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Abstract

The dissertation investigates the possibilities of applying the Maxwell-Garnett
approach for homogenising different types of metamaterial structures, such as
conventional nanowires, spiral nanowires, and nanostructured composite cases.
The research aims to study the dispersion maps of the surface plasmon polaritons
(SPPs) propagating at different interfaces, such as metallic nanowire metamaterial
interface and the hollow-core metamaterial interface, nanostructured metamaterial
and corrugated metal interface, spiral nanowire metamaterial and air interface,
nanocomposite and hypercrystal interface.

This dissertation aims to analyse the properties of the dispersion and loss of
SPPs at the investigated interfaces, aiming to achieve absorption enhancement,
enabling the possible creation of the aircraft coating model, and allowing for the
cancellation along with the antenna systems. The dissertation enables to analyse
system engineering tools, such as the angle of the spiral, the number of grooves,
etc., aiming to conclude the tunability possibilities of the structure’s properties.

Relevant dispersion relations are derived by matching the tangential compo-
nents of the electrical and magnetic fields. It is demonstrated that tuning can be
achieved by modifying the parameters of the metamaterial building blocks. More-
over, the tunability of the nanowire metamaterials can be enhanced further by
changing either the metamaterial filling ratio or metamaterial cell geometry. Cal-
culated dispersion relations and propagation lengths of plasmon modes in the sys-
tem are presented. It has been concluded that the frequency range of the surface
waves’ existence can be significantly increased by dealing with the nanowire met-
amaterial interface. The possible application of the proposed tunable structures is
in antenna and aircraft noise reduction system design.



Reziumeé

Disertacijoje nagrinéjamos Maxwell-Garnett metodo taikymo galimybés skir-
tingy tipy metamedziagy struktiiroms, tokioms kaip jprastiné nanovieliné meta-
medziaga, spiraliné nanovieliné metamedziaga, nanostruktiiriné metamedziaga,
homogenizuoti. Siekiama istirti pavirSiniy plazmony poliaritony (SPP), sklindan-
¢iy jvairiose sandiirose, tokiose kaip metalinés nanovielinés metamedziagos ir tus-
¢iavidurés Serdies metamedziagos sandira, nanostruktiirinés metamedziagos ir
gofruoto metalo sandira, spiraliné nanovieliné metamedziaga ir oro sandiira, na-
nokompozito ir hiperkristalo sandiira, dispersines diagramas.

Disertacinio darbo tikslas — iSanalizuoti PPP sklaidos ir nuostoliy ypatybes
tiriamose sandairose, siekiant pagerinti absorbcija, leidziancig sukurti orlaivio
dangos modelj, taip pat ir anteny sistemas, su tikslu slopinti triuksma. Disertacija
taip pat leidzig iSanalizuoti sistemos derinamumo priemones, tokias kaip spiralés
kampas ir grioveliy skaiCius, siekiant padaryti iSvada apie konstrukcijy savybiy
derinimo galimybes.

Taikant elektriniy ir magnetiniy lauky tangentiniy komponenty suderinimo
metoda gaunami atitinkami dispersijos rySiai ir parodoma, kad derinimg galima
pasiekti modifikuojant metamedziagy daleliy parametrus. Be to, hanovieliniy me-
tamedziagy derinamuma galima dar labiau pagerinti kei¢iant metamedZziagos uz-
pildymo koeficienta arba metamedziagy lasteliy geometrija. Pateikiami apskai-
¢iuoti dispersijos santykiai, taip pat SPP sklidimo ilgiai sistemoje. Padaryta
iSvada, kad naudojant nanovieliniy metamedziagy sandiirg galima Zymiai padi-
dinti pavirSiniy bangy egzistavimo dazniy diapazong. Galimas sitilomy derinamy
konstrukcijy pritaikymas mazinant anteny ir orlaiviy triukSma.
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Notations

Symbols

[ — propagation constant (liet. sklidimo pastovioji);

em — permittivity of metal (liet. metalo santykiné dielektriné skvarba);
&¢ — permittivity of dielectric (liet. dielektriko santykiné dielektriné skvarba);
w — cyclic frequency (liet. ciklinis daznis);

¢ — speed of light (liet. sviesos greitis);

p — filling fraction (liet. uzpildos koeficientas);

k —wave number (liet. bangos skaicius);

A —wavelength (liet. bangos ilgis);

o — conductivity (liet. laidumas);

L, — propagation length (liet. sklidimo ilgis).

Abbreviations

ENP — epsilon near pole (liet. epsilonas arti asigalio);

ENZ — epsilon near zero (liet. epsilonas arti nulio);

FB — Ferrell Berreman (liet. Ferrell Berreman);

ITO — indium tin oxide (liet. indzio alavo oksidas);

MM — metamaterial (liet. metamedziaga);

PbS — lead sulfide (liet. svino sulfidas);
PEC — perfect electric conductor (liet. tobulas elektros laidininkas);
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SP — surface plasmon (liet. pavirsiniai plazmonai);
SPP — surface plasmon polariton (liet. pavirsiniai plazmoniniai polaritonai);
TCO - transparent conducting oxide (liet. skaidrus laidus oksidas).
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Introduction

Problem formulation

For aerospace and antenna applications, traditional antenna materials — printed
circuit boards, machined aluminium enclosures, and thermoset radomes — offer
tried and true but costly approaches to building antennas. Another major disad-
vantage is the poor absorption properties, increasing noise levels. A key SPP-en-
abled property is the strong light confinement well beyond the diffraction limit in
metallic nanostructures via the excitation of localised SPP resonances. This prop-
erty can be used to build subwavelength-sized plasmonic nanoresonators ex-
tremely sensitive to tiny variations in their surroundings or plasmonic nanoanten-
nas that efficiently convert confined into radiative fields and vice versa. A new
approach is needed to meet next-generation antenna requirements. These types of
problems can be solved by applying metamaterials (MMs). An MM is composed
of nanostructures, which are called artificial atoms. These structures provide the
metamaterial with unique properties that natural materials cannot have. These
properties can be used to overcome optical limits caused by several effects, such
as the diffraction limit, so using metamaterials can yield abnormal properties in
the devices. The changeable properties of MMSs have been achieved by introduc-
ing active materials, such as vanadium dioxide, indium tin oxide, polydime-
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thylsiloxane, graphene, or liquid crystals. The former allows for achieving con-
trollable characteristics. An active material provides a metamaterial with tunabil-
ity, reversibility, repeatability and fast response to change. Incorporating respon-
sive materials, such as semiconductors, liquid crystals, phase-change materials, or
quantum materials (e.g., superconductors, 2D materials, etc.) imbue metamateri-
als with dynamic properties, facilitating the development of active and tunable
devices harbouring enhanced or even entirely novel electromagnetic functionality.

Relevance of the dissertation

The importance of a doctoral dissertation lies in its ability to design, develop and
disseminate novel tunable metamaterial models for possible applications in the
aircraft industry and at high-frequency regions. The doctoral dissertation is a mul-
tidisciplinary project highly relevant to the aspects of the aircraft and electronic
fields, including possible applications of the presented approaches in the antennas
and aircraft industry fields. The work outcomes will not only result in completely
new tunable metamaterial models, potentially applicable to perform noise cancel-
lation functions, but also open a new route to novel platforms that could offer
several practical implementations of novel antenna systems.

The object of the research

The research object is the design of various solutions for the propagation of sur-
face plasmon polaritons (SPPs) based on the application of nanostructured and
nanowire metamaterial models.

The aim of the dissertation

Creation of the theoretical novel models enabling investigation of the electrody-
namical properties of SPPs propagating at the studied interfaces.

The objectives of the dissertation

The following objectives were formulated to solve the stated problem and reach
the aim of the dissertation:
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1.

To investigate the possibilities of applying the Maxwell Garnett approach

to homogenising different types of metamaterial structures, such as con-

ventional nanowires, spiral wire, and nanostructured composite cases.

To study the dispersion maps of the SPPs propagating at different inter-

faces such as:

e metallic nanowire metamaterial interface and the hollow-core met-
amaterial interface;

e nanostructured metamaterial and corrugated metal interface;

e spiral wire metamaterial and air interface;

e nanocomposite and hypercrystal interface.

To analyse the properties of the dispersion and loss of SPPs at the inves-

tigated interfaces, aiming to achieve absorption enhancement, enabling

possible creation of the aircraft coating model, allowing for noise cancel-

lation along with the antenna systems.

To analyse system engineering tools, such as the angle of the spiral, num-

ber of grooves, etc., aiming to conclude the tunability possibilities of the

structure properties.

Research methodology

Methods used in the dissertation:

The effective medium approximation theory is based on the Maxwell
Garnett approach and the transfer matrix approach, which was used to
develop the novel SPP propagation models aiming to calculate electro-
dynamical characteristics.

SPP simulation methods were implemented to measure the absorption
enhancement of the propagating mode, leading to possible applications
in the antenna design.

Scientific novelty of the dissertation

Novel computer models of SPP propagation at the novel metamaterial
interfaces have been developed with Matlab to calculate the electrody-
namical parameters of the SPPs propagating at the interfaces under study.

The influence of the metamaterial filling ratio on the transmission char-
acteristics of SPPs has been determined, enabling the realisation of di-
mension-tunable SPPs.
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— The tunability of the absorption enhancement (the imaginary part of the
propagation constant) has been investigated by engineering metamaterial
structural design.

Practical value of the research findings

New computer models based on novel metamaterials having a potential applica-
tion in devices, such as antennae and noise cancellation films, were created, and
existing models were improved. These models allow for analysing the propaga-
tion of SPPs at the boundary of novel interfaces. They also enable the calculation
of their parameters and evaluation of electrodynamical characteristics. It investi-
gates how the properties of the devices change by varying the metamaterial pa-
rameters. Algorithms and programs were created to predict electrodynamical
characteristics of the SPPs propagating at the novel metamaterial interfaces.

The defended statements

1.

A two times wider frequency range of surface waves existence, i.e. from 500
THz (600 nm) to approximately 1000 THz (300 nm), can be achieved if a
nanowire metamaterial (d = 10 nm, S = 60 nm) interface is employed instead
of a hollow-core metamaterial interface (d = 10 nm, S = 60 nm).

The absorption enhancement of nanowire metamaterial could be increased by
ten times if transparent conducting oxides are employed in the nanowire met-
amaterial instead of the silver analogues.

The resonance frequency of the SPPs modes can be increased from 250 THz
to 1000 THz by increasing the chemical potential from u = 0.1 eV till 4 =
15eV.

The designed spiral wire metamaterial with a wire diameter d of 8 mm al-
lowed to increase the highest operation frequency of the propagating modes
regime to 500 THz compared to 300 THz, which is permitted by the smaller
analogue (d =4 mm).

The noise could be reduced by 1.1 factor (0.83 dB) if nanowire acoustic met-
amaterial (d =10 nm, S =60 nm) is applied and would reach its maximum
efficiency if the metamaterial filling ratio equals f = 0.7.
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Approval of the research findings

The main results of the dissertation were published in seven scientific publica-
tions: six in the Clarivate Analytics Web of Science database with an impact factor
and one in other databases.

The research results on the dissertation’s topic were presented at four scientific
conferences:

— Metamaterials and Plasmonics Conference (META) 2022. Torremolinos,
Spain.

— International Conference “Electrical, Electronic and Information Sci-
ences® (eStream ) 2022. Vilnius, Lithuania.

— Metamaterials and Plasmonics Conference (META) 2021. Poland, War-
saw.

— Conference for Lithuania Junior Researchers “Science — Future of Lithu-
ania” 2021. Vilnius, Lithuania.

Structure of the dissertation

The dissertation contains an introduction, analytical literature review, discussion
of research methodology, summarized investigation results and conclusions, ref-
erences, author’s publications collection, and a summary in Lithuanian. The dis-
sertation consists of 138 pages, 40 displayed equations, 23 figures, 1 table, and 69
references cited in the dissertation. The dissertation is structured around three
main chapters.

The First Chapter reviews the concept of SPPs and their application in avia-
tion. It concludes by formulating the main objective and tasks of the present in-
vestigation.

The Second Chapter explores numerical methods for investigating metamate-
rials. It presents homogenisation techniques for concluding the effective permit-
tivity of considered metamaterial. Also, it considers the novel transfer matrix
method used to derive the dispersion relation of SPPs propagating at the boundary
of the novel metamaterials.

The Third Chapter presents numerical investigation results on analysing the
propagation of SPPs at the boundaries of novel studied metamaterials. In this re-
lation, the doctoral dissertation covers a wide range of investigations, starting
from conventional nanowire cases and ending with exotic cases, such as spiral
wire metamaterials.






Photonic metamaterials modelling
techniques

This chapter reviews the concept of SPPs and their application in aviation, the
main techniques for homogenising highly anisotropic media and dealing with the
SPP propagation based on their dispersion relation. This chapter concludes by
formulating the main objective and tasks of the investigation. The scientific pub-
lication was published on the topic of the first chapter (loannidis et al., 2021) and
findings were presented at META 2021 and META 2022 conferences.

1.1. Anisotropic medium homogenisation techniques

In the last few decades, metamaterials have inspired scientists and engineers to
think about waves beyond traditional constraints imposed by materials in which
they propagate, conceiving new functionalities, such as subwavelength imaging,
invisibility cloaking and broadband ultraslow light. Mainly for ease of fabrication,
many of the metamaterial concepts have initially been demonstrated at longer
wavelengths and for microwaves, and later, metamaterials have subsequently
moved to photonic frequencies and the nanoscale. Recently, metamaterials have
embedded new guantum materials, such as graphene, dielectric nanostructures
and, as metasurfaces, surface geometries and surface waves while embracing new

7
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functionalities such as nonlinearity, quantum gain and strong light-matter cou-
pling. A significant number of attractive applications, e.g., ultra-compact wave
plates (Min et al., 2015), broadband absorbers (Kong et al., 2017) and optical cir-
cuit boards (Min & Huang, 2015) have been enabled due to numerous unusual
trends in anisotropic composites. These include an invisible cloak (Klotz et al.,
2019), negative refraction (Kadic et al., 2019), and abnormal reflection (Ratni
etal., 2018). It should be noted that electromagnetic features of composites can
be engineered by lights (Dani et al., 2009), electrics (Anglin et al., 2011), magnet-
ics (Han et al., 2008) and temperatures (Chen et al., 2010), engineering material
structure or geometry of metamaterial unit cells.

Metamaterials can be engineered to obtain the desired unique properties de-
pending on the application. Thus, the studied structures vary using different unit
cell types, i.e., rectangular and hexagon. The presence of waves was originally
demonstrated for dielectric materials placed over a metal surface or for the metal-
lic surface with a periodic repetition of obstacles of holes in the direction of prop-
agation (Pendry et al., 2004; Garcia-Vidal et al., 2005; Jiang et al., 2009). The
mentioned structures have been homogenised by applying the Maxwell Garnett
approach; however, no attempt was made to deal with the novel and more com-
plicated metamaterial cases. Therefore, it is particularly interesting to examine the
metamaterial structures with complicated geometry by applying the Maxwell Gar-
nett approach.

It is particularly important to find a way to achieve tunability. It should be
mentioned that metamaterials can be tuned to respond to different frequencies in-
stead of only fixed ones. Therefore, in this great diverse environment of the design
structures of metamaterials, depending on the case, they require low or high ap-
plied frequency ranges. Additionally, due to their dispersive abilities, the permit-
tivity and permeability in the studied metamaterials depend on the incoming wave
frequency.

1.2. Propagation of surface plasmons and surface
plasmon polaritons

An important aspect of the present investigation is the propagation of SPPs at the
boundary of geometrically different metamaterials. Surface plasmons (SPs) are
introduced as collective oscillations of the delocalised electrons presenting at
metal—dielectric interfaces in metamaterial structures. The resonant oscillations of
free electrons at the interface of nanocomposite media due to optical radiations
give rise to SPPs (Stiens et al., 1997). Another definition is that the strong level
of interaction between light and free electrons in metals (Raether, 1988; Maier,
2007) causes quasiparticles called SPPs. The SPP propagation in nanocomposites
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has been extensively studied (Singh et al., 2015; Singh et al., 2021; Singh, 2021).
Composite media with metal nanoparticles are particularly essential, aiming to
create nanostructured metal-insulator systems and novel approaches to manipu-
lating light based on it. The calculations focus on dispersion properties and SPP
propagation lengths at the boundary of nanostructured metamaterials, employing
realistic material parameters. However, the mentioned studies report on investi-
gating SPP propagation at conventional interfaces. Further steps are needed to
enhance the interest-raising properties, such as absorption enhancement necessary
for developing aircraft coverage films for noise cancellation and improved pas-
senger comfort. Thus, it is particularly interesting to examine the SPP propagation
in the enhanced system, i.e., at the interface separating metallic nanowire met-
amaterial and hollow-core metamaterial medium. The emergence of transparent
conductive oxides (TCOs) has attracted tremendous interest within the scientific
community. These are the alternative approach for plasmonics (Naik et al., 2016)
in the near-infrared region. Contrary to noble metals, such TCOs as indium tin
oxide (ITO) demonstrate a great tunability of their optical and electronic proper-
ties (Feigenbaum et al., 2010). Although TCOs have already been widely used as
an advantageous metal alternative, studies are still lacking to allow for enhanced
absorption and structure tunability. Doing so, the investigation of the nanocom-
posite and hypercrystal interface would provide fertile ground for the mentioned
functionality due to the innovative TCO inclusions. Plasmonic behaviour in the
visible to near-infrared light range is achievable due to the employment of metallic
nanostructures. Absorption enhancement of silver and TCO nanowires with dif-
ferent diameters by effective medium approximation has already been investi-
gated (Gric et al., 2018). The studies also report on the stronger enhancement of
TCO nanowires. Surface-plasmon-based circuits are known to merge the fields of
photonics and electronics at the nanoscale, thereby enabling it to overcome the
existing difficulties related to the large size mismatch between the micrometre-
scale bulky components of photonics and the nanometre-scale electronic chips.
These applications, however, are generally limited to high electromagnetic (EM)
frequencies (the UV, visible, and near-infrared ranges). This is because metals
behave akin to perfect electric conductors (PECs) at lower frequency regimes and
do not support SP modes. Early works showed that by corrugating metal surfaces,
this limitation could be overcome, and they reported the excitation of highly con-
fined SP-like EM modes at microwave frequencies (Gaubau et al., 1950; Harvey,
1960). In 2004, Pendry et al. introduced the concept of spoof SPs and demon-
strated that plasmonic metamaterials constructed by patterning metal surfaces
with subwavelength periodic features can mimic, at low frequencies (far IR, te-
rahertz, or microwave regimes), the EM guiding characteristics of optical SPs
(Pendry et al., 2004; Garcia-Vidal et al., 2005). It should be mentioned that ex-
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ceptional SPP properties, such as subwavelength confinement and strong field en-
hancement, give rise to a wide range of innovative applications (loannidis et al.,
2019; Gric et al., 2018; Lepeshov et al., 2018). However, studies are lacking on
the absorption enhancement by corrugated systems. In the frame of the present
dissertation, the investigation will focus on the spiral wire metamaterial and air
interface, the nanostructured metamaterial and the corrugated metal interface. The
former approach will bring absorption enhancement, which is highly desirable for
aircraft coatings, with the system engineering tools, such as the angle of the spiral,
the number of grooves, etc., to conclude the tunability of the structure properties.

1.3. Attempts to design models for aeroacoustics and
electronics

Flexible electronics that break through the bottleneck and monopoly of traditional
rigid electronics have aroused extensive interest in the research community and
become one of the greatest cutting-edge interdisciplinary concerns. Broad inno-
vative applications include wearable electronics (Shi et al., 2021; Hajiaghajani et
al., 2021), epidermal electronics, implantable electronics (Song et al., 2019), soft
robotics (Byun etal., 2018; Yang et al., 2018), etc. Over the last two decades,
great progress has been achieved on advanced soft materials (Chen et al. 2019)
and structural designs to enable flexible electronics. While the application of met-
amaterials for cloaking has been extensively covered, their use in THz and acous-
tic frequency ranges still requires scientists’ attention. So, an intriguing applica-
tion of metamaterials is in aeroacoustics, by mathematical analogy from
electromagnetic waves. Maxwell electromagnetism, elasticity, and acoustics de-
scribe various classical waves via different equations. Analogies between these
waves are very fruitful and repeatedly resulted in the mutual export of ideas be-
tween optics and acoustics. To name a few, acoustic crystals/metamaterials, vor-
tex beams, and topological systems were developed in parallel with their optical
counterparts and attracted great attention in the past decades. Surface waves at
interfaces between continuous media, such as surface plasmon-polaritons, are
highly important for modern optics. However, only some research efforts analyse
acoustic analogues of such waves (Kietczynski, 2022; Bliokh et al., 2019). The
reason for this is that such waves (for linear longitudinal sound fields) appear only
at interfaces with negative-density media, i.e., acoustic metamaterials. Surface
electromagnetic waves also require media with negative parameters (permittivity
or permeability), but there are natural media with such parameters, e.g., metals.
Nonetheless, the dissertation aims to explore the fundamental origin of surface
acoustic modes and show that this reveals nontrivial intrinsic properties of acous-
tic wave equations.
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1.4. Homogenisation method

This section presents homogenisation techniques used to investigate novel types
of metamaterials.

