterparts. Furthermore, we have shown how the enhancement can
be boosted even further when quasi-BICs associated with high order
multipoles are involved. This enables the formation of super magnetic
dipole moments with a cross-section equivalent to almost three mag-
netic spheres. Besides their fundamental interest, such exotic scat-
tering can be employed in biosensing*** or energy harvesting'*™*
devices. In the near future, strongly scattering dielectric nanoanten-
nas, operating in a selective polarization regime, can replace their
plasmonic counterparts as ultra-compact demultiplexers for on-chip
circuitry”’. Furthermore, the ability to selectively enhance the scat-
tering pattern of a given multipole can unlock new degrees of freedom
for optical manipulation***’. In this direction, by taking advantage of
the designed superscatterer, we have proposed a new strategy to
shield an ensemble of particles from radiation, namely—parasitic
scattering forces. Beyond optics, we expect super-multipoles to also

Poynting vector

0.2
-1500

-1000 -500 0

x(nm)

500 1000 1500

experienced by dipolar particles (black arrows). The scattering force (and, conse-
quently, visibility) is significantly decreased within the shadow. ¢ Ratio between the
scattering force with and without the superscatterer, experienced by dipolar par-
ticles positioned at a distance z=-1200 nm from the superscatterer. The origin of
coordinates is at the position of the superscatterer. Inset: artistic view of the
superscatterer, scaled to match the grid dimensions of the x axis.
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arise in acoustics and other areas of wave physics, paving a way to a
venue of applications in strong forward or backward scattering,
cloaking, energy harvesting, etc.

Methods

Temporal coupled-mode theory

General predictions on the interaction of the scattering channels with
the QNMs can be made through a widely applicable phenomenological
theory known as the TCMT. The formalism was originally used to
introduce the concept of superscattering’®. Here, we briefly introduce
the theory, (whose details can be found in a number of seminal works,
e.g., *>*.. The coupled mode equations can be written as

d/a\_ . a\ . soroe
E(,})-—mah(,})uﬁbs 9)

and

s =s* +if20(2> (10)
For the derivation of the effective Hamiltonian 7, asin Eq. (2), we
refer the reader to the Supplementary Information S4. In addition,
arguments based on time reversal symmetry and energy conservation
constraints” lead to the relation
D'D=T )
where I'= — Im{H,} is a diagonal matrix containing the radiative
losses v, ,, in its diagonal. Equation (11) implies that y, , = dfz, d; being
the i-th element in the diagonal of D. It accounts for the coupling of the
eigenmodes to the i-th multipole channel. The R-matrix, (Eq. (4) in the
main text), can be derived by assuming time-harmonic dependence
[d/dt — —iw in Eq. (9)], and substituting Eq. (9) into Eq. (10) to
eliminate (a b)’. Further details on the connection between TCMT
and rigorous QNM perturbation theory can be found in the
Supplementary Information S2.

Numerical simulations
Scattering and eigenmode simulations have been performed with the
commercial finite element solver COMSOL Multiphysics ©.

Experimental methods

A Taizhou Wangling TP-series microwave ceramic composite is used as
a dielectric material for the fabrication of the cylindrical resonators. To
measure the total extinction cross section, the samples are placed in an
anechoic chamber and illuminated by normally incident, linearly
polarized waves radiated and received by a pair of HengDa Microwave
HD-10180DRA10 horn antennas. A LINBOU near-field imaging system is
used for the near-field mapping. More details on the fabricated sam-
ples and the experimental setup can be found in the Supplementary
Information S8 and Figure S2.

Data availability
All data needed to evaluate the conclusions in this study is presented in
the manuscript and in the Supplementary Information.
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Abstract: This study explores silver-molecular-cluster-containing microspheres for advanced sensors.
These microspheres are synthesized through an ion exchange process with silver nitrate and sodium
nitrate, creating unique optical properties. A simulation shows an enhanced radiation interaction
due to extended fundamental mode propagation. This study investigates luminescence in the visible
range (400-600 nm) when excited by long-wavelength UV light (360410 nm), offering the potential
for sensing applications. These microspheres find use in environmental sensing (pollutant detection),
biomedicine (drug delivery, bioimaging), and industrial process monitoring.