1.4.1. Mixing rules to homogenise metamaterials

Homogenisation theories are applied to assign effective material parameters (in
metamaterials studies, especially effective permittivity and permeability) to ma-
terials of mixed and heterogeneous microstructure. The former approach estab-
lishes if the characteristic length of inhomogeneities in the mixture is sufficiently
smaller than the wavelength of the operating electromagnetic field. This is at least
the case for the non-resonant inclusions and positive-permittivity materials com-
posing the whole mixture. However, it has been shown (Ferrari et al., 2015) that
for negative-permittivity mixtures, basic mixing rules based on quasistatic princi-
ples give fairly accurate predictions when measured against full-wave simula-
tions. This happens even surprisingly close to regions where plasmonic reso-
nances appear, although, of course, the failure in accounting for all the detailed
resonance structures cannot be avoided. Below, the simplest classical mixing rules
are described. Isotropic phases (background medium and inclusions) form the
considered mixtures, and the inclusions are assumed to be spheres. The presented
rule is applied to homogenise novel metamaterials presented in the doctoral dis-
sertation.

The polarisability o describes the first-order response of an isotropic dielec-
tric sphere that is small compared to the wavelength. It is the ratio between the
induced dipole moment and the amplitude of the external electric field (Poddubny
etal., 2013):

3eq
k)
g + 286

a=V(g—¢g) (1.1)
where the permittivities of the inclusion and its environment are denoted by & and
ee, respectively. The volume of the sphere is V. Note that the polarisability is a
scalar. This is because the inclusion material is isotropic, and its shape is spheri-
cally symmetric. The presented mixing rule (1.1) will serve as a basis to derive
analytical homogenisation formulas for the novel metamaterials.
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1.4.2. Maxwell Garnett formula to homogenise layered
nanostructured metamaterial

Consider a mixture where small (in comparison with the wavelength) spherical
dielectric inclusions (with permittivity ;) are embedded in a host material of per-
mittivity e.. The number density of the inclusions is n. Then, the effective permit-
tivity of the mixture, according to the so-called Clausius—Mossotti formula (Pod-
dubny et al., 2013), is as follows:

Ceff “C¢ N

=— (1.2)
Eoff T260 3gq

The dilute-mixture approximation can be written by taking the limit of small n:

Eeff X Ee +NOL. (1.3)

In practical applications, it is not always convenient to use quantities like
polarisabilities and scatterer densities. Rather, it is preferred to deal with the per-
mittivities of the components of the mixture. When this is the case, it is advanta-
geous to combine the Clausius—Maossotti formula with the polarisability expres-
sion (Eg. 1.1). Then, the equation can be written as follows:

ot —Ce _ o &t (L.4)
Eof +285 & +284 '

where f = nV is a dimensionless quantity signifying the volume fraction of the
inclusions in the mixture. It is worthwhile noting that because only the volume
fraction and the permittivities appear in the mixing rule, the spheres are not re-
quired to have the same size if only all of the objects are small compared to the
wavelength.

The Maxwell Garnett formula stands for the most common mixing rule
(Eq. 1.4) written explicitly for the effective permittivity:

i ~%e
gi+26,— f(gi—¢g)

Eeff =€¢ T3Tgg (1.5)

This formula opens wide avenues for researchers. The beauty of the Maxwell
Garnett formula is in its simplicity combined with its wide applicability. It satis-
fies the limiting processes for vanishing inclusion phase f — 0, giving gett — &,
and for vanishing background f — 1, it can be concluded that st — ei.

The mixing equation for dilute mixtures (f <<l) is given by the perturbation
expansion of the Maxwell Garnett rule:
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2
Eoff ~ € +3T 5, S "% +3f28e(mj . (1.6)
gj + 2¢, g + 2¢,

An improved version of the Maxwell Garnett formula has been given by Lord
Rayleigh (Hoffman et al., 2007):

3feg

_§_1.305_ %i "% f10/3 '
€ — € g +4e, /3

Eeff =€+ & + 28, (1.7)

The difference between the predictions by the Maxwell Garnett and Rayleigh
mixing rules lies in the similarity of the coefficients up to the fourth power of f in
the case of the series expansions in terms of the volume fraction around f = 0.
However, the deviation becomes large for higher volume fractions of the inclusion
phase. If the permittivity contrast is large enough (ei/e. > 4.735), the Rayleigh
mixing rule predicts a value for & approaching infinity for increasing f.

The effective permittivities of the layered nanostructured metamaterial com-
posed of alternating graphene and dielectric layers are as follows (Khromova
etal., 2014):

¢ = oa o, 1.9
g + dd

_ g8 (dg +dg )

g, = , (1.9

Sgdd +deg

where ¢,, g4 are the permittivities of the graphene and dielectric layers, corre-

g ]
spondingly; dg , dy are the thicknesses of the graphene and dielectric layers,
correspondingly.

1.5. Transfer matrix method to obtain the dispersion
relation of surface plasmon polaritons

The transfer matrix approach is also applied to derive the dispersion relationship
for SPP waves. It is worthwhile noting that the former is unique for every system
presented in the doctoral dissertation. The transfer matrix method is a chosen tech-
nique used to derive the parameters related to the architecture of the metamaterial
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designed and investigated. It relates the incoming waves to the outgoing (scat-
tered) waves to understand the properties of the metamaterial. Especially for an
arbitrary number of material layers, the transfer matrix technique becomes indis-
pensable in simulating the reflection, absorption, and transmission.

As an example, a plane wave of wavelength 1 incident normally on a stack of
dielectric materials of various thicknesses tj and indices of refraction n;is consid-
ered. Naturally, the impinging light will have reflected and transmitted compo-
nents, which is illustrated in Fig. 1.1 (Balili, 2012).

i 75 n
k=nw/c k=n,w/c
1| g2 12
El EQY Ez E’
E? E* E! E?

Fig. 1.1. Transmission and reflection on stacks of dielectric

The field components, after propagating through the system, can be solved
by a transfer matrix equation E' =Ty, E, where Tw is the effective matrix contri-

bution of all the layers and interfaces. To solve for the effective matrix, the electric
field is written as a sum of forward and backwards-moving waves. The fields
across an interface are then given in a matrix form by

E\) (e 0o |(E L10
E ) | o ekt \E) (110

Hence, the transfer matrix across a layer is
Tiayer = 0 ek . (1.12)

Across an interface, the contributions to the electric field are observed due to
the transmission from the left, reflection from the right and vice versa.

E2-_ M gn M2"Meo (1.12)
N, +MNy n+n,
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g2 _M—Mppn 20

i E2. (1.13)
Ny +Ny n+n,

Eq. (1.12), (1.13) can be then simplified in matrix form
2 —(n— 1
E2|_1f n+l (n-1))(E? | (1.14)
E2) 2{—(n-1) n+1 J|EZ

where n = ni/n,. Therefore, the transfer matrix across an interface can be written

as follows:

1 —(n-1

pif n+l o —(n-1)) (1.15)
2(-(n-1) n+1 -

The same procedure is followed for the transfer matrix across an interface for
obligue incidence. The transfer matrix across the interface for arbitrary incident

angle 6 is
1r
Tl( j : (1.16)
2\r 1 int

where t and r are the regular Fresnel transmission and reflection coefficients de-
rived by Balili (2012). Finally, the effective matrix Ty is obtained as a resultant
product of all the different matrices across the layers and interfaces.

t t
Ty =(t11 tlz j =Ty ToT,T, . (1.17)
21 22

For light incident on a complete stack of materials, incident and reflected
light on one side and just transmitted light on the other can be considered. This is
described by the following matrix equation:

{Etransj _ (tll 1:12 j Einc (1 18)
0 1 oo )\ Eret

Then, the transmitted and reflected electric fields are given by

det(Ty; )
rans — t— Eincs Eret =—
22 22

g (1.19)

In general, chosen methods for designing metamaterials can drastically re-
duce the expenses of product development and prototyping by replacing costly
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experimental trial-and-error with computational experiments. There is, however,
always a level of discrepancy between the experimentally measured and the nu-
merically calculated response. Improving the accuracy and performance of the
numerical models to overcome such discrepancies is vital and, therefore, remains
an area of extremely active research.

1.6. Conclusions of the First Chapter and formulation
of the dissertation tasks

Although concepts of metamaterials and SPPs and their physical properties and
various applications have already been extensively covered, the possible applica-
tion of the physical essence of surface waves in aeroacoustics remains an unsolved
problem. Thus, the present dissertation bridges this gap by classical electrody-
namics and acoustics. So, this study is a multidisciplinary approach discussing the
possibilities of combining both disciplines.
Based on the literature survey, the following objectives should be formulated:
— Investigate the possibilities of applying the Maxwell Garnett approach
for homogenising different metamaterial structures, such as conventional
nanowires, spiral wire, and nanostructured composite cases.
— To study the dispersion maps of the SPPs propagating at different inter-
faces such as:
e metallic nanowire metamaterial interface and the hollow-core met-
amaterial interface,
¢ nanostructured metamaterial and corrugated metal interface,
o spiral wire metamaterial and air interface,
¢ nanocomposite and hypercrystal interface.

— To analyse the dispersion properties and SPP loss at the investigated in-
terfaces to achieve absorption enhancement, enabling the possible crea-
tion of the aircraft coating model for noise cancellation and antenna sys-
tems.

— To analyse system engineering tools, such as the angle of the spiral, num-
ber of grooves, etc., to conclude the tunability possibilities of structure
properties.

Based on the literature survey, the following hypothesis could be provided:

— Graphene-based nanostructured and nanowire metamaterial structures
with the hexagonal unit cell can help to achieve tunable SPP features.
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— Absorption enhancement could be controlled by changing the filling ratio
of the nanowire metamaterial.

— The use of nanowire metamaterial (d = 10 nm, S = 60 nm) interface allows

for a significant increase of the frequency range of surface waves exist-
ence.






Surface plasmon polaritons:
Investigation methodology

This chapter presents the methodology for investigating the system tunability. It
presents numerical methods used to investigate metamaterials and homogenisa-
tion techniques for concluding the effective permittivity of the considered met-
amaterial. The considerations focus on the novel transfer matrix method for de-
riving the dispersion relation of SPPs propagating at the boundary of the novel
metamaterials. The scientific publications were published on the topic of the sec-
ond chapter (loannidis et al., 2020; loannidis et al., 2021) and findings were pre-
sented at META 2021 and META 2021 conferences.

2.1 Analytical models of the investigated systems
This section presents analytical models for investigating the studied systems. The
section provides an insight into the study of surface plasmon polaritons propagat-

ing at the interface separating nanocomposite and hypercrystal and at the bound-
ary os spiral wire metamaterial.

19
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2.1.1. Surface plasmon polaritons at the interface separating
nanocomposite and hypercrystal

The structure under study is presented in Fig. 2.1. It is worthwhile mentioning that
a photonic hypercrystal (Fig. 2.1) is a novel type of metamaterial combining the
properties of photonic crystal and hyperbolic metamaterials.

tz

£

f

°
°
°
z

Nanocomposite

X

Em

(@) (b)
Fig. 2.1. Schematic system under consideration involving a semi-infinite hypercrystal
(x > 0) and a nanocomposite with semiconductor inclusions (x < 0) (a) and metamaterial
(hypercrystal) unit cell (b) (made by the author)

The dielectric function of metallic medium in the complex conductivity and
frequency domain is written as (loannidis et al. 2021):

sr(c,m)=l+(x+wj, (2.1)

Q17

where y is the system’s susceptibility, |0| is the absolute value of complex con-

ductivity and ¢ is its phase, @ — angular frequency, ¢, — dielectric constant.

The dispersion relation of SPPs at a planar interface between the dielectric
medium and metal forming a simple plasmonic structure in the complex conduc-
tivity and frequency domain is written as (loannidis et al., 2021):

_E sr(c,m)ad
K (010) = Py \’ar(c,m)ntad ' 22)

where &4 is the permittivity of the host material, A — wavelength. By taking a step
towards complex nanostructures, it is assumed that the wavelength and the elec-
tromagnetic field penetration depth in the material are much larger than the size
of inclusions suspended in a dielectric matrix. It is worthwhile mentioning that an
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effective Maxwell Garnett model can be employed aiming to characterise the op-
tical properties of the nanocomposite under consideration. The former approach
is possible if the interference effects of the inclusions are neglected and their vol-
ume fraction is as small as 1/3. Thus, the homogenisation procedure may be ap-
plied, and the effective complex permittivity of the nanocomposite can be ex-
pressed as follows:

f
e (0:0) = {LL (1-f)/3+¢, /(sm (G,O))—Sn):l, @3)

where &, is the permittivity of the host material of the nanocomposite and f is the
number of nanoparticles in the matrix.

Based on the effective medium approximation, the effective permittivities of
the anisotropic nanowire metamaterial (hypercrystal) may be calculated as fol-
lows:

e sm(cs,co)(1+p)+8d(1—p).
1 (00)= dLm(G,m)(l—p)+gd (1+p)}’ @4)
8||(c5,a))=8m(c5,03)p +&q(1-p), (2.5)

where g4 is the permittivity of the host material, e is the permittivity of the inclu-
sions embedded into the host material, and p is the metal filling fraction ratio,
which is calculated as:

_ nhano wire area

p=————. (2.6)
unit cell area

The metal filling fraction (p) is calculated based on the values of the pore
diameter (d) and spacing (S) (Fig. 2.1b). By considering a perfect hexagonal struc-
ture, the equation is applied as follows:

o= 7d 2
24352

Based on this assumption, a dispersion relation may be derived for the surface
modes propagating at the interface between two anisotropic media. It is particu-
larly important to obtain a single surface mode with the propagation constant by
calculating the tangential components of the electric and magnetic fields at the
interface

(2.7)
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(2.8)

B(o.0)= k[(gn (0:0) ~ e (G’(D))SJ_ (0,0)enc (0,0) JUZ |

g) (0,0)g(0,0)-¢ (c,0)

By substituting (2.3)—(2.5) in (2.8), the resulting dispersion relation is as fol-
lows:

1/2

gb(0,0)a(0,0)(g,a(0,0) + &y (0,0)p—£4 (P-1))

] e e Bt
(2.9)
a(o,0)= : -t (2.10)
ERDE G
b(,0)=(p—1)e3 —&n (0,0)eq (p+1). (2.11)

It is worthwhile noting that Eq. (2.9) stands for the analytical expression of
the dispersion relations investigated in the frame of the present work. The pre-
sented model enables the investigation of properties of SPPs propagating at the
boundary of nanocomposite and hypercrystal.

2.1.2. Surface plasmon polaritons propagating
at the boundary of spiral wire metamaterial

The proposed geometry of the wire composites is shown in Fig. 2.2. Wires with
permittivity e are embedded in a host material with permittivity ag" :

AgTCO nanowire

Fig. 2.2. Schematic view of a wire composite (made by the author)
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Based on an effective medium approximation, the effective permittivities of
the wire metamaterial, according to loannidis et al. (2022), can be evaluated as
follows:

M eM (1+p'\’I )+8('}/' (1—pM)

ef =& o (1= ) ot (1= p™) : (2.12)

8|'|V' =gMpM +8('YI (1—p'\’I ) (2.13)

Here, subindex M refers to the metamaterial medium, and pM is the metal
filling fraction ratio, which is defined as:

nano wire area
M- = (2.14)
unit cell area

To explore and demonstrate the properties of surface waves, a Drude model

(Johnson 1972) is adopted to characterise the metal (i.e., silver), expressing the
p

®? +id®
this permittivity function to a particular frequency range of bulk material. It is
found that for silver, the values of &,=5, ©,=22971-10" Hz,

5=2.3866-10'2 Hz give a reasonable fit. The metal filling fraction (p™ ) based

on the values of the pore diameter (d") and spacing (SV) is calculated; assuming
a perfect rectangular structure, the following equation is applied:

o)
a(sM)’

With this assumption, it is possible to derive a dispersion relation for the sur-
face modes localised at the interface between metamaterial and PbS. Evaluating
the tangential components of the electric and magnetic fields at the interface, it is
then, in turn, possible to obtain a single surface mode with the propagation con-
stant

permittivity as eM (w)=¢,, — . The parameters are obtained by fitting

(2.15)

M y 12
(SPbS_SH )SPbSSL

2 _ MM
€pps ~EL g

B=k , (2.16)
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where k is the wavenumber (absolute value of the wavevector in vacuum), and j
is the component of the wavevector parallel to the interface. The computer algo-
rithm to calculate Eq. 2.16 is presented in Fig. 2.3.

INPUT &Y, epps, £},
@, C

k=w/c

M M\ 1/2
—k (prs € _)EPEISEL
B= 2 M M

Epps ~ELE)|

w=w+10°

WRITE
B

Fig. 2.3. Algorithm allowing the calculation of the dispersion of SPPs at the boundary of
the spiral wire metamaterial (made by the author)

Finally, the effective permittivities of the spiral wire metamaterial, as follows
(loannidis et al., 2022), are obtained:

ade! sin(20)(p+1)

eM (pM _1) 5 .
M g 2.17)
a0 (pM +1) ¢ ade sm(229)( 1)’
deMpM 20)+1
oM = ol (pM 1) " (‘;"S( Ai) (218)

where a — is the groove width of the spiral wire, d — periodicity, and ® — is the
spiral angle. The presented model allows the investigation of the properties of
SPPs propagating at the boundary of the spiral wire metamaterial.
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2.2. Conclusions of the Second Chapter

This chapter presents the main techniques used to study the properties of SPPs at
novel interfaces:

1. The proposed mathematical model allows for treatment permittivities of
the anisotropic medium in each chosen direction, enabling its application
for complex metamaterial-based anisotropic systems.

2. A model has been presented enabling the investigation of SPP properties
propagating at the boundary of nanocomposite and hypercrystal and of
the absorption effect.

3. A model has been presented enabling the investigation of SPP properties
propagating at the boundary of the spiral wire metamaterial, opening wide
avenues for possible applications, such as enhanced photoconductive an-
tennas.






Surface plasmon polaritons:
Investigation results and
conclusions

This chapter presents numerical investigation results on analysing the SPP prop-
agation at the boundaries of novel studied metamaterials. Thus, the doctoral dis-
sertation covers a wide range of investigations, starting from conventional nan-
owire cases and ending with exotic cases, such as spiral nanowire metamaterials.
The scientific publications were published on the topic of the third chapter (loan-
nidis et al., 2019; loannidis et al., 2020; loannidis et al., 2021; loannidis et al.,
2022) and findings were presented at META 2021, eStream 2022, and “Science —
Future of Lithuania” 2021 conferences.

3.1. Theoretical studies of the tunable surface
plasmon polaritons

Investigations are presented on tunable SPPs propagating at different interfaces,
i.e., nanowire metamaterial interface, corrugated metamaterial interface, spiral
nanowire metamaterial interface, acoustic metamaterial interface, nanocomposite
and hypercrystal interface.

27
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3.1.1. Propagation of surface plasmon polariton
at the interface of nanowire metamaterial

In the first approach to investigate plasmonic nanowires (Gric et al., 2018) from
the perspectives of both field enhancement and tunability, two different cases have
been suggested for consideration: the first uses a metallic nanowire metamaterial
interface, while the other involves a hollow-core metamaterial interface. SPPs act
as surface waves propagating along the boundary between a metal and a dielectric
while exponentially decaying into both the dielectric and metal. Denoting the di-
electric constant of the metal and the dielectric material as €m and &g, correspond-
ingly, the dispersion equation of SPPs is expressed as:

_ O [ Em8d (3.1)
C Sm'+8d’

where o is the angular frequency of the SPP modes, c is the speed of light, and g
is the wave constant of SPPs along the propagation direction. It is worthwhile
noting that the localised SPPs are dramatically influenced by the material proper-
ties along with the size and shape of the metallic nanostructures (Fig. 3.1a). By
doing so, it is possible to achieve an efficient coupling. Fig. 3.1 displays the ge-
ometry of the nanowire structure. It is worthwhile mentioning that in the direction
perpendicular to the ZX plane, the material is infinite. Metal wires with permit-
tivity em are implanted in a dielectric host material with permittivity ¢4 =2.4. The

mentioned materials have been chosen because of fabrication matters (Hornyak
etal., 1997). In doing so, the optical properties of nanoscopic metallic particles
prepared by electrochemically depositing metal within the pores of nanoporous
alumina membranes are explored.

The derived dispersion equation for the SPPs is:

R _ oL )cReL U2
8” 8” €€y
B=kl~rr_ T | ° (3.2)

with k being the wavenumber and f being the component of the wavevector par-
allel to the boundary, is obtained after dealing with the tangential components of
the electric and magnetic fields.

It is worthwhile mentioning that the proposed model was tested by comparing
the results obtained using Eg. 3.2 with the outputs (Pluchery et al., 2011) for the
classical case, i.e., Au/air interface. The maximum value of propagation constant
in all of the approaches is 15-10” 1/m, and the calculations have been performed
using the mathematical equations by Pluchery et al. (2011). To apply the model
under consideration, it is assumed that the nanowire diameter is d —0.
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Fig. 3.1. Schematic views of the nanowire (a) and hollow-core (d) structures; view of a
boundary of a nanowire (b) and hollow-core (e) composite; metamaterial unit cell (c).
Here, PbS is lead sulphide (Gric & Hess, 2017). In the direction perpendicular to the ZX
plane, the material is infinite. SPPs propagate along the z-axis (made by the author)
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Fig. 3.2. Dispersion relation of the surface plasmon wave at a gold/air interface:
(a) the curve obtained by Pluchery et al. (2011), (b) the plot of the dispersion
relation (3.2) given in the text (made by the author)

It should be noted from Fig. 3.2 that the agreement of the results is very good,
proving the theoretical model of SPP propagation. In the first case of nanowire
metamaterial and dielectric, surface modes at the boundary of these two are stud-
ied. Fig. 3.3 (a) and (b) display the dispersion diagrams of the surface modes along
with the absorption graphs. The spacing is fixed, i.e., S.= 60 nm, and the pore
diameter is varying, i.e., d.= 10 nm, 20 nm, 30 nm. To the best of our knowledge,
altering either metal or dielectric drastically affects the dispersion diagrams (Gric,
2016). The study focused on the impact of the metamaterial L spacing on the SPPs
and found that the spacing varied from 60 to 80 nm. The influence of the spacing
parameter on the surface modes’ dispersion characteristics is displayed in Fig. 3.3.
The increase of spacing S, causes a shift of the SPPs diagrams to the lower wave-
lengths. It is worthwhile noting that it is impossible to employ the described tuna-
bility mechanisms in the case of the conventional metal—dielectric interface.