Keywords: microspheres; silver molecular clusters; advanced sensor applications; ion exchange;
glass matrix; refractive index gradient; optical characteristics; luminescence; UV light excitation;
sensor technologies

1. Introduction

In recent years, Whispering Gallery Mode (WGM) microcavities have garnered signifi-
cant attention as potential optical sensors for the label-free detection of various biological
and chemical molecules and particles. These sensors can identify a range of molecules
with refractive indices differing from that of the surrounding environment, eliminating
the need for labeling. They rely on the observation of frequency shifts in WGM resonance
due to minute perturbations in the mode volume. The efficacy of these sensors has been
demonstrated in the detection of a variety of objects, including individual proteins, DNA
molecules, and viruses [1,2].

In our current research, we explore a novel material for use in these WGM sensors.
We focus on silicate glass microspheres containing ions and neutral molecular clusters
(MC) of silver. These glasses are exceptional materials that exhibit intense luminescence
in the visible spectrum [3]. They are characterized by high quantum yields and resistance
to degradation, making them more appealing than organic dyes. The primary limitation
of such sensors lies in the requirement for physical coupling between the WGM resonator
and external optics, such as a tapered fiber or bus waveguide, to provide phase-matched
evanescent coupling [4]. An alternative approach is the concept of WGM sensors with
optically active resonators [5], which enables pumping in the UV region via LEDs and
remote measurements through free space optics.

The ion exchange (IE) method is currently widely utilized for synthesizing multifunc-
tional glasses. This method is straightforward to execute and enables the attainment of a
high concentration of silver ions near the glass surface. Although studies on glasses with
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Ag+ ions and silver ions obtained through the I0 method have been conducted for more
than half a century, their potential remains far from being fully explored.

In soda-silicate glass, silver initially exists in its ionic form as Ag*. Structural defects
in the glass may contain uncompensated negative charges. These defects can arise from
various factors, including defects in the crystal lattice of the glass or the presence of
additional ions that can form negatively charged sites. In the presence of electronic defects
near glass structural defects, silver ions Ag* can readily be reduced to neutral silver
atoms Ag’. This reduction occurs when the glass is heated, and electrons are released
from electronic defects. Neutral silver atoms Ag’ can aggregate into molecular clusters,
potentially comprising multiple silver atoms, each with unique optical and electronic
properties. The formation of these molecular clusters can be induced by the characteristics
of glass structure defects and heating conditions.

2. Materials and Methods

To create the silicate glass microspheres, we employed glass with the composition
detailed in Table 1. The production process involved several steps. Initially, we crafted
a thin fiber, and subsequently, we formed the microspheres by melting the fiber’s end
using a propane flame. The microspheres were then subjected to the Low-Temperature Ion
Exchange (LTIE) process.

Table 1. Composition of glass used for making samples.

Chemical Glass
Constituents (% Mass)

SiO, 72.2%
Na,O 14.3%
K,O 1.2%
CaO 6.4%
MgO 4.3%
AlL,O3 1.2%
Fe,O3 0.03%
SO 0.3%

The ion exchange process occurred in a molten salt mixture of silver nitrate (AgNO3)
and sodium nitrate (NaNO3) at a temperature of 330 °C for a duration of 15 min. To monitor
the progress of the process, we also included witness glasses with the same composition.
These glasses, with a thickness of 0.17 mm, underwent the ion exchange process alongside
the microspheres in a common crucible.

Following the LTIE process, we meticulously cleansed the samples. This cleansing
process involved washing with distilled water and then with isopropyl alcohol to eliminate
any residual salts remaining on the surface after the process.

Figure 1 display photographs of the samples we obtained. Notably, the smallest
sample achievable through the described method had a diameter of 200 microns. Figure 2
shows one of the witness samples that was not completely immersed in the crucible; when
the sample was illuminated with an LED with a wavelength of ~390 nm, the luminescence
of molecular clusters of silver was clearly visible, and the area where the glass passes was
not immersed in the molten salts.