In the second case, the hollow-core metamaterial is introduced by replacing
the metal nanowires with air holes. On the other hand, metal, i.e., Ag, is used as
the host material. Dispersion and absorption in the case of hollow-core metamate-
rial interface are presented in Fig. 3.3 (¢) and (d). It is worthwhile noting that
anomalous features of the dispersion diagrams can be observed near the frequency
of 10" Hz. The mentioned frequency is particular because it serves as the inter-
section point of the effective dielectric permittivity perpendicular components ob-
tained by varying the diameter of the nanowires and the distance between the nan-
owires (Jackson, 1999). It is worthwhile noting that the “jump” point arises

g >0,e; <0 (Gric & Hess, 2017), providing the possibility to increase the fre-
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quency gap region with purely imaginary £ prohibiting propagation. The men-
tioned property does not take place in the case of the conventional metal—dielectric
interface.
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Fig. 3.3. (a) and (b) — the dispersion and absorption for the nanowire metamaterial
interface. SL = 60 nm (a), d. = 30 nm (b); (c) and (d) — the dispersion and absorption in
case of hollow-core metamaterial interface. S. = 60 nm (c), d. = 30 nm (d) (made by the
author)

It is found that both the upper and the lower limits shift to the higher frequen-
cies as d is decreased. However, the movement of the lower limit is quicker than
that of the upper one. In doing so, the broader frequency range for surface wave
existence arises. This is consistent with the effect of d on the frequency range of
negative g). One can also broaden the frequency range of surface Bloch waves by
tuning the distance S (Gric & Hess, 2017). A wide spectrum of possibilities to
engineer the SPP is provided due to the impact of the diameter and distance on
the frequency range of surface wave existence.
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3.1.2. Propagation of surface plasmon polaritons
at the interface of the corrugated metamaterial

The second approach studied the SPP wave propagation along the nanostructured
graphene-based metamaterial/corrugated metal interface. The considered struc-
ture (Fig. 3.4) consists of two building blocks: grating made of Si
(e =e4 =12.25) and a slab of graphene-dielectric metamaterial. The function of

the first building block is the creation of a higher-order transmission channel(s).
In such a case, the coupling of the incident waves differs for the two opposite
interfaces. Its main function is to attain tunability by changing the state from die-
lectric to ENZ and then to plasmonic by engineering pu (Khromova et al., 2014).
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Fig. 3.4. Geometry of structured metamaterial surface:
(a) interface separating metamaterial and corrugated metal;
(b) enlarged view of metamaterial structure (made by the author)

The effective-medium approach is applied, aiming to describe the optical re-
sponse of such a system. The former is justified if the wavelength of the consid-
ered radiation is much larger than the thickness of any layer. It is based on aver-
aging the structure parameters. Hence, the effective homogeneous media for the
semi-infinite periodic structures is considered next.

Matching the tangential components of the electrical and magnetic fields at
the interface implies the dispersion relation for the surface modes localised at the
boundary separating two anisotropic media (lorsh et al., 2011). It is assumed that

the permittivity Emg (oo) is frequency-dependent as the corresponding layer is rep-
resented by graphene. Within the random-phase approximation and without an

external magnetic field, graphene may be regarded as isotropic, and the surface
conductivity can be written as follows (Falkovsky, 2008; Hanson, 2008),

c=ie?uN /nth?(w+i/1) where o, h, €, u, 1, N is the frequency, Planck constant,

a charge of an electron, chemical potential (Fermi energy), and phenomenological
scattering rate, number of graphene layers, respectively. The Fermi energy u can
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be straightforwardly obtained from the carrier density nyp in a graphene sheet,
n= hv,:‘/nnZD , Ve is the Fermi velocity of electrons. It should be mentioned that

the carrier density n,p can be electrically controlled by an applied gate voltage,
thus leading to a voltage-controlled Fermi energy p. Here, it is assumed that the
electronic band structure of a graphene sheet is unaffected by the neighbouring
layers. Thus, the effective permittivity emg Of graphene can be calculated as fol-
lows (Vakil & Engheta, 2011): &qg =1+ic/gyodyy, where & is the permittivity

in the vacuum.

The wave vector k (Gric & Hess, 2017) is plotted as a function of the fre-
guency, aiming to illustrate the SPP properties. The research deals with the Ag
case (Johnson & Christy, 1972). It is assumed that the structure is surrounded by

silicon, i.e., Si (e =y =12.25). Fig. 3.5(a) depicts the dispersion curves of SPPs

at the boundary metamaterial/structured surface with d = 10 nm. It is particularly
important to investigate the impact of the period on the SPP dispersion curves.
Three different groove widths are considered. Based on Fig. 3.5, the asymptotic
frequency, i.e., the maximum possible frequency of the propagating modes, de-
creases with an increase in the groove width.
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Fig. 3.5. (a) Dispersion curves for SPPs. (b) Attenuation coefficients of SPPs,
lattice constant d = 10 nm (made by the author)
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Fig. 3.5(b) presents the losses of these SPPs as a function of frequency. It is
worthwhile noting that the loss of SPPs is dramatically influenced by the increase
in frequency. In this relation, it is particularly important to mention that the case
a=0.8 d allows for a significant increase in the absorption peak. The obtained
property could be highly relevant while dealing with noise absorption coatings
used in the aircraft industry, aiming to reduce the noise level in the aircraft seeking
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to increase the passenger’s comfort level. The former is possible due to the mim-
icking nature of SPPs. The observed properties can be translated into the acoustics
frequency range. Besides, it is noted that the forbidden region between the modes
starts squeezing, as presented in Fig. 3.5(a), and they approach each other with a
decrease in the groove width.

It is particularly interesting to analyse the effect of the lattice constant (d) on
the dispersion of SPPs. The dispersion curves for SPPs at the boundary metamate-
rial/corrugated surface with different lattice constants d =5, 7, 10 nm are dis-
played in Fig. 3.6(a). The groove parameter is a = 2 nm for all cases. Fig. 3.6(b)
shows the SPP losses for three cases. It can be concluded from Fig. 3.6(b) that a
larger loss of SPPs for a given frequency takes place in the case of a smaller lattice
constant. Based on Fig. 3.6(b), losses of the SPPs are drastically influenced by the
lattice constant. For a given frequency, an increase in the lattice constant may
cause a significant reduction in the loss of spoof SPPs. A low-loss THz waveguid-
ing system is essential because of the need for a compact, reliable, and flexible
THz system for various applications. The common areas are terahertz medical
imaging and sensing, earth sensing, astronomy, pharmaceuticals, screening or
non-destructive evolution, quality assurance, material science, telecommunica-
tions and many more.
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Fig. 3.6. Dispersion curves (a) and attenuation coefficients (b) of SPPs
for different lattice constants d = 5, 7, and 10 nm, respectively.

Parameters of grooves: a = 2 nm (made by the author)

The nanostructured metamaterial interface allows for the propagation of the
SPP waves. Several schemes have been proposed that include prism configura-
tions, grating, and waveguide geometries to excite the SPPs (Vengurlekar, 2010).
The dispersion relationship is computed by implementing the effective medium
theory and transfer matrix approach, and the following conclusions can be drawn:
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— Surface wave modes propagate along the metamaterial/metal grating in-
terface.

— The bandgap may be tuned corresponding to the non-propagation regime
by engineering the groove width or chemical potential of graphene.

— The propagation length is studied as a function of the terahertz frequency
range. It has been concluded that under appropriate parameters, the prop-
agation length can be modulated (loannidis etal., 2020). The present
method of surface wave modulation is quite simple in comparison with
the corrugated structures (Anwar et al., 2017).

— The proposed geometry may be applied for noise cancellation systems
and wave propagation in the terahertz regime.

3.1.3. Propagation of surface plasmon polaritons
at the interface of spiral wire metamaterial

The third case theoretically demonstrates the ability of spiral wire metamaterials
to support unique absorption resonances related to radiative bulk plasmon polari-
tons. These radiative bright modes exhibit properties in stark contrast to conven-
tional dark modes (SPPs). The unique absorption resonances manifested in used
metamaterials were originally studied by Ferrell for plasmon-polaritonic thin-
films in the ultraviolet (Ferrell, 1958) and by Berreman for phonon-polaritonic
thin-films in the mid-infrared spectral region (Berreman, 1963). In this work, an
effective medium theoretical model for the analytical description of spiral-shaped
spoof devices is developed and used to investigate their spectral properties quan-
titatively. Seet et al. (2005) demonstrated the fabrication of a 3D spiral architec-
ture. This model allows for a comprehensive understanding of FB modes sup-
ported by the structure.

The research focuses on a 2D wire whose surface is decorated by N spiral-
shaped grooves, filled with a dielectric material of refractive index ng. The result-
ing inner and outer radii, which correspond to the bottom and opening of the
grooves, are r and R, respectively, as shown in Fig. 3.7, where d and a indicate
the periodicity and groove width along the wire perimeter. The spiral is built so
the intersection angle between the tangent to each spiral arm and the radial direc-
tion is the same along the spiral length.

The proposed geometry of the wire composites is shown in Fig. 2.2. Wires

with permittivity M are embedded in a host material with permittivity 83/' :
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Fig. 3.7. Localised spoof surface plasmons in a 2D subwavelength metal wire corrugated
with spiral grooves. Cross-section of the corrugated PEC wire with the inner and outer
radii r and R, periodicity d, groove width a, and the spiral angle 6 (made by the author)

Fig. 3.8 proved the plotted effective medium constants for the spiral wire and
regular wire structures using the homogenisation formulae.
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Fig. 3.8. (a) — wire system: real part of the dielectric permittivity for a wire structure (b),
(c) — spiral wire system: real part of the dielectric permittivity for a spiral wire structure
(made by the author)
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The wire metamaterial structure shows an epsilon-near-zero (ENZ) effect as
well as epsilon-near-pole (ENP) resonance. An interesting characteristic of mul-
tilayer and wire structures is the existence of poles and zeros in the effective me-
dium dielectric constants. This results in an ideal method to first characterise the
resonant responses and subsequently infer the hyperbolic characteristics. At these
specific wavelengths, a component of the dielectric tensor of the metamaterial
either passes through zeros (epsilon-near-zero, ENZ) or has a resonant pole (epsi-
lon-near-pole, ENP). Only the real parts are shown for clarity, and the imaginary
parts can be calculated similarly. The wire metamaterial structure consisting of
metallic inclusions shows both Type | and Type Il hyperbolic behaviour. It is
worthwhile mentioning that Type | hyperbolic metamaterials have one component

of the dielectric tensor negative (¢, <O;sxx;syy>0) while Type Il hyperbolic met-

amaterials have two components negative (€yy;é€yy <0;822>0)-

The most important aspect to note about the ENZ and ENP resonances are
the directions in which they occur for spiral wire and regular wire samples. The
former issue dramatically changes the reflection and transmission spectrum of the
two types of hyperbolic media. For the wire design, ENZ occurs along the wire
length. This is intuitively expected since the Drude plasma frequency, which de-
termines the ENZ, always occurs in the direction of free electron motion. On the
contrary, the resonant ENP behaviour of the two geometries occurs in the direc-
tion for which there is no continuous free electron motion. The ENP resonance
occurs perpendicular to the wires in the wire geometry (Molesky et al., 2013).

Fig. 3.9 depicts a regime map in a f-w space, illustrating the regions where
FB modes may exist. Fortunately, the frequency range of FB modes’ existence
can be controlled by the wire periodicity d, spiral angle 8, diameter of the wires
d" and distance between the wires S,

The surface polaritons dispersion relations as a function of d are shown in
Fig. 3.9(a), where 6 = 30°, d"'= 20 mm, S™=80 mm. FB modes exist at the left
region of the light line. The polariton dispersions strongly depend on the d param-
eter, as shown in Fig. 3.9(a), in which dispersion relations are calculated and plot-
ted based on the effective anisotropic permittivity tensor. It should be noted that
the frequency range of FB mode’s existence increases as d increases, i.e., larger
periodicity increases the conductivity of the corrugated wire, thereby increasing
the effective plasmonic frequency.
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Fig. 3.9. The dependences of dispersion relations of surface polaritons on
(a) corrugated wire periodicity d, (b) spiral angle 0, (c) diameter of the wires d",
and (d) distance between the wires S™ (made by the author)

Except for d, the polariton properties are also dependent on the 6 angle. Here,
it is assumed that the parameter d = 4 mm and 6 angle changes. As observed, the
existence region increases to a high-frequency band with the decrease of 6 angle
value. On the whole, the polariton dispersions exhibit an obvious tunability. Apart
from passive SPPs, active SPP devices with tunable properties enable applications
in real-time controllable subwavelength circuits, such as switches, attenuators,
phase and frequency shifters, etc.

3.1.4. Propagation of surface plasmon polaritons
at the interface of the acoustic metamaterial

The next approach presents a homogenised acoustic metamaterial for SPP guid-
ing. Acoustic metamaterials are periodic structures with effective properties that
can be tuned to engineer wave propagation. Homogenisation of the infinite peri-
odic system is needed to calculate the permittivity of metamaterial. Theoretical
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results studying an acoustic metamaterial that possesses negative effective param-
eters in the optical frequency range are presented. The investigation focused on
an acoustic metamaterial with an array of nanowires embedded in a host material.
Aiming to achieve propagation of acoustic waves in metamaterials, both density
and stiffness should be negative. The goal of this study is to demonstrate the pos-
sibilities of constructing a metamaterial exhibiting negative effective parameters
and show that acoustic waves can be characterised by unusual behaviour.

A composite consisting of fluid hosts with rods embedded in it is considered.
Rods are characterised by a round cylindrical shape and consist of elastic materi-
als. Acoustic waves propagate in a host material with a wave vector perpendicular
to the generatrix of the rods. A metamaterial under consideration is quasi-iso-
tropic. In doing so, the wavelength is much longer than the distance between the
centres of cylinders and their radii (Caloz & Itoh, 2005). All cylinders are consid-
ered to be identical and are placed randomly at approximately equal distances be-
tween the cylinders. The aim is to calculate the dynamical effective constitutive
parameters of a metamaterial on a given frequency and dispersion of the propa-
gating bulk acoustic wave.

A metamaterial structure under investigation is comprised of arrays of paral-
lel metallic nanowires, such as silver, gold, etc., implanted in a dielectric. Fi. 3.10
is a schematic illustration of the nanowire metamaterial. Nanowires are embedded
in a host material. All cylinders are considered to be identical and are placed ran-
domly at approximately equal distances between the cylinders. The aim is to cal-
culate the dynamical effective constitutive parameters of a metamaterial on a
given frequency and dispersion of the propagating bulk acoustic wave.

£

Em

(@) (b)
Fig. 3.10. Schematic view of the nanowire composite (a); metamaterial unit cell (b)
(made by the author)

The structure can be effectively treated as a homogeneous uniaxial aniso-
tropic material with a density parallel to wires (p)) and a density vertical to wires

(p ) (Liuetal., 2008; Podolskiy et al., 2005) if the period of the nanowire array
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is much smaller than the wavelength of the propagating wave. Along the boundary
between two ideal fluids, any surface wave cannot propagate because the bound-
ary conditions cannot be satisfied. Boundary states can be excited (Ambati et al.,
2007) if one of the materials has one negative parameter. This is a direct analogy
to surface plasmon states in plasma with ¢<0 (Caloz & Itoh, 2005).

Herein, a wave propagating at the interface between a half-space occupied by
pure host fluid and a half-space occupied by a fluid with embedded rods in it is
considered. The dispersion equation for a surface wave has the following form:

12

1- SJ-SH

where k — is the wavenumber.

Fig. 3.11(a) shows the frequency dependence of the dynamical effective den-
sity, allowing for the homogenisation of the system under study. Due to the com-
plex shear and longitudinal field distribution inside inclusion, there are two fami-
lies of resonances related to shear waves and longitudinal waves. Thus, the
dynamical effective density has several frequency ranges where the real part is
negative. Fig. 3.11(b) plots the dependence of the permittivity.

10 ‘ 5
5 i 0 Y
i
f 5l I
Py — 1
‘\ / -10 1 € d=20 nm, S=80 nm
“ st € d=20 nm, S=80 nm
S s 0 pyp d=20 nm, S=80 nm © ——¢»d=20 nm, $=70 nm
1 — _ L ]
|~ -p,d=20nm, S=80 nm 20 ———€,.d=20 nm, S=70 nm
210 /J‘ , d=20 nm, S=70 nm 25 € d=20 nm, S=60 nm
p,-d=20 nm, S=70 nm €. d=20 nm, S=60 nm
15 /)‘ , d=20 nm, S=60 nm =30 1
Py d=20 nm, S=60 nm 35+
20 -40 ¢ -
0 500 1000 1500 0 500 1000 1500
w, Hz w, Hz
(@) (b)

Fig. 3.11. Frequency dependence of effective density (a) and permittivity (b)
for the composite under study (made by the author)

Fig. 3.12 shows surface waves propagating on the surface of a semi-infinite
elastic metamaterial in a vacuum. As expected, a common surface wave gap ex-
ists; in addition, when approaching asymptotic frequency from the low-frequency
direction, all the dispersion curves become very flat and asymptotically reach in-
finity, exhibiting behaviour very similar to that of EM SPPs.
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Fig. 3.12. Dispersion curves of SPPs for a system under consideration,
(@) Re(B); (b) Im(B) (made by the author)

3.1.5. Propagation of surface plasmon polaritons at the inter-
face of nanocomposite and hypercrystal

The next approach investigates the dispersion properties of surface waves propa-
gating at the interface between a nanocomposite made of semiconductor inclu-
sions systematically distributed in a transparent matrix and low-dimensional
acoustic metamaterial constructed by an array of nanowires implanted in a host
material. The research observes the SPP propagation. Composite media with
metal nanoparticles are of particular interest, aiming to create nanostructured
metal-insulator systems and new methods of controlling light. The emergence of
transparent conductive oxides (TCQOs) has attracted tremendous interest within the
scientific community. These stand as the alternative materials for plasmonics
(Naik et al., 2013) in the near-infrared region. Contrary to noble metals, such
TCOs as indium tin oxide (ITO) (Table 3.1) demonstrate a vast tunability of their
optical and electronic properties (Feigenbaum et al., 2010). The former is possible
via doping and electric bias.

Hyperbolic materials are a subclass of uniaxial materials. These are charac-
terised by two different values for the permittivity, i.e., parallel and perpendicular
to the optical axis (Peragut et al., 2017). The extraordinary wave is characterised
by an electric field with components along the optical axis and perpendicular to
it. Hyperbolic materials possess this remarkable property. They support propagat-
ing waves with arbitrary large wave vectors at a finite frequency (Zhukovsky
et al., 2014; Takayama & Lavrinenko, 2019).

Noise has strong penetrating power and dissipates slowly during propagation.
In doing so, it is a challenging task to engineer the sound waves. The study of
surface waves and plasmonics stands for another inherent part of nanophotonics.
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The research deals with the plane interface between a nanocomposite (NC)
semi-infinite layer, which fills the half-space x < 0, and an adjacent hypercrystal,
filling the half-space x > 0 (Fig. 3.13). It is worthwhile mentioning that the surface
waves under consideration propagate along the z-axis. Nanocomposite is pre-
sented as a non-conductive transparent matrix with a permittivity e, with regularly
distributed semiconductor nanoparticles with permittivity en in its volume.
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Fig. 3.13. Schematic geometry under study, consisting of a semi-infinite hypercrystal
(x> 0) and a nanocomposite with semiconductor inclusions (x < 0) (a),
metamaterial (hypercrystal) unit cell (b) (made by the author)

It is assumed that the wavelength and the electromagnetic field penetration
depth in the material are much larger than the size of inclusions suspended in a
dielectric matrix.

Table 3.1. Drude—Lorentz parameters of plasmonic materials based on experimental
data (Molesky et al., 2013)

TiN (deposited | TiN (deposited

AZO |Gzo |ITO " 80(0 OE) " 50% og) ZIN
& 35402 32257 |3.528 |4.855 2.485 3.4656
wp[eV] |17473 [1.9895 [1.78  [7.9308 5.953 8.018
w[eV] |0.04486 (01229 |0.155 |0.1795 0.5142 0.5192
f, 05095 |0.3859 |0.3884 |3.2907 2.0376 2.4509
oi[eV] |4.2942 [4050 [4210 [4.2196 3.9545 5.48
vi[eV]l 01017 |0.0924 [0.0919 |2.0341 2.4852 1.7369
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The permittivity components of a hypercrystal and nanocomposite versus fre-
guency are studied numerically, aiming to identify the frequency ranges of Dya-
konov surface waves (DSWSs) and SPP wave existence (Fig. 3.14).
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Fig. 3.14. Relative permittivity components of the nanocomposite and hypercrystal ver-
sus frequency. Here, f = 0.3. (a), (b): €, =118, g4 =2.25; (c), (d) &, =2.25, g4 =11.8
. Here, AZO (a), (c) and ITO (b), (d) inclusions are employed in
nanocomposite and hypercrystal (made by the author)

In the frequency ranges below the frequency oo, the semiconductor-dielec-
tric metamaterial possesses hyperbolic properties. It is worthwhile noting that in
this frequency range, the presence of conventional SPP waves with propagation
parallel to the optical axis is feasible under specific conditions. The dependence
of the transmission characteristics on frequency for different filling ratios was ob-
tained. Moreover, the possibilities to increase frequency ranges of DSW existence
have been demonstrated.
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It is particularly interesting to analyse two cases, i.e., when €, >¢4 and
€q >&,. The case when g, =2.25, g4 =11.8 is depicted in Fig. 3.15(a). It is ob-
served that dispersion curves in these cases exhibit an exotic behaviour contrary
to the conventional surface plasmons propagating at the metal/dielectric interface
(Maier, 2007). The case, when ¢, =11.8, g4 =2.25 is depicted in Fig. 3.15(b).
By having a deeper insight into the properties of DSW obtained by changing the

filling factor of the nanocrystal as displayed in Fig. 3.15(a), it is possible to ob-
serve that in contrast to the case depicted in Fig. 3.15(a), DSW does not propagate

if &, =118, g4 =2.25 (Fig. 3.15(c)).

x10"

7 x10™
6 6
5 —f=0.1 5
— =03 ——£=0.1
Lal =07 | B —— =03
= 0 0.7
330 g 1 33
2 — 2 Hyperbolic properties of metamaterial 2 (/
1F —— 8 15
DSW B
0 L2 0
0 0.5 1 15 2 25 0 0.5 1 1.5 2 25
B, 1/m %107 B, Vm %107
(@) (b)
14
, x10 cloM
or 6
° 5
——f=0.1
N4F =03 4
N
T 0.7 =
EM ] EN
2 = N . . 1 2
= Hyperbolic properties of metamaterial Hyperbolic propertiess of metamaterial
1 = 1
0 ] 0
0 0.5 1 1.5 2 25 0 0.5 1 15 2 25
B, /m %107 B, 1/m %107
() (d)

Fig. 3.15. Solution of the wave equation for different filling ratio f:
(@), (b) — e, =225, g4 =11.8; (c), (d) — ¢, =11.8, g4 =2.25.
Here, AZO (a), (c) and ITO (b), (d) inclusions are employed in nanocomposite
and hypercrystal (made by the author)
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3.1.6. Conductivity-dependent surface plasmon polaritons
propagating at the boundary of nanocomposite and
hypercrystal

The main goal of the last investigation is to analyse the dispersion of the SPPs
propagating at the boundary separating two different media. It is demonstrated
that the SPP dispersive properties are dramatically affected by the material con-
ductivity. Correspondingly, the filling ratio of the nanoparticles in the composite
and their dielectric properties also allow for the engineering of the SPP character-
istics. The research discusses the complex conductivity of the medium, which dra-
matically affects the tunability of SPPs. A detailed study is provided on SPP char-
acteristics at the interface separating a nanocomposite and hypercrystal.
Engineering properties of the nanocomposite and that of hypercrystal, the SPPs
properties are tuned significantly. A complete description of the SPP dispersion
relation with different controlling parameters is presented. The study is extended,
aiming to examine the complex conductivity-dependent properties. The discus-
sion focuses on the complex conductivity of the medium, which dramatically af-
fects the tunability of SPPs. The geometry is the same as in the previous work.

For a deeper insight into the problem, permittivity components versus con-
ductivity are investigated. So, in Fig. 3.16, the permittivity function is plotted if
o = 0.3 x 10 Hz (Fig. 3.16a) and ® = 3 x 10* Hz (Fig. 3.17b).
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Fig. 3.16. Relative permittivity components of the nanocomposite and hypercrystal
versus conductivity. Here, f=0.3, ¢, =11.8, ¢4 =2.25.

Here, ITO inclusions are employed in nanocomposite and hypercrystal.
(@) ®=0.3 x 10 Hz; (b) ® =3 x 10** Hz (made by the author)

The former allows for investigating conductivity-dependent permittivity
functions for both regimes, i.e., hyperbolic and conventional. Moreover, the phe-
nomenon of conductivity-dependent functions for the DSW regime (Fig. 3.16a) is
studied. A comparison of Fig. 3.16a and Fig. 3.18a may lead to a conclusion
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enc(0)>¢, (o) in the case of the hyperbolic regime and &, (c)<e, (o) for

DSW waves. Moreover, it is interesting to compare the conditions that are valid
in the case of hyperbolic and DSW regimes for both, i.e., frequency and conduc-
tivity-dependent functions.
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Fig. 3.17. Relative permittivity components of the nanocomposite and hypercrystal
versus conductivity. Here, f = 0.3, ¢, =2.25, g4 =11.8.

Here, ITO inclusions are employed in nanocomposite and hypercrystal.
(@) @ =0.3 x 10** Hz; (b) o = 3 x 10%** Hz (made by the author)

The variations of propagation length L, of SPPs versus frequency and the
absolute value of complex conductivity are shown in the following figures. It is
shown that the absolute value of complex conductivity strongly affects the SPP
propagation at the interface of two media. Additionally, the propagation length L,
increases with the absolute value of complex conductivity (Fig. 3.19 (b)).
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Fig. 3.18. Dependence of propagation length versus frequency for different
filling factors (a) and versus conductivity for f = 0.3 (b). €, =2.25, g4 =11.8
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Fig. 3.19. Dependence of propagation length versus frequency for different
filling factors (a) and versus conductivity for f = 0.3 (b). ¢, =118, ¢4 =2.25
(made by the author)

All the above-presented results were obtained for the ITO inclusions.

3.2. Conclusions of the Third Chapter

Investigations of the interface separating the metallic nanowire metamaterial in-
terface and the hollow-core metamaterial interface result in the conclusions as
follows:

1. The slow wave effect is obtained. At a given frequency range (0 < @ <
1500 THz), free-space wavenumber ko is smaller than j.

2. It has been shown that the use of a nanowire metamaterial interface (d =
10 nm, S =60 nm) instead of the hollow-core metamaterial allows for the
increase in the frequency range of surface wave existence from 500 THz
(600 nm) to approximately 1000 THz (300 nm).
Investigations of the SPPs at the metamaterial/corrugated metal interface
results in the following conclusions:

3. The groove width drastically affects the asymptotic frequency of SPPs,
opening wide avenues for reaching the high tunability regime.

4. The loss of SPPs is sensitive to all parameters of the surface structure,
i.e., the groove width (a) and the chemical potential (1) parameters have
a dramatic impact aiming to engineer resonance surface plasmon fre-
guencies of the propagation modes enabling additional degree of free-
dom for system properties tunability.
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5. One can tune the bandgap corresponding to the non-propagation regime
by modifying the groove width parameter, enabling an additional degree
of freedom for system properties’ tunability.

6. The impact of the groove width (a) and the chemical potential (i) on the
propagation length of the SPPs was investigated, enabling an additional
degree of freedom for system properties tunability.

Investigations of the spiral wire metamaterials interface result in the

following conclusions:

7. The developed model allows for a quantitative study of plasmon polari-
tons, which can be engineered by the angle of the spiral and the number
of grooves corrugating the perfectly conducting wire surface, enabling a
high degree of freedom for system properties tunability.

8. It was shown that spiral wire superlattice-based metamaterials exhibit
unigue microscopic radiative bulk plasmon resonances called Ferrell-
Berreman modes that can be excited with free space, allowing for the
exploitation of the system in such applications as sensing, imaging and
absorption spectroscopy.

Investigations of the SPPs propagating at the boundary of acoustic

metamaterials result in the following conclusions:

9. It is shown that frequency regions exist in which dynamic constitutive
parameters are instantaneously negative, and the wave under considera-
tion becomes backward (500 Hz < f < 750 Hz), allowing for the exploi-
tation of the system in applications, such as a contra-directional coupler
routing the microwave signal to opposite terminals at different operating
frequencies.

Investigations of the SPPs propagating at the interface of low-dimensional

acoustic metamaterials result in the following conclusions:

10. The obtained increase of the absorption enhancement (the imaginary part
of the propagation constant) equals 0.83 dB, making a dramatic impact
while dealing with the noise cancellation approach.



General Conclusions

Investigations of the interface separating the metallic nanowire met-
amaterial interface and the hollow-core metamaterial interface result in
the slow wave effect

Investigations of the SPPs at the metamaterial/corrugated metal interface
result in the possibility of tuning the bandgap corresponding to the non-
propagation regime by modifying the groove width parameter, enabling
an additional degree of freedom for system properties’ tunability.
Investigations of the spiral wire metamaterials interface resulted in the
developed model allowing for a quantitative study of plasmon polaritons,
which can be engineered by the angle of the spiral and the number of
grooves corrugating the perfectly conducting wire surface, enabling a
high degree of freedom for system properties tunability.

Investigations of the SPPs propagating at the interface of low-dimen-
sional acoustic metamaterials resulted in the obtained increase of the ab-
sorption enhancement (the imaginary part of the propagation constant)
equals 0.83 dB, making a dramatic impact while dealing with the noise
cancellation approach.
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ABSTRACT ARTICLE HISTORY
The tunable spiral nanowire metamaterial design at optical fre- Received 7 October 2019
quency is presented, and the surface polaritons are theoretically Accepted 20 May 2020
studied. It was found that the dispersions of the polaritons could KEYWORDS

be tuned by varying physical dimensions of the spiral nanowire Metamaterials
metamaterial. This geometry is unique. Doing so, one may dynam-

ically control the properties of surface polaritons. In addition, the

Ferrell-Berreman modes can be excited that is impossible with the

regular nanowire metamaterials having the circular cross-section of

the nanowires. Herein, the presence of Ferrell-Berreman branches

is confirmed by the performed analysis of the metamaterial band

structure. It is worthwhile noting, that existence of Ferrell-Berreman

modes is possible without epsilon-near-zero (ENZ) regime. The

design of devices where Ferrell-Berreman modes can be exploited

for practical applications ranging from plasmonic sensing to imaging

and absorption enhancement is possible because of the propagation

constant revealing subtle microscopic resonances.

1. Introduction

Surface plasmons (SPs) are known as the collective oscillations of the delocalized electrons
existing at metal-dielectric interfaces. Owing to their ability to confine light in subwave-
length dimensions with high efficiency, SPs offer a route to overcome the diffraction limit of
classical optics [1,2]. This enables a wide range of applications including surface-enhanced
spectroscopy [3,4], biomedical sensing [5,6], solar cell photovoltaics [7,8], and optical anten-
nas [9,10] since surface-plasmon-based circuits are known to merge the fields of photonics
and electronics at the nanoscale, thereby enabling them to overcome the existing difficul-
ties related to the large size mismatch between the micrometer-scale bulky components of
photonics and the nanometer-scale electronic chips. These applications, however, are gen-
erally limited to high electromagnetic (EM) frequencies (the UV, visible, and near-infrared
ranges). This is because metals behave akin to perfect electric conductors (PECs) at lower
frequency regimes and do not support SP modes. Early works showed that by corrugat-
ing metal surfaces, this limitation can be overcome, and they reported the excitation of
highly confined SP-like EM modes at microwave frequencies [11,12]. In 2004, Pendry et al.
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introduced the concept of spoof SPs and demonstrated that plasmonic metamaterials con-
structed by patterning metal surfaces with subwavelength periodic features can mimic, at
low frequencies (far IR, terahertz, or microwave regimes), the EM guiding characteristics of
optical SPs [13,14]. It should be mentioned that the exceptional properties of SPPs, such
as subwavelength confinement and strong field enhancement give rise to a wide range of
innovative applications [15-17].

Since most of the conventional nanowire metamaterials can be controlled by the limited
number of geometrical parameters, the focus of research has been moved to the possibility
of tunable SPs by dealing with spiral nanowire metamaterial. Herein, the ability of spiral
nanowire metamaterials to support unique absorption resonances related to radiative bulk
plasmon-polaritons is theoretically demonstrated. The properties of these radiative bright
modes significantly differ from the ones of the conventional dark modes (SP polaritons). The
unigue absorption resonances manifested in our metamaterials were originally studied by
Ferrell in 1958 for plasmon-polaritonic thin-films in the ultraviolet [18], and by Berreman in
1963 for phonon-polaritonic thin-films in the mid-infrared spectral region [19]. One key for
reaching the broadened SPs existence region is the tunability of the spiral angle.

In this work, we develop an effective medium theoretical model for the analytical
description of spiral-shaped spoof devices and use it to investigate quantitatively their
spectral properties. This model allows for a comprehensive understanding of FB modes
supported by the structure.

2. Theoretical model

Herein, we focus on a 2D wire whose surface is decorated by N spiral-shaped grooves filled
with a dielectric material of refractive index ng. The resulting inner and outer radii, which
correspond to the bottom and opening of the grooves, are r and R, respectively, as shown
in Figure 1. The period and width of the grooves along the wire perimeter are d and a. The
spiral is built in such a way that the intersection angle between the tangent to each spiral
arm and the radial direction is the same along the spiral length; see Figure 1. These are the
so-called logarithmic spirals, characterized by a spiral angle #, and can be parametrized as

x(t) = ret/ <% cost m

y(t) = re’ < sint (2

Inthe limita < d <« A, a metamaterial approximation, in which the textured PEC is treated
a homogeneous effective medium, can be applied. In this homogeneous metamaterial
picture, the effective permittivity and permeability in the region between the inner and
outer radii acquire a diagonal, spatially independent tensor form. The component of the
permittivity normal to the spiral arms (z-direction) is given by &, = néd/a, while the par-
allel components diverge. The permeability components are set so that the EM radiation
propagates at the speed of light inside the spiral grooves. This procedure yields the follow-
ing effective permittivity and permeability tensors for TM waves expressed in cylindrical
coordinates:

= a [1—cos20 —sin2d
=1 [ cos sin :| 3)

:2n§d —sin26 14 cos20
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J

Figure 1. Localized spoof SPs in a 2D subwavelength PEC wire corrugated with spiral grooves. Cross-
section of the corrugated PEC wire with the inner and outer radii r and R, periodicity d, groove width a,
and the spiral angle #.

-2 )
My =

where the permittivity tensor is restricted to the xy-plane.

3. Modeling and the analytical solution

The proposed geometry of the nanowire composites is shown in Figure 2. Nanowires with
permittivity M are embedded in a dielectric host material with permittivity sgf =24

On the basis of an effective medium approximation, we evaluate the effective permittiv-
ities of the nanowire metamaterial according to:

M omlEma 4 M)+ M — pM)
& =&
- M1 — pM) + M1+ pM)

eff = MM 4 M1 — ) ®

(5)

Here, subindex M refers to the metamaterial medium, and p™ is the metal filling fraction
ratio which is defined as

m  hanowire area

= @)

unit cell area
To explore and demonstrate the properties of surface waves we adopt a Drude model
2

to characterize the metal (i.e. silver), expressing the permittivity as sﬂ(a}) = £ — w—;fm.
The parameters are obtained by fitting this permittivity function to a particular frequency
range of bulk material [201. It is found [21] that for silver, the values of eo =5, @y =
2.2971-10"° Hz, § = 2.3866 - 10'3 Hz give a reasonable fit. We calculate the metal filling

fraction (o™) based on the values of the pore diameter (@) and spacing (S™) and, assuming
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Ag

Dielectric

Figure 2. Schematic view of a nanowire composite.

a perfect rectangular structure, we apply the following equation [22]:

e 7 (")’
4(sMy?

(8)

With this assumption, it is possible to derive a dispersion relation for the surface modes
localized at the interface between metamaterial and PbS. Evaluating the tangential com-
ponents of the electric and magnetic fields at the interface it is then, in turn, possible to
obtain a single surface mode with the propagation constant [23]

172
K ( (epbs — Sﬁ')EPbSET) !

] M_M
Epps — E1E)|

9

where k is the wavenumber (absolute value of the wavevector in vacuum) and g is the
component of the wavevector parallel to the interface.

By substituting effective permittivity in different direction from Equation (3) in Equations
(5) and (6), we arrive at the effective permittivities of the spiral nanowire metamaterial as
follows:
o u sfd"’(pM 1+ a(:i'z‘,"‘.',f 5in(229)(p+1)
e =—¢

d - (10)
sfdd(pM g adeM 5|n(229)(e—1)
adeMoM(cos(20) + 1)

e = —el (M - 1) 5

(1

In Figure 3, we plot the effective medium constants for the spiral nanowire and regu-
lar nanowire structures using the homogenization formulae. The nanowire metamaterial
structure shows an ENZ effect as well as epsilon-near-pole (ENP) resonance. Only the
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Figure 3. (a) Nanowire system: Real part of the dielectric permittivity for a nanowire structure. (b), (c)
Spiral nanowire system: Real part of the dielectric permittivity for a spiral nanowire structure.

real parts are shown for clarity and the imaginary parts can be calculated similarly. The
nanowire metamaterial structure consisting of metallic inclusions shows both Type | and
Type Il hyperbolic behavior. The spiral nanowire effective medium theory parameters are
shown in Figure 3(b), (c). Type Il behavior, which is difficult to achieve with spiral nanowire
metamaterial structures, is observed. It also shows the characteristic ENP resonance.

The most important aspect to note about the ENZ and ENP resonances are the direc-
tions in which they occur for spiral nanowire and regular nanowire samples. The former
issue dramatically changes the reflection and transmission spectrum of the two types of
hyperbolic media. For the nanowire design, ENZ occurs along the nanowire length. This is
intuitively expected since the Drude plasma frequency which determines the ENZ always
occurs in the direction of free electron motion. On the contrary, the resonant ENP behav-
ior of the two geometries occurs in the direction for which there is no continuous free
electron motion. The ENP resonance occurs perpendicular to the wires in the nanowire
geometry [24].
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By presenting a modal analysis, we now show that the physical origin of the bulk
absorption in metamaterials is due to the excitation of leaky bulk polaritons called Fer-
rell-Berreman modes [25-27]. Actually, the bulk metal forms volume charge oscillations
at the ENZ of the metal (bulk or volume plasmons). It is worthwhile noting that these
excitations are in the form of a completely longitudinal wave. Doing so, they cannot be
excited with free-space light (which a transverse wave). In case of films of metal with thick-
nesses less than the metal skin depth, the top and bottom interface couple. The former
issue allows for collective charge oscillations across the film. Thus, the bulk plasmon is no
longer purely longitudinal and interaction with free-space light at frequencies near the
metal ENZ [28] is possible. Ferrell addressed this approach for metallic foils in [29], Berre-
man - for polar dielectric films in [19]. Nanowire metamaterials support radiative excitations
called FB modes. It is should be mentioned, that these FB modes differ from SP polaritons
supported by metal foils. In case of SP modes, energy propagates along the surfaces of

10‘5
2 .
x10' /

—aphral, dMwto mm
— = ~regular, d™=10 mm
—apheal, =20 mm
— ~ ~regular, =20 mm
—aphl, 30|
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Figure 4. The dependences of dispersion relations of surface polaritons on (a) corrugated wire
periodicity d, (b) spiral angle 8, (c) diameter of the nanowires d", and (d) distance between the
nanowires S¥.
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the metal, whereas in FB modes volume charge oscillations are setup across the foil and
energy propagates within the bulk of the metal. The bulk polaritons under consideration
have transverse wavevectors similar to free-space light and exist to the left of the light line.
Thus, in Figure 4, it is interesting to observe the FB modes which usually exist at energies
near the ENZ of the hyperbolic metamaterial to the left of the light line [30]. It is worth-
while noting, that in case of spiral nanowire metamaterials, FB modes exist with the absence
of ENZ.

From Equations (5), (6), (10), and (11), the effective permittivity is one important param-
eter which determines the existence of polaritons in the structure under consideration.
Figure 4 depicts a regime map in a B-f space, illustrating the regions where FB modes
may exist. Fortunately, the frequency range of FB modes existence can be controlled by
the wire periodicity d, spiral angle ¢, diameter of the nanowires @¥, and distance between
the nanowires S". Figure 4 depicts a regime map in a -f space, illustrating the regions
where FB polaritons may exist.

The surface polaritons dispersion relations as a function of d is shown in Figure 4(a),
where 8 = 30°, d¥ = 20 mm, SM = 80 mm. It is clear that FB modes exist at the left region
of the light line. The polariton dispersions strongly depend on d parameter, as it can be
clearly seen in Figure 4(a), in which we calculate and plot dispersion relations based on the
effective anisotropic permittivity tensor. It should be noted that the frequency range of FB
modes existence increases as d increases, i.e. larger periodicity increases the conductivity
of the corrugated wire, thereby increasing the effective plasmonic frequency. Furthermore,
dramatic tuning of the existence of the polariton spectrum is possible through the mod-
ification of the spiral metamaterial structure. The dashed lines are also drawn to facilitate
discussion and to compare the spiral metamaterial properties with the regular nanowire
metamaterial properties.

Except for d, the polariton properties are also dependent on the # angle. Here we keep
the parameter d of d = 4 mm, and change # angle. As observed, the existence region obvi-
ously increases to high-frequency band with the decrease of 8 angle value. On the whole,
the polariton dispersions exhibit an obvious tunability.