Comsol Multiphysics was employed to determine the resonant frequencies and fun-
damental modes of the resonator. For an effective modeling of the WGM resonator, a
two-dimensional axisymmetric approach was adopted. The grid was manually adjusted to
facilitate a two-dimensional axisymmetric natural frequency analysis.
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Figure 1. The obtained microsphere samples: (a) microsphere with a diameter of 380 um; (b) microsphere
with a diameter of 200 pm.

Figure 2. Witness sample visible luminescence.

The investigation of the properties of silicate glass containing silver molecular clusters,
synthesized through the LTIE method, encompassed both absorption measurements and
luminescence spectra measurements. Absorbance measurements were conducted on the
witness samples using a UV-VIS spectrophotometer (PB 2201). Luminescence spectral acqui-
sition measurements were performed using a Fluorolog®-3 instrument with FluorEssence™
(HORIBA Jobin Yvon SAS, Palaiseau, France). For all luminescence measurements, the
integration time was 0.1 s.

3. Results and Discussion
3.1. Investigation of the Properties of Silicate Glass Containing Silver Molecular Clusters

An experiment was conducted to measure the absorption of glass samples that under-
went Low-Temperature lon Exchange (LTIE), as well as transparent glass samples that were
not subjected to LTIE treatment. The resulting spectrum is depicted in Figure 3. Notably, the
absorption spectrum of the samples after the LTIE process lacks characteristic absorption
peaks. This absence is attributed to the fact that, under the same process parameters used
in the treatment, predominantly silver molecular clusters, such as Ag, s, are formed [6].

Figure 4 presents the results of measuring the luminescence intensity. When excited at
wavelengths of 370 nm and 390 nm, the luminescence spectra of all synthesized glasses
exhibit a broad luminescence band within the visible spectrum. This broadband lumines-
cence spanning from 500 to 900 nm corresponds to the emission emanating from a small
quantity of silver microcrystals formed directly during the LTIE process [7]. To generate
molecular clusters (MC), it is imperative to reduce silver ions to their atomic state. This
transformation leads to the creation of a certain quantity of silver microcrystals during the
LTIE process, consequently giving rise to weak luminescence across the entire visible range.
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Figure 4. Luminescence intensity: (a) first sample, Agyc 370 nm; (b) second sample, Agyxe 390 nm.

3.2. Modeling WGM Resonators

The simulated microspheres had a radius of 100 um. During the LTIE process with
silver, glass changes its refractive index from 1.585 on the surface to 1.515. The simulated
microsphere had a gradient refractive index from the edge of the microsphere to the center.
To explore the potential of this material, simulations of microspheres in air and water were
carried out. Figure 5 shows the distribution of the EM field in the cross-section of the
microcavity in air (a) and water (b). The resonant wavelength for the fundamental mode
of the microresonator near the luminescence peak was determined. For a microsphere in
air, the resonant wavelength for the fundamental TE mode with azimuthal number 1608
was 600.988. For a microsphere in water, the resonant wavelength for the fundamental
TE mode with azimuthal number 1608 was 601.294. The difference between the resonant

wavelengths was 0.25 nm.
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Figure 5. Fundamental mode localization: (a) microsphere in air; (b) microsphere in water.

4. Conclusions

We have obtained a new material that is suitable for use in label-free sensors with
active WGM resonators. This material is very simple to obtain and cost-effective. The
experiment showed that glass samples subjected to Low-Temperature Ion Exchange (LTIE)
showed distinct absorption characteristics, particularly the absence of characteristic ab-
sorption peaks, which was attributed to the formation of Ag, s molecular clusters of silver.
Luminescence measurements demonstrated a broad emission band in the visible spectrum,
especially in the 500-900 nm range, confirming the formation of silver microcrystals during
the LTIE process.

According to the simulation results, the difference between the resonant wavelengths
for media with different refractive indexes was 0.26 nm. This allows the material to be
used for microsphere sensors without direct physical connection. The results obtained
show the potential of soda silicate glass with molecular silver clusters as a material for
WGM sensors.
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