4, Conclusion

In conclusion, we have theoretically studied the EM properties of spiral nanowire meta-
materials based on the permittivity homogenization model. The developed theoretical
model allows to design and investigate spoof plasmon devices with spiral textures in
the optical frequency range. This model allows the quantitative study of plasmon polari-
tons, which can be engineered by the angle of spiral and the number of grooves cor-
rugating the perfectly conducting wire surface. It has been shown that spiral nanowire
superlattice-based metamaterials exhibit unique micropscopic radiative bulk plasmon res-
onances called Ferrell-Berreman modes that can be excited with free-space light. In the
metamaterial, effective medium picture the excitation of these modes is captured in the
propagation constant, not in the effective dielectric permittivity constants. We observe
these modes as anomalous transmission minima, which lie within the transparency win-
dow of the metamaterials. These radiative volume polaritonic modes could be exploited in
applications such as sensing, imaging, and absorption spectroscopy.
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Abstract: As a novel type of artificial media created recently, metamaterials demonstrate novel
performance and consequently pave the way for potential applications in the area of functional
engineering in comparison to the conventional substances. Acoustic metamaterials and plasmonic
structures possess a wide variety of exceptional physical features. These include effective negative
properties, band gaps, negative refraction, etc. In doing so, the acoustic behaviour of conventional
substances is extended. Acoustic metamaterials are considered as the periodic composites with
effective parameters that might be engineered with the aim to dramatically control the propagation of
supported waves. Homogenization of the system under consideration should be performed to seek
the calculation of metamaterial permittivity. The dispersion behaviour of surface waves propagating
from the boundary of a nanocomposite composed of semiconductor enclosures that are systematically
distributed in a transparent matrix and low-dimensional acoustic metamaterial and constructed by
an array of nanowires implanted in a host material are studied. We observed the propagation of
surface plasmon polaritons. It is demonstrated that one may dramatically modify the properties of
the system by tuning the geometry of inclusions.

I; acoustic;

Keywords: surface plasmon polaritons; low-dir

1. Introduction

Over the past few years, interest in creating materials allowing for the control the flow
of electromagnetic waves (e.g., light) in exceptional ways has increased dramatically. Novel
engineering tools have opened wide avenues to construct artificial materials possessing
properties that are not possible in the case of the naturally existing materials. These new
designs are possible due to the wide variety of inclusions. Moreover, the novel response
appears to be because of their specific interactions with electromagnetic fields. These
designs can be scaled down and constructed thanks to nanotechnology.

Hyperbolic metamaterials represent a multi-functional platform providing a fertile
ground for the realization of waveguiding, imaging, sensing, quantum, and thermal
engineering outside the scope of conventional devices. These novel composites utilize the
notion of tuning the fundamental dispersion relation of surface plasmon polaritons aiming
to generate exceptional electromagnetic modes with a wide spectrum of applications. The
hyperbolic metamaterial can be considered from the perspective of polaritonic crystal.

The unique positioning of nanomaterials bridging atoms and bulk solids, along with
their interesting features and potential applications [1] has provided a fertile ground for the
growing scientific interest in them. The capability to create such nanoscale-sized materials
advances many fields of modern science and technology.

Transparent conductive oxides (TCOs) are of particular interest within the scientific
community. These might be utilized as the optional materials for plasmonic applications [2]
in the near-infrared region. It should be mentioned that TCOs such as indium tin oxide
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(ITO) show a wide spectrum of engineerable features [3]. The former is possible via doping
and electric bias. The modelling and fulfillment of ultra-compact electro-absorption modu-
lators [4-8], including the application of novel multimode modulator architectures, [9] has
profited from the chance of actively switching between two different regimes.

The unique properties of SP-based nanostructures and their applications in waveg-
uides, sources, near-field optics, nonlinear optics, surface enhanced Raman spectroscopy
(SERS), data storage, solar cells (or photovoltaic devices), chemical sensors, biosensors,
etc. [10,11], have stimulated a tremendous interest in their properties.

Hy perbolic materials belong to a class of uniaxial materials. These are characterized
by two different values for permittivity, i.e, parallel and perpendicular to the optical
axis [12]. The exceptional wave is characterized by an electric field with components along
the optical axis and perpendicular to it. Hyperbolic materials possess a remarkable prop-
erty. They support propagating waves possessing arbitrary large wave vectors at a finite
frequency [13-15]. Consequently, the corresponding local density of states is exceptionally
large. In doing so, hyperbolic substances open wide avenues for many applications such as
superlesolution, enhanced spontaneous emission, and large energy density [16].

Based on the frequency range, one may divide sound waves into the types that
follow: low frequency, intermediate frequency, and high frequency. Noise has a strong
penetrating power and dissipates slowly during propagation. In doing so, it is a challenging
task to engineer the sound waves. Hence, it is of particular importance to focus on the
investigation of sound waves and vibration control. The investigations of surface waves
and plasmonics represent an additional inherent part of nanophotonics. The former
provide a fertile ground aiming to lower the length scales and dimensionality of a wide
range of electromagnetic phenomena. Not remarkably, nonreciprocity and unidirectional
propagation of surface plasmon-polaritons (SPPs) have stimulated a tremendous interest.
Magneto-optical nonreciprocity in the transverse Voigt geometry is mostly dealt with in
these studies, comprising topological quantum-Hall-effect states. Herein we consider a
novel approach allowing for the propagation of SPPs at the acoustic metamaterial interface.
It is worthwhile to note that inclusions of the composites are fulfilled by the TCOs, making
a stronger case towards implementation the properties of possible devices. It should be
mentioned, that in the present work we, deal with the spoof SPPs. Natural SPPs only exist
at optical frequencies. To realize SPP's at lower frequencies, spoof SI'P's are proposed. In
doing so, we end up with the concept of “designer” surface modes.

2. Theoretical Approach

In the frame of the present study, we investigate the plane interface separating a
nanocomposite (NC) semi-infinite layer and a hy percrystal that is adjacent to it (Figure 1).
It is of particular importance to mention that the surface waves propagate along z axis.
It is possible to construct the system under investigation by means of molecular beam
epitaxy [17], chemical vapor deposition, atomic layer deposition and sacrificial etching [15].
Nanocomposite is understood as a non-conductive transparent matrix with a permittivity
£r. Semiconductor nanoparﬁcles with permitrivity &n are regularly distributed in its host
material. The dielectric function of the TCO based nanoparticles is of special importance
to r the academic community. The topic has become one of significance due to the metal
being opaque to light. The parameters of the Drude-Lorentz approach for AZO, GZ0, and
ITO are obtained from experimental data [2].
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Figure 1. Schematic design under consideration, comprising a semi-infinite hypercrystal (x > 0) and
a nanocomposite with semiconductor inclusions (x < 0) (a), metamaterial (hypercry stal) unit cell (b).

We have made an assumption that the size of the inclusions suspended in a dielectric
matrix is much smaller than the wavelength and the electromagnetic field penetration
depth in the material. It is worthwhile to mention that an effective Maxwell Garnett model
can be employed, ai.rrLi.ng to characterize the Dpticnl parameters of the na.nocomposite
under consideration. The former approach is possible if the interference impacts of the
inclusions are neglected. In this relation, the homogenization of the system should be
performed, and the effective dielectric permittivity of the nanocomposite can be expressed
as follows:

)
Ene =£n (14 1
" "[ (1= £)/3+ e/ (em — &) o
where f is the ﬁlli.ng factor, 1.e., the fraction of nanoparﬁcles in the matrix.
Based on the effective medium approximation, the effective permittivities of the
nanowire metamaterial (hypercrystal) can be obtained according to [19]:

Em(1+P)+£d(1 7-‘})} 2)

L [sm(l P Fe15p)

E|| =Emp +£d(1 —P) (3)
Here, p is the metal filling fraction ratio which is defined as:

_ nanowire area @)
P = it cell area
The calculation of the metal filling fraction (p) taking into account the data sheet of
the pore diameter () and spacing () (Figure 1b). The following equation [20,21] is applied,
taking into consideration a perfect hexagonal structure:

1d?

r= 2+/3h2

One may attain a surface mode with the propagation constant [22] by evaluating the
tangential components of the electric and magnetic fields at the interface.

(5)
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By substituting (1)-3) in (6), the resulted dispersion relation is as follows:
1/2
B—k enba(enatemp—eg(p—1))
Gary Ll BN ogy o (po1))
T LT -an ey | P ELTEmlp (7)

a= ?—}‘f—i;—_'} —1Lb=(p—1) —emey(p+ 1)
e
3. Results and Discussions
Herein, the dependencies of the permittivity components of a hypererystal and
nanocomposite upon frequency are modelled aiming to detect the frequency ranges of
Dyakonov surface waves (DSWs) and the existence of SPP waves (Figure 2).

a0 — 0
f .
/ ne = \ 3
/ 3 ne
0 4 ‘I = | o
20 A
20
< 10 =
0

20
1 2 3 4 4
w, Hz x10™ x10™
(a)
.
ne
U
€ ——
"
|‘ " Hyperbolic properties of metamaterial
-20
0 1 2 3 4 4
w, Hz x10™ w, Hz x10M
(c) (d)

Figure 2. Relative permittivity components of the nanocomposite and hypercrystal versus frequency. Herein, f = 0.3.
(ab) en = 11.8, gy = 2.25; (cd) ey = 225, gy = 11.8. Herein AZO (a,c) and ITO (b,d) inclusions are employed in
nanocomposite and hypercrystal.

In the range the frequency | o the semiconductor-dielectric metamaterial possesses
hyperbolic pmperﬁes. It can be seen from Figure 2, that the propagatinn of DSW is possible
in the case of £, = 2.25, ¢; = 11.8 It is worthwhile to note that the regime of DSW
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propagnﬁon is possible in the case of &)y Enc = 0. Moreover, it is possible to increase the
frequency range of DSW existence by changing the nature of inclusions, i.e., by replacing
AZO with ITO.

It is of particular interest to analyze two cases, ie., when ¢y > ¢4 and ¢4 > en. The
case when ¢, = 2.25, ¢ = 11.8 is depicted in Figure 3a. It can be observed that dispersion
curves in these cases exhibit an exotic behavior in contrary to the conventional surface
plasmons propagating at the metal/dielectric interface [23]. The case when ¢, = 11.8,
&4 = 2.25 is depicted in Figure 3b. By having a glance into the properties of DSW obtained
by changing the filling factor of the nanocrystal as displayed in Figure 3a, one may observe
that in contrast to the case depicted in Figum 3a, DSW does not propagate if ey = 11.8,
g4 = 2.25 (Figure 3¢).

14 14
7 =10 . 7 210 .
[
——f=0.1 5 /
f=0.3 4 —f=0.1
f=0.7 Z — =03
e nf ; =0.7
3 e
ic properties of r 2
1 e
e o DSW
1 ; o
1.5 2 26 0 0.5 1 1.5 2 25
#, m *107 A, m <107

7 x10™

7 x10%

1.5 2 25 0 0.5 1 1.5 2 25
3 im «10" 3. 1/m %107

(<) (d)

Figure 3. Solution of the wave equation for different filling ratio f: (a,b}—e, — 2.25, ¢5 — 11.8; (¢, d}—z;, — 11.8,¢; — 2.25.
Herein AZO (a,c) and 1TO (b,d) inclusions are employed in nanocomposite and hy percrystal.

Figure 4 demonstrates the transmission characteristics on frequency for various filling
ratios. It can be seen in Figure 4a,c that with the increase of hequenq«', the i.magi.nary
part of B decreases at certain intervals, and the transmission distance increases. The
former reveals the reduction of transmission loss with increasing frequency. Figure 4
shows that the filling ratio has a dramatic impact on the transmission characteristics of
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the SPPs. In this relationship, the realization of dimension-tunable SPPs is enabled. Tt
is worth noting that the results presented in Figure 4a,c are very important for practical
application. The increase of the absorption enhancement (imaginary part of the propagation
constant) makes a dramatic impact while creating photoconductive antennas with this
enhanced performance [24].
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=0.7 .
b 0.7
8
E 0.8
e E
=6 I
— -
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Figure 4. Dependence of transmission characteristics versus frequency for different filling factors: (a,c) the imaginary part
of §; (b,d) the propagation length Lp. The case ey = 2.25, ¢y = 11.8.1s presented in (a,b); en = 11.8, &5 = 225—(c,d). All of
the presented results were obtained for the AZO inclusions.

4. Conclusions

Thorough theoretical derivation the excellent transmission characteristics of SPPs
were analyzed and verified effectively in this paper. The dependence of the transmission
characteristics on frequency for different filling ratios was obtained in this paper. More-
over, the possibilities to increase the frequency ranges where DSW can exist have been
demonstrated. It has been concluded that with the increase of frequency, the imaginary
part of B decreases at certain intervals, and the transmission distance increases. The former
reveals the reduction of transmission loss with increasing frequency. The filling ratio has a
dramatic impact on the transmission characteristics of SPPs. From this relationship, the
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realization of dimension tunable SPPs is enabled. This work is of great significance to the
further research of optical devices based on SP'Ps.
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Abstract

Acoustic metamaterials are introduced as the structures with the alternating elements possessing effective properties that
can be tuned seeking for the dramatic control on wave propagation. Homogenization of the structure under consideration is

needed aiming to calculate permi

ity of metamaterial. We present theoretical outcomes studying an acoustic composite

possessing negative effective parameters in the acoustic frequency range. An acoustic metamaterial with an the alternating
nanowires arranged in a building block and embedded in a host material was investigated. Propagation of surface plasmon

polaritons at the metamaterial interface was predicted.

Keywords Surface plasmon polaritons - Acoustic - Metamaterial

Introduction

Acoustic metamaterials give rise to novel properties of the
propagation of mechanical waves. The former are impossible
in case of conventional materials. Recently, acoustic
artificial structured materials possessing properties not found
previously and opening the wide avenues for the diverse
potential applications with remarkable functionalities [1-4]
have been widely studied. Aiming to have a deeper insight
into the properties of the structure under investigation the
geomelric parameters along with the effective permittivity
can be tailored according to the elastic features of the
scatterers. These might include either the medium preference
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[5. 6], or an some external factors, i.e., either electric field
[7] or temperature [8].

Aiming to achieve propagation of acoustic waves
in metamaterials, both density and stiffness should be
negative. Recently, scientists made several suggestions and
experiments aiming to attain negative effective parameters
for acoustic metamaterials. To do so, different procedures,
for instance, implanting soft inclusions in fluids [9], using
Helmholtz resonators [ 10] and pipe-membrane compounds
[11]. have been employed.

The goal of this study 1s to demonstrate possibilities
to construct a metamaterial exhibiting negative effective
parameters and show that acoustic waves can be characterized
by unusual behavior. Aiming to achieve this goal, we have
chosen the structures that are composites of a hexagonal array
of metal nanowires in a dielectric medium. An indefinite
medium with a metallic nanowire array embedded in a
dielectric matrix is not affected by the magnetic resonance
and operates over a broad range of frequency with much
lower material loss [12]. Such an anisotropic material
possesses a negative electric permittivity along the nanowires
and a positive permittivity perpendicular to the wires, L.e.
indefinite permittivity, resulting in a hyperbolic dispersion.
A great number of existing effective-medium theories [13]
are limited to the optical response of nanowires that are
isotropically distributed in the host material. The predicted
response of these systems is not influenced by nanowire
distribution and is characterized by the nanowire concentration

@ Springer
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only. These existing techniques are therefore not applicable for
practical composites where the geometry is anisotropic due to
fabrication process or as a result of a controlled mechanical
deformation. Herein, we deal with a practical homogenized
acoustic metamaterial for surface plasmon polariton guiding.
It should be mentioned that the hyperbolic structures under
investigation have already attracted interest before [14, 15].
Similar approaches have already been conducted for the
optical frequency ranges [16—18]. However, to the best of our
knowledge. the enhanced structure based on the hexagonal
distribution of the nanowires has not been used for acoustic
SPP propagation before.

Homogenization of Periodic Phononic
Crystals

Mathematical Model

A metamaterial structure under investigation is comprised
of the building blocks composed of periodically arranged
metallic cylinders made either of silver or gold implanted in a
dielectric. These metals are chosen as the metallic nanow ire
materials for their lowest loss at the investigated frequency
range. Figure | is as schematical illustration of the nanowire
metamaterial. Figure | presents the anticipated geometrical
drawing of the nanowire structures. Nanowires are implanted
in a host material.
Nanowire filling fraction is described as:

_ nanowire area
unit cell area

(1)

The nanowire filling ratio is calculated on the basis of the
evaluation of the nanowire diameter (d) and spacing (5). It
is assumed that the structure under consideration possesses
a perfect hexagonal distribution. Doing so, we employ the
equation as follows [18]:

jo )
Wer @

Fig.1 Schematic illustration of the nanowire composite (a) metamaterial
unit cell (b)

@ Springer

By proceeding further with this assumption, one may
obtain a dispersion equation to characterize the modes
propagating at the acoustic metamaterial interface.

Effective Constitutive Parameters

Herein, we study a composite containing rods with a
perfect hexagonal distribution embedded in a fluid host.
Nanowires are characterized by a round cylindrical shape
and are made of elastic materials. Host material supports
propagation of acoustic waves. It is worthwhile mentioning
that in this case, wave number is perpendicular to the
generatrix of the rods. A composite under consideration
is quasi-isotropic. Doing so, geometrical dimensions of
the inclusions needed to form the building blocks [19]
are much smaller than the wavelength. We have made
an assumption that all cylinders are identical. Moreover,
they are distributed in a random order. It is worthwhile
mentioning that distance between them is approximately
equal. Our goal is to calculate the values of the effective
parameters of a composite at a frequency range under
consideration. Dispersion of the supported acoustic wave
is also of particular interest.

Sonic or phononic crystals have provided a fertile ground
for dealing with the composites for guiding acoustic orelastic
waves. It is worthwhile noting, that in the low-frequency
limit, an anisotropic compound exhibits behavior of a
homogeneous composite described by outstanding effective
features. The plane wave expansion method stands for as an
alternative approach to multiple scattering aiming to perform
homogenization of highly anisotropic medium consisting of
periodic building blocks. The former methodology was for
the first time considered by Krokhin [20] for sonic crystals
and generalized for non-local phononic crystals in [21].

The system can be efficiently treated as a homogeneous
uniaxial anisotropic material with a density parallel to
wires (p))) and a density vertical to wires (p,) [22. 23] if
the wavelength of supported wave is much longer than the
period of the array containing distributed nanorods. The
derived expressions can be used in the low-frequency limit
to get the effective parameters as follows:

oy = =)+ 3
e +N+p,00-1)
‘”l‘*"’[pmu “hteah @

In a conventional case of a two-dimensional distribution
of nanowire enclosures (parameters labeled with *m™) in a
fluid background (parameters labeled “d”), fis the filling
ratio of the crystal calculated by dividing area of the
enclosures by the area of the unit cells. Aiming to modify
the frequency range under consideration, one may apply the
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effective-medium theory designed for the specific frequency
range [24].

It is possible to drastically alter the parameters under
investigation by the dispersive corrections. For instance, the
resonant Lorentz-type dispersion of the density [25] might be
considered:

plw) = pocuﬁ fwé - (oa (5)

Herein, p;> 0 is a constant and eyis the resonant
frequency of microresonators in the compound.

Some important relationship between the permittivity
and the bulk density of the air-particle mixture is needed
if the dielectric features of granular or powdered solid
materials are taken into consideration. Fundamentally,
linearly dependent functions of the real and imaginary
parts of the complex permittivity characterizing the specific
materials such as pulverized coal, wheat, and whole-wheat
flour and their bulk densities have already been found before
|26, 27]. The former formalism is based on earlier studies.
The linearity Uf\/f_’ was observed by Klein [28]. Quadratic
nature of £ and £2 was found by Kent [29] as follows:

£=ap’+bp+1 (6)

£ = ::pl2 +dp (7

Herein, p characterizes the density of the air-particle
mixture and a. b, ¢, and d are constant values for a given
particular material. It is worthwhile mentioning that £'and
£*have values of | and 0, respectively, for air alone (p = 0).

Surface Acoustic Wave

It 1s worthwhile mentioning that surface waves cannot
propagate at the boundary between two ideal fluids. The
main reason lies in the fact of impossibility to satisfy
boundary conditions in this case. Boundary states can be
excited [25] if one of the materials possesses a parameter
with negative values. The former provides a fertile ground
for a direct analogy to surface plasmon states in plasma with
e<0[19].

Herein, we investigate a wave supported at the boundary
separating a pure host fluid and a fluid containing nanowires
implanted in a host material. The dispersion relation aiming
to have a deeper insight into the properties of a surface wave
is calculated as follows:

1 142
( fll)ﬂl ®

l—£¢,

-

where k is the wavenumber.

Results

In the model employed for calculations, the nanowires are
considered to be conventional cylinders. Host material is
air. Calculations in case of a bulk wave in the composite are
presented in Fig. 2. At low frequencies effective constitutive
parameters have a tendency to approach “classic” values
for composites [30]. However, at frequencies close to
resonances inside the inclusions, the values of dynamical
effective parameters are significantly altered.

Figure 2a demonstrates frequency dependence of the
dynamical effective density. Because of the complex
shear and longitudinal field distribution inside inclusion,
resonances of different nature related to shear waves and
longitudinal waves might be observed. Thus, there is a
significant amount of the frequency ranges where the real
part of the dynamical effective density is negative. InFig. 2b

10 T
!
! a
A _ @)
0 =
2 B i\ — d=20 nm, $=80 nm
] — ——p ,d=20 nm, $=80 nm
A0 g, 4=20 nm, $=70 nm
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5 T
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b
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Fig.2 Effective density (a) and permittivity (b) versus frequency for
the composite under study
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Herein, effective dynamic density of composite consisting
of nanowires embedded in a host material in terms of
1000 ] coherent potential approximations is calculated. It is
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Fig.3 The dispersion pattern of modes of surface plasmon polaritons
supported by a structure under consideration demonstrated in Fig. 1:
aRe(f) and b Im(§)

permittivity versus frequency is depicted. It is worthwhile
mentioning that dimensions of the nanowires along with the
distances between them have been chosen in order to meet
the manufacturing requirements [31].

In what follows (Fig. 3), we have studied acoustic
surface waves of the Rayleigh type, i.e., surface waves
supported by the surface of a semi-infinite elastic
metamaterial in vacuum. [t is worthwhile mentioning
that the frequency for SPP propagation is determined
by negative permittivity. As expected, there exists a
common surface waves gap; in addition, when approaching
asymptotic frequency from the low frequency direction, all
the dispersion curves become very flat and asymptotically
reach infinity, exhibiting behavior very similar to that of
EM surface plasmon polaritons.

@ Springer

demonstrated that there are frequency regions in which
dynamic constitutive parameters are instantaneously
negative. In this relation, the wave under consideration
becomes backward.

Dispersion pattern of the acoustic wave propagating at the
boundary separating metamaterial and conventional medium
is studied. It is demonstrated that there are frequency ranges
in which the surface states are bounded to the interface.
Moreover, the exotic behavior of surface plasmon polaritons
has been investigated.

In summary, we presented modeling of the acoustic
metamaterial. The wide spectral width of the present
research for acoustic double negative metamaterials is
expected. Moreover, anticipated applications including
acoustic superlensing and cloaking [25, 32-34] might be
possible.
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Abstract: Surface plasmon polaritons (SPPs) propagating at the interfaces of composite media possess
a number of fascinating properties not emerging in case of conventional SPPs, ie., at metal-dielectric
boundaries. We propose here a helpful algorithm giving rise for investigation of basic features of
complex conductivity dependent SPPs at the interface separating nanocomposite and hypercrystal.
The main goal of the work is to investigate dispersion of the SPPs propagating at the boundary
separating two different media. Aiming to achieve the aforementioned goal that the effective Maxwell
Garnett model is used. Itis demonstrated that the SPPs dispersive properties are dramatically affected
by the material conductivity. Correspondingly, the filling ratio of the nanoparticles in the composite
and their dielectric properties also allow one to engineer characteristics of the SPPs. Having a deep
insight into the conductivity dependent functions, we concluded, on their behavior for the case of
hyperbolic regime and Dyakonov surface waves case. Our model gives rise for studying features of
surface waves in the complex conductivity plane and provides more options to tune the fundamental
features of SPPs at the boundaries correlated with composite media.

Keywords: conductivity; surface plasmon polaritons; metamaterial

1. Introduction

During the last decades plasmonics attracted significant attention as the novel field
pivoting the way for modern technologies, such as spectroscopy and sensing [1] and optical
tweezers [2]. Surface plasmons (SPs) are introduced as the collective oscillations of the
delacalized electrons presenting at metal-dielectric interfaces. SPs open the wide avenues to
escape the diffraction limit of conventional optics [3] because of their capability to confine
light in subwavelength dimensions with high efficiency. Doing so, the previous provides a
fertile ground for a broad spectrum of applications ranging from surface enhanced spec-
troscopy [4], biomedical sensing [5] and solar cell photovoltaics [6] to optical antennas [7].
It is worthwhile noting that surface-plasmon-based circuits are established to bridge the
disciplines of photonics and electronics at the nanoscale. The former allows to escape the
current problems associated with the large size difference between the micrometer-scale
bulky components of photonics and the nanometer-scale electronic chips.

The resonant oscillations of free electrons at the interface of nanocomposite media due
to optical radiations give rise to surface plasmon polaritons (SPPs) [8]. The propagation
of SPPs in nanocomposites has been extensively studied in [9-11]. Composite media
with metal nanoparticles are of particular importance aiming to create nanostructured
metal-insulator systems and novel approaches of manipulating light based on them. The
emerge of transparent conductive oxides (TCOs) has attracted tremendous interest within
the scientific community. These stand for as the alternative approach for plasmonics [12] in
the near-infrared region. In contrary to noble metals, TCOs such as indium tin oxide (ITO)
demonstrate a great tunability of their optical and electronic properties [13]. The former is
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possible via doping and electric bias. The construction and fabrication of ultra-compact
electroabsorption modulators [14] and for the proposal of new multimode modulator
architectures [15] has benefited from the option of actively switching between a low-loss
dielectric regime and a high-absorption plasmonic regime.

In the present work, we discuss complex conductivity of the medium, which dramati-
cally affects tunability of SPPs. The obtained results may have significant applications in
storage and sensing devices. Herein, we pmvide a detailed study of SPPs characteristics
at the interface separating a nanocomposite and hypercrystal. Engineering properties of
the nanocomposite and that of hypercrystal, the SPPs properties are tuned significantly.
We present a complete description of the SPPs dispersion relation with different control-
ling parameters. Our study is extended aiming to examine the complex conductivity
dependent properties.

2. Materials and Methods

Herein, we deal with the plane boundary separating a nanocomposite (NC) semi-
infinite layer, which fills the half-space x < 0 and adjacent to it, hypercrystal filling the
half-space x = 0 (Figure 1). It should be stressed that the surface waves under consideration
propagate along z axis. It is worthwhile noting that the structure under the study can be
constructed by means of molecular beam epitaxy [16], chemical vapor depcsiﬁon, atomic
layer deposition and sacrificial etching [17]. The nanocomposite is presented as a non-
conductive transparent matrix with a permittivity £,, in the volume of which regularly
distributed semiconductor nanoparticles with permittivity £ym. The frequency dependent
dielectric function of the TCO based nanoparticles is of particular interest. An emergence of
high-conducting metal being transparent has opened wide avenues recently. The issue has
attracted lots of interest within the scientific community because of the metal being opaque
for light. From the perspectives of the potential applications, transparent conducting
metals described by high DC conductivity (cpc) are anticipated for optoelectronic devices,
rangi.ng from solar cells to electronic paper, touch screens and clisplnys. Though, since
ope = nee?T/m (with T being relaxation time of the electron and m—electron mass) of
a metal is associated with plasmon frequency wf, = nef’z,fegm through the free-electron
density 1., a high-conducting metal (with a high n,) is certainly opaque for light because
of its permittivity ¢ being typically very negatively affected by its high w,. Conventional
tech.niques to produoe transparent conduct‘i.ng metals include the decrease of the n., by
utilizing transparent conducting oxides (TCOs). The parameters of the Drude-Lorentz
approach for aluminum-doped zinc oxide (AZ0), Ga-doped ZnO (GZ0) and indium tin
oxide (ITO) gained from experimental data [12] are presented in Table 1.

Table 1. Drude-Lorentz parameters of plasmonic materials obtained from experimental data.

One may approximate the materials dielectric function by the complex dielectric function:
2 feo?

eTCO = € — ﬁ + (U—blhlm’ with the values of the parameters outlined in the table [18].
P 1

Here &, is the polarization response from the core electrons (background permittivity), wp, is the

plasma frequency, yp is the Drude relaxation rate.

AZO GZO ITO TiN (Deposited at800°C)  TiN (Deposited at 500 °C)  ZrN

e 354 323 353 186 249 347
wp V) 175 199 178 7.93 595 8.02
1pEV) 004 012 016 0.18 051 052

f 051 039 030 3.20 204 245
wp (eV) 420 405 421 122 395 548

T (eV) 010 009 009 2.03 249 174
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Figure 1. Schematic system under consideration, involving a semi-infinite hypercrystal (x > 0) and a nanocomposite with
semiconductor inclusions (x < 0) (a) and metamaterial (hypercrystal) unit cell (b).

The dielectric function of metallic medium in the complex conductivity and frequency
domain is written as [19]:

- |ole’®
(o, w)=1+ (x + g (1)
where y is the susceptibility of the system, || is absolute value of complex conductivity
and ¢ is its phase.

The dispersion relation of SPPs at a planar interface between the dielectric medium
and metal forming a simple plasmonic structure in the complex conductivity and frequency

domain is written as [20]:
_2m | &(0, w)ey
kplos )= Vel(o, 0)+e @

where ¢4 is the permittivity of the host material. By making a step forward towards complex
nanostructures, we made an assumption that the wavelength and the electromagnetic field
penetration depth in the material are much larger that the size of inclusions suspended
in a dielectric matrix. It is worthwhile mentioning that effective Maxwell Garnett model
can be employed aiming to characterize the optical properties of the nanocomposite under
consideration. The former approach is possible, if the interference effects of the inclusions
are neglected and their volume fraction is as small as 1/3. Thus, one may apply the
homogenization procedure and the effective complex permittivity of the nanocomposite
can be expressed as follows

8,,(-((7, w) =& [1 + (3)

Z ]
(1—f)/3+¢n/(em(0, @) —en)
where ¢, is the permittivity of the host material of the nanocomposite and f is the number
of nanoparticles in the matrix.

Based on the effective medium approximation one may calculate the effective permit-
tivities of the anisotropic nanowire metamaterial (hypercrystal) according to [21]:

em(7, @)(1+p) +¢,(1 —P)]
en(0, W)(1—p) +¢,(1+p)

4)

(0 @) =]

(0, @) = £ (0, W)p + 2,1~ p) )
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where g4 is the permittivity of the host material, £y is the permittivity of the inclusions em-
bedded into the host material and p is the metal filling fraction ratio, which is calculated as:

_ nanowire area
unit cell area

(6)

The metal filling fraction (p) is calculated based on the values of the pore diameter
(d) and spacing (5) (Figure 1b). By taking into account a perfect hexagonal structure, the
equation [22,23] is applied as follows:

d?

r= 24/382

Based on this assumption one may derive a dispersion relation for the surface modes
propagating at the interface between two anisotropic media. It is of particular importance
to obtain a single surface mode with the propagation constant [24] by calculating the
tangential components of the electric and magnetic fields at the interface

(EH[U, w) _Elrf{gf (U}I)EJ_(O', (‘J)Elrf{gr (t,‘}l v
Blo, w) =k ®)

e, (o, wey (0, w) — 2. (7, w)

@)

By substituting (3)-(5) in (8), one may result in the dispersion relation as follows:

(o, £(p—1) Jbio, w) R . N -
7w %)(u[ﬂ £1)—emlo,w)(p-1))

1/2
ﬁ{ﬁ' w) = Kl — enblo, w)ale, w)lega(e, w)tem o, wlp—eyip—1))
(&,n( ©)

f 2
ag,w:—{:i—l,bcr,w: —1)e5 —ep(o, w)eg(p+1).
( ) [ —— -1 ( } (10 ) d m( } ,;{p )
It is worthwhile noting, that Equation (9) stand for as the analy tical expression of the
dispersion relations investigated in the frame of the present work.

3. Results

The propagation of SPFs at the boundary of nanocomposite and hypercrystal is
investigated. The absolute value of complex conductivity |or| varies from 0 to 6 x 107 S/m.
Herein, the permittivity components of a hy percrystal and nanocomposite versus frequency
are studied numerically aiming to identify the frequency ranges of Dyakonov surface waves
(DSWs) and SPP waves existence (Figure 2). In the frequency ranges below the frequency
w | 1o [25] the semiconductor-dielectric metamaterial possesses hyperbolic properties. It
is worthwhile noting that in this frequency range the presence of conventional surface
plasmon polaritons waves with propagation parallel to the optical axis is feasible under
specific conditions. One may conclude from Figure 2 that propagation of DSW is possible
in case of g, = 2.25, gy = 11.8. It is worthwhile noting that the regime of DSW propagation
takes place if 2”{(0}, enc(w) = 0. To have a deeper insight into the problem, we investigated
permittivity components versus conductivity. Doing so, in Figure 3 permittivity function
is plotted if @ = 0.3 x 10™ Hz (Figure 3a) and w =3 x 10" Hz (Figure 3b). The former
allows us to investigate conductivity dependent permittivity functions for both regimes,
ie., hyperbolic and conventional. Moreover, we studied the phenomenon of conductivity
dependent functions for the DSW regime (Figure 4a). Comparing Figures 3a and 4a, one
may conclude that ¢n(¢7) > £, (¢) in case of the hyperbolic regime and ¢y (¢) < ¢ () for
DSW waves. Moreover, it is i.nteresl'ing to compare the conditions that are valid in case of
hyperbolic and DSW regimes for both, i.e., frequency and conductivity dependent functions.
Thus, it is seen in Figure 2a that hyperbolic properties of metamaterial are possible if
enc{w), e (w) > O and & (w) < 0. Dealing with the conductivity dependent functions,
one may conclude that the same conditions are needed in other to obtain hyperbolic
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regime. On the contrary to the described case conditions for existence of DSW regime are
different in two different planes, i.e,, DSW is obtainable if ¢, (w), £, (@), sn(a)) > 0 and if
ene(0), &, (0) > 0,2”(0) <0

30—
Z \ () €
25 | e

20

15 Hyperbolic properties of metamaterial

10

R e

o7

-5

2 3 4
w, Hz =10

16

14 (b)

12

10

1
DSW

-2

w, Hz x10™

Figure 2. Relative permittivity components of the nanocomposite and hypercrystal versus frequency.
Herein, f =0.3. (a), en = 11.8, g5 = 2.25; (b) &y = 2.25, ¢4 = 11.8. Herein ITO inclusions are employed
in nanocomposite and hypercrystal.
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Figure 3. Relative permittivity components of the nanocomposite and hypercrystal versus conductiv-
ity. Herein, f = 0.3, ¢y = 11.8, ¢4 = 2.25. Herein ITO inclusions are employed in nanocomposite and
hypercrystal. (a) w = 0.3 x 10" Hz; (b) w = 3 x 10" Hz.
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Figure 4. Relative permittivity components of the nanocomposite and hypercrystal versus conductiv-
ity. Herein, f = 0.3, ¢y = 2.25, 5 = 11.8. Herein [TO inclusions are employed in nanocompuosite and
hypercrystal. (a) w= 0.3 x 10 Hz; (b) w = 3 x 10" Hz.

In Figures 5-10 the plots are obtained for real and imaginary parts of the dispersion
relation along with the transmittance characteristics. The real part of propagation constant
is related to group velocity and the imaginary part is related to damping of SPPs. If
Re(B) > ky then SPPs propagate at the interface and if Re(f) < ko then SPPs cannot propagate
at the interface of two media. ky = 2mw/t is the wave vector of the electromagneﬁc wave
in free space. Here w1 = 0.3 x 10" Hz, w; = 0.3 x 10 Hz and ¢ = 3 x 10° m/s, which
gives ko1 =6.28 % 10° 1/m and kpp = 6.28 x 10° 1/m. The value of Re(p) varies from 0 to
15 % 10" 1/m versus conductivity. The variations of Re(f) and Im(§) versus conductivity
are shown in Figures 5-10. The absolute value of complex conductivity strongly affects the
SPPs propagation at the interface of two media. The real part of dispersion relation of SPP's
increases with the absolute value of complex conductivity.

In Figures 9 and 10 plots are obtained for the propagation length Ly of SPPs versus the
absolute value of complex conductivity. The Im(f) is related to the propagation length L.
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Figure 5. Solution of the dispersion equation versus frequency (a) and versus conductivity (b).
en = 225, ¢4 = 11.8. Herein ITO inclusions are employed in nanocomposite and hypercrystal,
f=03in(b).
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Figure 6. Solution of the dispersion equation versus frequency (a) and versus conductivity (b).
en = 11.8, g5 = 2.25. Herein ITO inclusions are employed in nanocomposite and hypercrystal,

f=03in(b).
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Figure 7. Dependence of imaginary part of propagation constant versus frequency for different filling

factors (a) and versus conductivity forf = 0.3 (b). &y = 2.25, ¢4 = 11.8. All the presented results are
obtained for the ITO inclusions.
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Figure 8. Dependence of imaginary part of propagation constant versus frequency for different filling
factors (a) and versus conductivity for f = 0.3 (b). en = 11.8, g4 = 2.25. All the presented results are
obtained for the ITO inclusions.
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Figure 9. Dependence of propagation length versus frequency for different filling factors (a) and
versus conductivity for f =0.3 (b). &n = 2.25,¢5 = 11.8. All the presented results are obtained for

the ITO inclusions.
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Figure 10. Dependence of propagation length versus frequency for different filling factors (a) and

versus conductivity for f = 0.3 (b). ey = 11.8, ¢; = 2.25. All the presented results are obtained for
the ITO inclusions.

4. Conclusions

In conclusion, the SPPs properties were investigated versus conductivity at the inter-
face of nanocomposite and hypercrystal. The amplitude of complex conductivity signifi-
cantly influenced the SPPs propagation. The real part of SPPs dispersion relation was very
large in comparison with the value of the free space wave-vector Re(g) > k. It is worth-
while mentioning that propagation of SPPs was achieved at the interface with variation of
complex conductivity. The conducted study allows one to conclude on the conditions of
surface waves propagation in the complex conductivity plane. Thus, ¢xc(¢), £, (¢) > 0 and
€(¢) < 0in the case of hyperbolic regime and enc(¢), €1 (¢) > 0, ¢ (¢) < 0 for Dyakonov
surface waves. The potential applications of this works are in the fields of the develop-
ment of waveguides sources, near-field optics, surface-enhanced Raman spectroscopy, data
storage, solar cells, chemical sensors and biosensors.
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Abstract

Herein we study theoretically surface plasmon polariton (SPP) wave propagation along
the nanostructured graphene-based metamaterial/corrugated metal interface. We apply the
effective medium approximation formalism aiming to physically model nanostructured
metamalerial. The transfer matrix approach is applied to compute the dispersion relation-
ship for SPP waves. It has been concluded that the groove width (a) and the chemical
potential (u) parameters have a dramatical impact aiming to engineer resonance surface
plasmon frequencies of the propagation modes. Moreover, one can tune the bandgap cor-
responding to non-propagation regime by modifying groove width parameter. The impact
of the groove width (&) and the chemical potential () on the propagation length was inves-
tigated. The present work may have potential applications in optical sensing in lerahertz
frequency range.

Keywords Graphene - Metamaterial - Surface plasmon polaritons

1 Introduction

The fundamental optical excitations that are confined to a metal/dielectric interface are
the Surface Plasmon Polaritons (SPPs), as described by Ritchie (1957). SPPs can be
referred to as electromagnetic excitations existing at an interface between two media, of
which at least one is conducting (Raether 1988). Investigations of spoof-plasmons in a
semiconductor is becoming an increasingly active area of research. As a matter of fact,
the presence of surface waves was originally demonstrated either for dielectric materi-
als placed over a metal surface or for the metallic surface with a periodic repetition of
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obstacles of holes in the direction of propagation (Pendry et al. 2004; Garcia-Vidal et al.
2005; Jiang et al. 2009). However, these surface waves can also be excited replacing
the metallic surface with the semiconductor one (Gric et al. 2015). Spoof plasmons are
bound electromagnetic (EM) waves at frequencies outside the plasmonic range mimick-
ing (“spoofing™) surface plasmon polaritons (SPPs). which propagate on periodically
corrugated metal surfaces (Rusina et al. 2010).

Recently, an idea of engineering surface plasmons at lower frequencies was sug-
gested. It was concluded in Bozhevolnyi et al. (2005) that the existence of holes in the
structure can lower the frequency of existing surface plasmons. Thus, by cutting holes
or grooves in metal surfaces it is possible to take concepts such as highly localized
waveguiding (Lamprecht et al. 2001; Maier et al. 2003) and superfocusing (Bozhevolnyi
et al. 2006; Krasavin and Zheludev 2004) to lower frequencies, particularly to the THz
regime (Krasavin et al. 2005), where plasmonics could enable near-field imaging and
biosensing (Andrew and Barnes 2004) with unprecedented sensitivity.

In recent years, electromagnetic waves propagating at an interface between a metal
and a dielectric have been of significant interest. An experimental study of propaga-
tion of a THz Zenneck surface wave on an aluminium sheet is presented in Jeon and
Grischkowsky (2006). The properties of long-range SPPs are reviewed in Berini (2009).
It is shown in Wang and Mittleman (2004) that a simple waveguide, namely a bare metal
wire, can be used to transport terahertz pulses with virtually no dispersion, low attenua-
tion, and with a remarkable structural simplicity.

The advent of the graphene has given rise to the unprecedented progress in actively
tunable microwave, terahertz, and optical devices and structures during the last decade
(Grigorenko et al. 2012; Geim and Novoselov 2007; Bonaccorso et al. 2010). Especially,
we have seen significant progress in THz generation and detection over the last decade
which leads to the surging demand for THz wave devices. Single-layer graphene dem-
onstrates a dynamically changeable conductivity, permittivity, and impedance (Falko-
vsky 2008) while being one-atom thick and efficiently tunable by varying the chemical
potential. Up to now, a single-layer uniformand patterned graphene (Yao et al. 2013;
Nikitin et al. 2012; Fang et al. 2012; Hajian et al. 2016; Morozovska et al. 2017) being
the simplest case for experimental studies has opened wide avenues for many applica-
tions. Though, a high degree of freedom for tunable devices is provided by double-layer
graphene (Rodrigo et al. 2017) and graphene-dielectric multilayers (Grigorenko et al.
2012; Khromova et al. 2014; Crassee et al. 2011; Hajian et al. 2017; Orazbayev et al.
2016). Doing so, in contrast to noble metals, one can drastically tune graphene plas-
monic resonances through electrostatic biasing. Thus, a new generation of reconfigur-
able plasmonic devices might be enabled. Among the new perspectives opened with
graphene-dielectric multilayer structures, ENZ and near-zero-index metamaterials (Ser-
ebryannikov et al. 2018), hyperbolic metamaterials (Crassee et al. 2011; Othman et al.
2013a, b; Zhu et al. 2013; Xiang et al. 2014a, b; Iorsh et al. 2013; Xiang et al. 2014a,
b), tunable beam steering (Orazbayev et al. 2016), and Tamm surface plasmons (Hajian
et al. 2017) stand out. In addition. it is worthwhile noting, that surface-plasmon-polari-
tons (SPPs) at the interfaces of nanostructured metamaterials containing graphene (Gric
2016), tunable surface waves at the interface separating different graphene-dielectric
hyperbolic metamaterials (Gric and Hess 2017a, b), and tunable perfect absorption at
mid-infrared frequencies (Wu et al. 2016) are of the particular importance for the sci-
entific community. It is worthwhile noting that dispersion of graphene-dielectric meta-
materials can be engineered by changing the Fermi energy, e.g., see Refs. Othman et al.
(2013a, b; Torsh et al. 2013).

@ Springer
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Here, we propose the nanostructured graphene-based metamaterial/corrugated metal
interface. The proximity effects are already well known from the studies of other plas-
monic structures (Li et al. 2010; Hajian et al. 201R8). It is worthwhile noting, that new kinds
of surface waves on nanostructured metamaterials, crossing the light line with a substantial
portion at lower frequencies lying above the free space light line have been investigated
in Trofimov and Gric (2018). The excitation of multiple surface-plasmon-polariton waves
guided by the periodically corrugated interface of a homogeneous metal and a periodic
multilayered isotropic dielectric material was studied theoretically in Faryad et al. (2012).
The solution of the underlying canonical boundary-value problem (with a planar interface)
indicates that multiple SPP waves of different polarization states, phase speeds, and attenu-
ation rates can be guided by the periodically corrugated interface. Herein. we make a step
forward by proposing an unprecedented degree of freedom while tuning the dispersion
properties. We show that dispersion relation of SPPs can be adjusted by the shape of the
textured grooves. Following the introduction, the remainder of this paper is structured as
follows: Sect. 2 will describe the main building blocks comprising the system under con-
sideration. In Sect. 3, the obtained results are discussed. Finally, in Sect. 4 conclusions are
provided.

2 Material properties and design

The structure under consideration (Fig. 1) consists of two building blocks: grating made
of 8i (¢ = £, = 12.25) and a slab of graphene-dielectric metamaterial. The function of the
first building block is creation of higher-order transmission channel(s). In such a case, the
coupling of the incident waves differs for the two opposite interfaces. The main its function
is to attain tunability by changing the state from dielectric to ENZ, and then to plasmonic
one, by engineering p (Khromova et al. 2014).

The effective-medium approach is applied aiming to describe the optical response of
such a system (Fig. 2). The former is justified if the wavelength of the radiation considered
is much larger than the thickness of any layer. It is based on averaging the structure param-
eters. Hence, further in this paper we consider the effective homogeneous media for the
semi-infinite periodic structures. The effective permittivities are as follows (Agranovich
and Kravtsov 1985):

AZ
w
£q B r‘
(L e[ L L’_l_
d . a
Metamaterial
HH Graphene

Flg.1 Geometry of structured metamaterial surtace
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where &,

mer Emq—are the permittivities of the graphene and dielectric layers correspond-
ingly: d,,

¢ dma—are the thicknesses of the graphene and dielectric layers correspondingly.

Matching the tangential components of the electrical and magnetic fields at the inter-
face implies the dispersion relation for the surface modes localized at the boundary sep-
arating two anisotropic media (lorsh et al. 2011). We assume the permittivity &, (w) to
be frequency dependent as the corresponding layer is represented by graphene.

Within the random-phase approximation and without an external magnetic field,
graphene may be regarded as isotropic and the surface conductivity can be written as
follows (Falkovsky 2008; Hanson 2008), & = ie? uN/xh*(w + i/ 7). where w, h, e, u, T,
N is the frequency, Planck constant, charge of an electron. chemical potential (Fermi
energy), and phenomenological scattering rate, number of graphene layers respectively.
The Fermi energy u can be straightforwardly obtained from the carrier density n,, in
a graphene sheet, y = hviy/any,. vy is the Fermi velocity of electrons. It should be
mentioned, that one can electrically control the carrier density n,, by an applied gate
voltage, thus leading to a voltage-controlled Fermi energy u. Here we assumed that the
electronic band structure of a graphene sheet is unaffected by the neighboring layers.
Thus, the effective permittivity e,,, of graphene can be calculated as follows (Vakil and

Engheta 2011): €, = 1 4+ io/eywd,,,, where &, is the permittivity in the vacuum.
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One can see that Re(fll] crosses zero at a frequency which depends on u. For instance,
this happens at 30 THz when u=0.5 eV, and at 45 THz when y=1 eV. Changing u may
drastically shift the spectral range of transition from the effectively plasmonic to the effec-
tively dielectric state. Note that the gate positioning will be considered at the next steps.
Generally, electrical gating of a multilayer graphene-dielectric metamaterial is a challeng-
ing task. One of possible gating schemes is presented in Ref. Khromova et al. (2014). In
Ref. Chang et al. (2016), chemical doping has been used while preparing each graphene
layer using CVD, instead of electrical gating. In Ref. Gomez-Diaz et al. (2015), the dou-
ble-layer graphene has been experimentally gated, and the method was presented by the
authors as the one being usable for the structures composed of a larger number of graphene
monolayers. So, from a practical point of view, this approach can be utilized also in the
case of graphene-dielectric metamaterial containing finite number of graphene layers.

In order to find the dielectric parameters of the effective medium describing metal grat-
ing, consider a periodic assembly of parallel plates. The effective dielectric constants of
such an assembly are as follows (Born and Wolf 1999)

(d—a)ey, +ae,

E‘:Ez_f (3)

d

&= d—a)fe, +afe, )

Here, £, is the permittivity of the surrounding media, £,,—is the permittivity of silver.

3 Results and discussion

Herein, we present a simple example of polaritons in corrugated metal at THz frequencies.
The wave vector k (Gric and Hess 2017a, b) is plotted as a function of the frequency aim-
ing to illustrate the properties of SPPs. We deal with Ag case (Johnson and Christy 1972).
It is assumed that the structure is surrounded by silicon, i.e. Si (e = £, = 12.25).

Figure 3a depicts the dispersion curves of SPPs at the boundary metamaterial/structured
surface with d=10 nm. It is of particular importance to investigate the impact of the period
on the dispersion curves of SPPs. Doing so, three different groove widths a are considered.
One may conclude from Fig. 3, that the asymptotic frequency, i.e. the maximum possible
frequency of the propagating modes decreases with an increase in groove width. Figure 3b
presents the losses of these SPPs as a function of frequency. It is worthwhile noting that the
loss of SPPs is dramatically influenced by the increase in frequency. Besides that, it is of
particular importance to note, that the forbidden region between the modes starts squeez-
ing as presented in the Fig. 3a and the approach each other with the decrease of the groove
width.

It is of particular interest to analyze the effect of the lattice constant (d) on the dis-
persion of SPPs. The dispersion curves for SPPs at the boundary metamaterial/corrugated
surface with different lattice constants d=35, 7, 10 nm, are displayed in Fig. 4a. The groove
parameter is a=2 nm for all cases. Figure 4b shows the losses of SPPs for three cases. It
can be concluded from Fig. 4b, that a larger loss of SPPs for a given frequency takes place
in case of a smaller lattice constant. One might conclude from Fig. 4b, that losses of the
SPPs are drastically influenced by the lattice constant. For a given frequency, an increase of
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Fig.3 a Dispersion curves for SPPs. b Attenuation coefficients of SPPs, lattice constant d= 10 nm

the lattice constant may cause a significant reduction of the loss of spoof SPPs. A low-loss
THz waveguiding system is essential because of the need for a compact, reliable, and flex-
ible THz system for various applications.

The impact of the chemical potential on the propagating modes along metamaterial/cor-
rugated metal interface is depicted in Fig. 5. One may engineer the chemical potential u of
graphene by tuning the gate voltage or doping (Vakil and Engheta 2011). It is worthwhile
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Fig.4 Dispersion curves (a) and attenuation coefficients (b) of SPPs for different lattice constants d=35, 7,
10 nm, respectively. Parameters of grooves: a=2 nm

noting, that the chemical potential has different values in these dispersion curves, i.e.
p=0.1eV, u=0.5eV, u=1 eV, u=1.5 eV. It has been confirmed that the chemical poten-
tial has a dramatic impact modulating the modes. It should be noted that the resonance fre-
quency for the modes increases with the increase of chemical potential. In Fig. 5a, one can
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Fig.5 Influence of chemical potential on the dispersion curves (a) and attenuation coefficients (b) of SPPs
at nanostructure metamaterial interface with d=10 nm, a=0.44

see that SPPs dispersion is noticeably modified as compared with the dispersion depicted
in Fig. 4a. Due to the plasmon—phonon coupling, the SPPs can be supported at considera-
bly smaller wavenumbers. It should be mentioned that decreases in the chemical potential
will move the dispersion curves to lower frequencies; in contrast, increases in the chemical
potential g move them to higher frequencies. As seen from Fig. 5, the smallest asymptotic
frequency is achieved by employing the smallest chemical potential. The former tunability
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property suggests that the surface wave can be engineered by the chemical potential of the
graphene sheets. |

Figure 6 displays the propagation length L, = T 35 8 function of the incidence tera-

hertz frequency (w = 0.1 - 5007Hz) for different values of groove width (a=0.4d:
a=0.6d) and chemical potential (u=0.1eV, 0.5 eV, 1 eV, 1.5 eV). It is worthwhile noting
that £=0.5 eV in Fig. Figure 6a and a=0.4d in Fig. 6b. It is obvious that groove width (a)
and the chemical potential (1) play a significant role in modulation of the propagation
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Fig.6 Influence of groove width (a) and chemical potential (b) on the propagation length of surface wave
modes as function of incidence frequency
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length of the modes. The propagation length of the modes increases increasing groove
width and chemical potential. It is of particular interest to mention that the propagation
length profiles of the modes follow the exponential decay (Fig. 6). The usage of graphene
allows for the increase the propagation length of the modes compared to ordinary interface
modes.

4 Conclusion

The nanostructured metamaterial interface is used to excite the SPP waves. The dispersion
relationship is computed by implementing the effective medium theory and transfer matrix
approach and the following conclusions can be drawn:

e Surface wave modes propagate along the metamaterial/metal grating interface.

* One may tune the bandgap corresponding to non-propagation regime by engineering
the groove width or chemical potential of graphene.

s The propagation length as a function of the terahertz frequency range is studied. It has
been concluded that under appropriate parameters the propagation length can be modu-
lated. The present method of surface wave modulation is quite simple in comparison
with the corrugated structures (Anwar et al. 2017).

® One may apply the proposed geometry for optical sensing and wave propagation in the
terahertz regime.

Herein, we have considered a formalism to analyze SPPs at the metamaterial/corrugated
metal interface. In comparison with the previous works. our approach enables investiga-
tion the metamaterial case since it takes into account the permittivity of the metamaterial
expressed by the effective medium theory. We have analyzed the properties of the disper-
sion and loss of SPPs at the metamaterial/corrugated metal boundary at the THz frequency
range. The groove width drastically affects the asymptotic frequency of SPPs. On the other
hand, the loss of SPPs is sensitive to all parameters of the surface structure. A good perfor-
mance with low-loss propagation of spoof SPP can be achieved by optimizing design of the
grating structure.
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Abstract

In this paper, weshow the approach to enhance the optical properties of the plasmonic nanowires
from the perspectives of both field enhancement and tunability. Two different cases have been
suggested for the consideration: the first one uses hollow-core metamaterial interface, while the other
involves metallic nanowire metamaterialinterface. It has been outlined, that the use of nanowire
metamaterial interfaceallows for stretching the frequency range of surface wave existence from

500 THz(600 nm) to approximately 1000 THz (300 nm). Moreover, the nanowire metamaterial
interface demonstrates better field confinement.

1. Introduction

Herein, we deal with the exceptional features of surface plasmon polaritons (SPPs) providinga fertile ground for
plasmonics research. Tt is worthwhile noting, that the former phenomenon appears on the metal interface due to
strong field localization. The strong level of interaction between lightand free electrons in metals [ 1, 2] causes
arise of quasiparticles, called SPPs. SPPs act as a surface wave propagating along the boundary between a metal
and a dielectricwhileexponentially decaying into both the dielectric and metal. The dispersion relation of SPPs
ata dielectric-metal boundary can be derived from Maxwell's equations with appropriate boundary conditions.
Denoting the dielectric constant of the metal and the dielectric material as <, and =4 correspondingly, the
dispersion equation of SPPs is expressed as

o

where wisthe angular frequency of the SPP modes, cis the speed of light, and /7 is the wave constant of SPPs
along the propagation direction. Itisworthwhile noting, that the localized SPPs are dramatically influenced by
the material properties along with the size and shape of the metallic nanostructures (figure 1(a)). Doing so, itis
possible to achieve an efficient coupling. Ttshould be mentioned that the exceptional properties of SPPs, suchas,
subwavelength confinement and strong field enhancement give rise to a wide range of innovative applications
[3-7]. Moreover, propagation of SPPs in metamaterials is a hot topic either. Coupling to the modessupported by
the metamaterials has been covered in [8] opening the wide avenues forthe innovative aspects. For example,
owing to the excitation of SPPs, resolution of the so-called ‘superlens’ has reached ashigh as 30 nm [9]. The
former opens the wide avenues for optical microscopy in terms of overcoming the diffraction limit.
Alternatively, the resolution can be even higher in plasmonics-assisted spectroscopy, such assurface-enhanced
Ramanspectroscopy (SERS). The Ramansignal can be considerably amplified by SERS approach. Doingso, the
vibrational information of single molecules can be probed and recorded [ 10—1 2] by emplaying the strong local
field enhancement of plasmonic composites and the chemical mechanism including charge transfer between the
species and the metal surface. Additionally, SERS has gone beyond simply reachingsingle molecule
spectroscopy: recently SERS was also used to determine the molecular orientation of single molecules[13]. Tip-
enhanced Raman spectroscopy (TERS) may stand for the further resolution improvement. Based on the study

©201910P Publishing Ltd



AUTHOR’S PUBLICATIONS COLLECTION 109

BOP Fublishing

Mater. Res. Express 6 (2015) 065014 T loannidis etal

() x

sm

(e) x

R

Figure 1. Schematic views of nanowire (a) and hollow- core (d) str
compaosite; metamaterial unit cell (¢). Here, PbS—is lead sulfide
infinite. SPPs propagate along 2 axis.
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n the direction perpendicularto the ZX plane the material is

on TERS-based s pectral imaging with extraordinary sub-molecular spatial resolution, one can definitely resolve
the inner structure and surface configuration of a single molecule [14]. Moreover, it is worthwhile noting, that
plasmonic nanoantennas give a tremendous rise to the enhancement of THz generation [15, 16].

Itisworthwhile noting, thatan indefinite medium with a metallic nanowire array embedded ina dielectric
matrix does not rely on magnetic resonance and works over a broad range of frequen cy with much lower
material loss [17, 18]. Such an anisotropic material has a negative electric permittivity along the nanowires and a
positive permittivity perpendicular to the wires, i.e. indefinite permittivity, resulting in ahyperbolic dispersion
with the ability for negative refraction of light.

Periodic metal-dielectric nanostructures open the wide avenues for applications [ 19-24]. In addition, alot of
investigations have been done in the field of anisotropic metamaterials, both experimentally [25] and
theoretically [26—28]. Thus, a huge stream of papers is dedicated to the examination of properties of the metal-
dielectric nanostructures|29—31]. However, there is still lack of studies directed towards the investigation of
ways to control their properties. In this paper, weshow the approach to enhance the optical properties of the
plasmonic nanowires from the perspectives of both field enhancement and tunability. It should be noted, that
tunability is considered as the increase of the frequency range of surface wave existence along with the ability to
support tunable SPPs and up to 2-fold field enhancement. Tunability by the structure under consideration is
achieved by engineering propertiesof SPPs. The former is possible changing the geometrical parameters of the
metamaterials under study.

2. Basicmodel

Figure 1 displaysthe geometry of the nanowire structure. It is worthwhile mentioning, that in the direction
perpendicular to the ZX plane the material is infinite. Metal wires with permittivity = are implantedin a
dielectric host material with permittivity £; = 2.4, The mentioned materials have been chosen because of
fabrication maters [32]. Doingso, we explore theoptical properties of nanoscopic metallic particles prepared by
electrochemically depositing metal within the pores of nanoporous alumina membranes.

The effective permittivities of the nanowire metamaterial are evaluated based on the effective medium
approximation as follows [34]:
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Here, subindices L and R refer to theleft and right layer, correspondingly, and p is the metal filling factor which is
computed as:

nanowire area
[ rr— (4
unit cell area
It should be mentioned, that .—:|[|' is of the same direction asthe propagating, however £} isperpendicular
to it
Itisworthwhile mentioning, that metamaterial permittivity .—:ﬁ should be negative for SPPto exist. Aiming to
investigate the features of SPPs, a Drude model is used to describe the metal. Doing so, the permittivity of silver is

expressedas g, (W) = £ — — :’m .Fitting this permittivity function to a particular frequency range of bulk
material [35] allows obtaining the parameters of interest. It is found [ 36] that a reasonable fit might be provided
for silver, if the utilized values are as follows £, = 5, w, = 9.5 eV, § = 0.0987 eV.Themetal filling ratio () is
calculated utilizing the parameters, such as nanowire diameter (d) and spacing (S) and dealing with a hexagonal
cell, the relation [37] might be applied as follows:

2

kL

N

P (5)
Following this assumption, a dispersion equation for the SPPs concentrated at the boundary of anisotropic
media might be derived. SPP mode described by the wave vector [38]

- [(sljl2 —ghefel ]]"{2
S=M T _aa | ©
el& — 1§

with kbeing the wavenumber and Jis the component of the wavevector parallel to the boundary isobtained
after dealing with the tangential components of the electric and magnetic fields.

Itisworthwhile noting that equation (6) is valid only under the condition of surface confinement, which can
be presented in the following form:

K — glrelyet <0
{( f|\)-‘l< @

(K — g¥efret < 0

Itisworthwhile mentioning, that the proposed model was tested comparing the results obtained using
equation (6 ) with the experimental outputs|39] for the classical case, i.e. Au/ air interface. In order to apply
model under consideration, we have assumed that the nanowire diameter is as follows d — 0.

It should be noted from figure 2, that the agreement of the results isvery good.

3. Simulation results and discussions

Figure 3 displaysthe dispersion relation (equation (6)) utilizing the complex experimental values of permittivity.
Due to the metal being not treated as lossless, [7iscomplex. Thus, a finite propagation length of surface plasmons
phenomenon iscaused. At this point, the divergence of the wave vector is not observed. On the contrary, it bends
backwards filling the region called plasmon bandgap and connects to the Brewster mode. The range of
anomalous dispersion iscalled quasi-bound mode [40]. One may consider howthe SPP dispersion relation
departs from the light line, resembling thebehavior of SPPs propagatingalong metal at optical frequencies (see
figure 3). Doing so, the TM dispersion diagram for SPP modessupported by a nanowire metamaterial are shown
in figure 3. Herein, weanalyze two different cases. The light line is asym ptotically approached by the SPP
dispersion curves at the long wavelength due to the fact that the EM is not affected by the fine periodic structure.
Though, the highly localized surface bound modes are engineered along the corrugated system ifthe frequency

increases.

3.1. Interface of the nanowire metamaterial and dielectric

First, surface modes at the boundary of the nanowire metamaterial and dielectric are studied. Figure 3 displays
the dispersion diagrams of the surface modes along with the absorption graphs. In the first case (figure 3) the
spacingis fixed, i.e. 5; = 60 nm and the pore diameter is varying, i. e.d, = 10 nm, 20 nm, 30 nm. To thebest of
our knowledge, altering either metal or dielectric drastically affects the dispersion diagrams [41]. Herein, the
impact of the spacing ofthe metamaterial L on the SPPs is studied. Doingso, the spacing varies from 60 to 80 nm.

3
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Figure 2. Dispersion relation of the surface plasmon wave ata gold /air interface. Curve displayed by the solid line is the plot ofthe
dispersion relation (6) given inthe text. Curve dis played by diamonds is obtained using values from [39]
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Figure 3. Dispersion and absorption incase of nanowire metamaterial interface. § = 60 nm (ah d; = 30 nm (b). Dispersion and
absorptionin case of hollow-core metamaterial interface. S; = 60 nm (c), dp = 30 nm (d).

The influence of the spacing parameter on the surface modesdispersion characteristics is displayed in figure 3.
The increase of spacing S causes shift of the SPPs diagrams to the lower wavelengths. It is worthwhile noting,
thatitis impossible to employ the described mnability mech anisms in case of the conventional metal-dielectric
interface.

3.2. Interface of the hollow-core metamaterial and dielectric
The hollow-core metamaterial is introduced by replacing the metal nanowires with theair holes, On the other
hand, metal, i. e. Agis used as the host material. The influence of the nanowire geometry on the dispersion
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diagrams in case of the hollow-core metamaterial is studied in figure 3. Moreover, the influence of the distance
between nanowires in the structure within different frequencies is presented in figure 3. It isworthwhile noting,
thatanomalous features of the dispersion diagrams can be observed near the frequency 10" Hz in figure 3. The
mentioned frequency is particular due to the fact that it serves asthe intersection point of the effective dielectric
permittivity perpendicular components obtained varying the diameter of the nanowires as well as the distance
between them [34]. Itisworthwhile noting, that the ‘jump’ point arises while g >0, g < 0[34] providing
the possibilities to increase the frequency gap region with purely imaginary 3 prohibiting propagation. The
mentioned property does not take place in case of the conventional metal-dielectric interface.

Infigure 3 the frequency range for surface Bloch wave is narrow. Though, itis possible to extend it by dealing
with the case of the nanowire metamaterial (Case A). Furthermore, the impact of the nanowire diameter on the
dispersion curves (see figure 3 ) is discussed. It is found that both the upper and the lower limits shift to the higher
frequencies as d is decreased. Though the movement of thelower limit is quicker than that of the upper one.
Doingso, the broader frequency range for surface wave existence arises. This is consistent with the effect of d on
the frequency range of negative £|. One can also broaden the frequency range of surface Bloch waves by tuning
the distance §[34]. A wide spectrum of possibilities to engineer the SPPatthe near-infrared frequencies is
provided due to theimpact of the diameter and distance on the frequency range of surface wave existence.

Figure 3 serve asa perfect evidence that at a given frequency free-space wavenumber k;is smaller than /3, or
thatthewavelength ), is longer than the SPP wavelength Agpp in the freespace at thesame frequency. Doing so,
the slow wave effect is obtained. Hence, a mismatch in the phase of the free-space waves and SPPs takes place.
Consequently, a coupler is needed, as in periodic leaky-wave antennas [42]. One may sometimes relate the
concept of SPPs to Sommerfeld- Zenneck surfacewaves [43]. The former are known to occur at microwave
frequencies.

Itisnoted that the wave vector Fin the dispersion relation (figure 3) is a two-dimensional wave vector in the
plane of the surface. Consequently, the constant wave vector mismatch between the light line and the SPP
dispersion occurs. The described phenomenon takes place if the surface is hit by the light in anarbitrary
direction. Thus, the surface plasmon polariton line will not be intersected. It means, that surface plasmons
cannot beexcited by light incident on an ideal surface. Nevertheless, two mechanisms, i. e. surface roughness or
gratings [44], and attenuated total reflection (ATR) [45, 46] allow for the external radiation to be coupled
to 5PPs.

Aiming to study the possible approaches to coupling, we consider the spatial extension of the
electromagnetic field associated with the SPP (see figures 4, 5). It is worthwhile noting, that only the components
of Ein the plane of the incident wave can induce longitudinal surface charge density oscillations in the direction
of propagation (z-axis ) [47 . The only magnetic field component left is H,, hence only TM-plasmon can
propagate along the surface of the metamaterial. The EM field associated with TM- plasmons, also decay
exponentially away from the interface into both media. Therefore, following the solution Hx can be assumed:

Hy= A - "% . exp(amx), x < 0 (8)
Hy =B - /=) . exp(a x), x >0 (9)

Where A and Bare amplitudes to be determined by the boundary conditions, a., and e are the reciprocal
(positive and real) penetration depths into the metamaterial and dielectric, respectively. Itis worthwhile
mentioning, that the amplitude of SPs decreases with increasing propagation distance and eventually dissipates.
The penetration depth isdefined as the distance from the interface at which the amplitude H, is reduced bye '

Qupm = B — Feajm (10)

One may obtain the field distribution of each guide mode by the analytical approach at each eigenfrequency.
Figures 4(g)—(1) show the snapshot of the fields of the modes presented in figure 3. Ttis worthwhile noting, that
the field maps have been obtained, when w = 193 THz (A = 1.55 ygm). The chosen frequency corresponds to
the propagation regimes for both cases under consideration (figure 3). Moreover, figures 4(g}1), 4 correspond
to hollow-metamaterial case and metal-dielectric interface correspondingly. The former clearly demonstrates
the weaker field confinement in comparison to the nanowire case.

For the sake of simplicity, the dispersion equation of SPP modes has been sketched schematically in figure 3.
Herein, some properties of SPP mode on the flat metamaterial /dielectric boundary are summarized as follows.
(1) The SPP mode isan electromagnetic wave coupled with the surface electron-density oscillations. The
magnetic field of the modeis perpendicular to the propagation direction (TMmode) and parallel to the metal
surface. As an alternative, the electric field has both the normal (E, )and tangent () components. On the
dielectric side, Fy /) = \;'sﬁ /=4;onthe metamaterial side, Fy /F) = — \,-'gd,/gll‘ .Consequently, the electric
field inside the metamaterial is tangent and the electrons move back and forth in the propagation direction.
Then, a longitudinal electron-density wave is formed if the frequency is well belowthe plasma frequency. (2) The

5
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Figure 4. A view of SPPs ata i ial-dielectric interface: (a)dy = 10 nm, (b)d; = 20 nm,(c)d; = 30 nm.

S, = 60 nm.(d)S; = 60 nm, (¢) S, = 70 nm,(f) S, = 80 nm.d, = 30 nm. Aview of SPPsata hollow-core metamaterial-diel ectric
interface: (@)d, = 10 nm, (h)d; = 20 nm, (i)d; = 30 nm. S; = 60 nm. (j) S, = 60 nm, (k) S, = 70 nm, (1), = 80 nm.

dy = 30nm, \ = 1.55 pm. All the field maps depictingthe ic field comp H, are normalized by the highest value of the

ic field obtained incase (). The interface b dielectric and ial correspondsto the case of x = 0.
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Figure 5. A view of SPPata metal-dielectric interface. The field map depicting the magnetic field component H, is normalized by the
highest value of the magnetic fiel d obtained in case (figure 4(c)). The interface between dielectric and metal corresponds to the case of

x=0.
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Figure 6. Dependence of the normalized magnetic field upon the distance dy of the metamaterial uniteell for a nanowire (a) and
hollow-core (b) metama terial cases.

SPP mode can propagate along the metal surfacewith alarger propagation constant (3 > ky/Z;). The former
leads to a smaller propagation velocity of the electromagnetic wave ontop of to the reduced wavelength. Ttis
worthwhile noting, that the propagation length of SPP mode is finite taking the metal absorption into account. Tt
is shown by the detailed calculation that the energy propagation length canbe expressed as
Ly 2 &'f /kos”) £%/? where £/ and &” are the real and imaginary partsof permittivity of the metal,
respectively. In the visible and near-infrared region, L, is from several to hundreds of micrometers. (3) The
SPP mode is evanescent on either side of theboundary because of the larger propagation constant. Onthe
dielectric side, the decaying length of the field is §; = \.W;’kgad; on theother side, the decaying length is
b 1) ku\."m .This suggests that thewave isstrongly confined to the metamaterial surface, which is just
desired in practice. Moreover, it is noted that a strong level of enhancement of fields near the interface can also be
obtained.

To geta deeper insight into the properties of SPPs, we have sketched the dependence ofthe normalized
magnetic field upon the distance dy in the metamaterial unit cell (figure6). It is worthwhile noting, that the
higher field values are obtained in the case of the nanowire metamaterial.

4. Conclusion

It has been shown that usage of nanowire metamaterial interface allows the increase of the frequency range of
surface wave existence from 500 THz (600 nm) to approximately 1000 THz (300 nm). Moreover, they
demonstrated theability to support tunable SPPs and up to 2-fold field enhancement. Webelieve that presented
results provide an approach for effective realization of nanophotonic devices such as optical reflectarrays, SPP
couplers, plasmonic absorbers. Plasmonic nanowires have given rise for integrated optics and nanodevices for
sensing applications. Such devices could lead to efficient and delicate control on nanoscale light—matter
interactions for advanced applications in photonics after further explorations on dielectric materials, structure
topologies, and fabrication technologies.
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Summary in Lithuanian

Jvadas

Problemos formulavimas

Aviacijos ir anteny reikméms tradiciniy anteny medziagy — spausdintiniy plokséiy, apdo-
roty aliuminio korpusy — déka yra galimi i§bandyti ir tikri, bet brangi anteny kairimo badai.
Kitas didelis trikumas yra prastos sugerties savybés, dél kuriy padidéja triuk§mo lygis.
Yra reikalingas naujas pozitris, kad blity patenkinti reikalavimai naujos kartos antenoms.
Tokio pobuidzio problemas galima i$spresti taikant metamedziagas (MM). MM susideda
i§ nanostruktiiry, kurios vadinamos dirbtiniais atomais. Sios struktiiros suteikia metame-
dziagai unikaliy savybiy, kuriy negali turéti natiiralios medziagos. Sios savybés gali biti
naudojamos siekiant jveikti optines ribas, kurias sukelia keli poveikiai, pavyzdziui, difrak-
cijos riba, todél naudojant metamedziagas gali atsirasti nejprasty jrenginiy savybiy. Kei-
¢iamos MM savybés buvo pasiektos taikant aktyvias medziagas, tokias kaip vanadzio
dioksidas, indzio alavo oksidas, polidimetilsiloksanas, grafenas arba skystieji kristalai.
Tokiu budu galima iSspresti valdomy charakteristiky pasiekimo problemg. Aktyvi me-
dziaga leidZia sukonstruoti metamedziaga, pasizymin¢ig derinamumu, grjztamumu, pa-
kartojamumu ir greita reakcija | poky¢ius. Jautriy medziagy, tokiy kaip puslaidininkiai,
skystieji kristalai, faziy keitimo medZziagos arba kvantinés medZiagos (pvz.: superlaidinin-
kai, 2D medziagos ir kt.) naudojimas suteikia metamedziagoms dinamines savybes, pa-
lengvindamos aktyviy ir derinamy jrenginiy, turin¢iy patobulintg funkcionaluma arba net
visiskai naujas elektromagnetines funkcijas, kiirima.
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Darbo aktualumas

Daktaro disertacijos tikslas — sukurti ir platinti naujus derinamy metamedziagy modelius,
skirtus galimam pritaikymui orlaiviy pramonéje ir auk$to daznio ruozuose. Disertacija yra
daugiadalykis projektas, labai susijes su orlaiviy ir elektronikos sri¢iy aspektais, jskaitant
galimus pateikty metody pritaikymus anteny ir orlaiviy pramonés srityse. Tyrimo rezulta-
tai ne tik leis sukurti visiSkai naujus derinamy metamedziagy modelius, kurie gali bati
pritaikyti triuk§mo slopinimo funkcijoms atlikti, bet ir atvers kelia i naujas platformas,
kurios galéty pasitlyti keleta praktiniy anteny sistemy igyvendinimo buidy.

Tyrimo objektas

Tyrimo objektas yra jvairiy pavir$iniy plazmony poliaritony (SPP) sklidimo sprendimy
projektavimas, remiantis nanostruktiiriniy ir nanovieliniy metamedziagy modeliy tai-
kymu.

Darbo tikslas

Naujy teoriniy modeliy, leidZianéiy istirti pavir$iniy plazmony poliaritony (SPP), sklin-
danciy tiriamose sandiirose, elektrodinamines savybes, sukiirimas.

Darbo uzdaviniai

Darbe keliami uzdaviniai:

1. Istirti Maxwell-Garnett metodo taikymo galimybes homogenizuoti jvairiy rasiy
metamedziagines strukttras, tokias kaip jprastiné nanovieliné metamedZiaga,
spiraliné metamedziaga, nanostruktiirinés metamedziagos.

2. I8tirti pavirSiniy plazmony poliaritony (SPP), sklindanciy jvairiose sanduirose,
dispersines diagramas, pavyzdziui:
e metalinés nanovielinés ir tu§¢iavidurés metamedziagos sandiira,
e nanostruktiirinés metamedziagos ir gofruoto metalo sandiira,
e  gpiralinés vielinés metamedziagos ir oro sandiira,
e nanokompozito ir hiperkristalo sandara.

3. Isanalizuoti SPP, sklindanc¢iy tiriamose sandurose, dispersines diagramas ir
nuostoliy daznines funkcijas siekiant pagerinti absorbcija, leidzianCia sukurti
orlaivio dangos modelj, taip pat ir anteny sistemas, siekiant slopinti triuk§ma.

4. I8analizuoti sistemos pagrindinius konstrukcijos parametrus, tokius kaip spiralés
kampas, grioveliy skaicius ir kt., siekiant padaryti iSvadas apie konstrukcijy sa-
vybiy derinimo galimybes.

Tyrimy metodai

Darbe taikomi metodai:
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Efektyvios terpés aproksimacijos teorija, pagrjsta Maxwell-Garnett metodu;
perdavimo matricos metodas, taikomas kuriant naujus SPP sklidimo modelius,
kuriais siekiama apskaiciuoti elektrodinamines charakteristikas.

SPP modeliavimo metodai buvo jdiegti siekiant nustatyti sklindané¢iy mody su-
gerties padidéjima, todél galimas gauty rezultaty pritaikymas antenos konst-
rukcijoje.

Darbo mokslinis naujumas

1.

Matlab programoje buvo sukurti nauji kompiuteriniai SPP sklidimo naujose me-
tamedziagos sandiirose modeliai, skirti tiriamose sandiirose sklindantiems SPP
elektrodinaminiams parametrams apskai¢iuoti.

Nustatyta metamedZiagy uzpildymo santykio jtaka SPP perdavimo charakteris-
tikoms, leidziant realizuoti matmenimis valdomus SPP.

Sugerties stiprinimo (sklidimo konstantos menamoji dalis) kontrolé buvo istirta
modifikuojant metamedziagos geometrijg.

Darbo rezultaty praktiné reikSmé

Buvo sukurti nauji kompiuteriniai modeliai, pagrjsti naujomis metamedziagomis, kurios
gali biiti naudojamos tokiuose jrenginiuose kaip antena ir triuk§ma slopinancios plévelés,
o esami modeliai buvo tobulinami. Sie modeliai leidZia analizuoti SPP sklidimo savybes
inovatyviose sandarose. Jie taip pat leidzia apskai¢iuoti jy parametrus ir jvertinti elektro-
dinamines charakteristikas. IStirta, kaip kei¢iant metamedziagos parametrus keiciasi
jrenginiy savybés. Buvo sukurti algoritmai ir programos, leidzian¢ios numatyti SPP, sklin-
dan¢iy naujose metamedziagos sandirose, elektrodinamines charakteristikas.

Ginamieji teiginiai

1.

Du kartus platesnis pavir§iniy bangy egzistavimo dazniy diapazonas, t. y. nuo
500 THz (600 nm) iki mazdaug 1000 THz (300 nm), gali bti pasiektas, jei nau-
dojama nanovielinés metamedziagos (d = 10 nm, S = 60 nm) sandiira vietoj tus-
¢iavidurés metamedziagos sandaros (d = 10 nm, S = 60 nm).

Nanovielinés metamedziagos absorbcijos padidéjimas galéty siekti iki 10 karty,
jei nanovielinéje metamedziagoje vietoj sidabro analogy buty naudojami skaid-
ras laidas oksidai.

SPP rezonansinis daznis gali buti padidintas nuo 250 THz iki 1000 THz padidi-
nus cheminj potencialg nuo 4 = 0,1 eV iki g =1,5eV.

Suprojektuota spiraliné vieliné metamedziaga, kurios vielos skersmuo d lygus
8 mm, leido padidinti sklidimo rezimo didziausig veikimo daznj iki 500 THz,
palyginus su mazesnio analogo leidziamu 300 THz (d = 4mm).

Triuk$mas gali sumazéti 1,1 karto (0,83 dB), jei bus taikoma nanovieliné akus-
tiné metamedziaga (d = 10 nm, S = 60 nm) ir tokiu biidu pasiektas maksimalus
efektyvumas, jei metamedZziagos uzpildymo koeficientas bus lygus f = 0,7.
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Darbo rezultaty aprobavimas

Pagrindiniai disertacijos rezultatai paskelbti 7 mokslinése publikacijose: 6 i$ jy Clarivate
Analytics Web of Science duomeny bazéje su citavimo indeksu ir 1 — kitose duomeny
bazése.
Tyrimo rezultatai disertacijos tema pristatyti 4-iose mokslinése konferencijose:
e Metamaterials and Plasmonics Conference (META) 2022. Toremolinas, Ispan-
ija.
e International Conference “Electrical, Electronic and Information Sciences*
(eStream ) 2022. Vilnius, Lietuva.
e  Metamaterials and Plasmonics Conference (META) 2021. Var$uva, Lenkija.
e Conference for Lithuania Junior Researchers “Science — Future of Lithuania”
2021. Vilnius, Lietuva.

Disertacijos struktuira

Disertacija sudaro jvadas, analitinés literatiiros apzvalga, tyrimo metodologijos aptarimas,
apibendrinti tyrimo rezultatai ir i§vados, literatliros sgrasas, autoriaus publikacijy rinkinys,
santrauka lietuviy kalba. Disertacijg sudaro 138 puslapiai, 40 pateikty lyg¢iy, 23 paveiks-
lai, 1 lentelé ir 69 disertacijoje cituojamos literatiiros Saltiniai. Disertacija sudaro trys pag-
rindiniai skyriai.

Pirmame skyriuje apzvelgiama pavir§iaus plazmony poliaritony samprata ir jy taiky-
mas aviacijoje. Pirmas skyrius baigiamas formuluojant pagrindin;j $io tyrimo tikslg ir uz-
davinius.

Antrame skyriuje nagrinéjami skaitiniai metodai, taikomi metamedziagoms tirti. Pa-
teikiami homogenizavimo metodai, kuriais sickiama nustatyti efektyvy nagrinéjamos me-
tamedziagos laidumg. Apsvarstytas naujas perdavimo matricos metodas, taikomas pavir-
Siaus plazmony poliaritony, sklindanciy inovatyviyjy metamedziagy sandirose,
dispersijos sarysiui nustatyti.

Trediame skyriuje pateikiami skaitiniai tyrimo rezultatai, analizuojant pavir§iniy
plazmony poliaritony sklidimg inovatyviyjy metamedziagy sandiirose. Siuo atzvilgiu dak-
taro disertacija apima platy tyrimy spektra, pradedant nuo jprasty nanovielinés metame-
dziagos atvejy ir baigiant egzotiskais atvejais, tokiais kaip spiralinés vielinés metamedzia-
gos.

1. Fotoniniy metamedziagy modeliavimo metodai

Pirmame disertacijos skyriuje atlikta literatliros Saltiniy disertacijos tematika apzvalga.
Apzvelgti pavir§iniai plazmony poliaritonai, taip pat metamedziagos savoka. Nepaisant
to, kad pavir$iniy plazmony poliaritony fizikinés savybés yra istirtos, pavir§inés bangos
koncepcija dar nebuvo taikyta akustikos srityje. Sis darbas parodo galimy taikymy pers-
pektyvas aviacijoje.

Sluoksniuoty nanostruktiiriniy metamedziagy, sudaryty i§ kaitaliojan¢iy grafeno ir
dielektriko sluoksniy, efektyviosios santykinés dielektrinés skvarbos gali buti apskaiciuo-
jamos taip (Khromova et al., 2014):
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Sgdg +8ddd_
= 1.1
7, 1 d (51.1)
g.8q4(d, +d
g =02 °/ o (dg +a) (S1.2)
Sgdd +8ddg

Cia &g, ¢ g yra grafeno ir dielektriko sluoksniy santykinés dielektrinés skvarbos; dg ,

dy yra grafeno ir dielektriko sluoksniy storiai.

2. Pavirsiniai plazmoniniai polaritonai: tyrimy metodai

Antrame darbo skyriuje apzvelgti tyrimams reikalingi metodai. Parodyta, jog homogeni-
zacijos metodas yra reikalingas nustatant anizotorpinés struktaros dielektrines savybes.
Siekiant gauti dispersinés lygties analiting iraiska yra taikomas atvirkstiniy matricy me-
todas.

Sitloma vielinés metamedZziagos geometrija parodyta S2.1 pav. Vielos, kuriy santy-
kiné dielektriné skvarba yra sm , jterptos j pagrinding medziaga, kurios santykiné dielekt-

riné skvarba yra 83" .

Ag/TCO nanowire

S2.1 pav. Vielinés metamedziagos schematinis vaizdavimas

Remdamiesi efektyviosios terpés aproksimavimo metodu jvertiname vielinés meta-
medziagos efektyviaja dielektring skvarba:

SPT/]' (1+p'\’I )+82|" (1—pM) .
eM (1—p'vI )+83" (1+pM) ’

(S2.1)

‘C'I'IVI =gMpM +8('YI (1—pM ) (S2.2)
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Cia subindeksas M Zymi metamedziaging terpe ir pM yra metalo uzpildo koeficien-
tas, apskaiciuojamas taip:
m _ hano wire area

= =, (S2.3)
unit cell area

Turint tikslg istirti ir demonstruoti pavir$iniy bangy savybes taikomas Drude modelis
(Johnson 1972) metalui (t. y. sidabrui) apibadinti, i§reiSkiant santykine dielektring skvarba

2
_ %%
% +id0
skvarbos funkcija tam tikram medziagy dazniy diapazonui. Yra nustatyta, kad sidabro at-
veju vertés yra £, =5, o, =2,2971-1019 Hz , 8 =2,3866-101% Hz . Metalo uzpildo ko-

kaip e} (0)=¢,, - . Parametrai gaunami pritaikant $ig santykinés dielektrinés

eficientas (pM ) yra apskai¢iuotas remiantis laidininko skersmens (dV) ir atstumo (SM)
reik§mémis ir darant prielaida, kad vielos yra iSsidésCiusios pagal idealig stac¢iakampe
struktiiry:

G
pM=— (S2.4)
4@M)

Darant §ig prielaida yra jmanoma gauti dispersing lygtj, siekiant charakterizuoti pa-
vir§iniy bangy sklidimg metamedZziagos ir PbS sandiiroje. [vertinus elektrinio ir magneti-
nio lauky tangentines dedamasias sandiiroje, yra gaunama sklidimo pastoviosios israiska:

" w2
(SPbS_SH )SPbSSL

2 _ MM
Epps ~EL g

B=k , (S2.5)

¢ia k yra bangos skaicius (bangos skaiciaus absoliuc¢ioji reik§Smé vakuume) ir § yra lygiag-
recioji banginio skai¢iaus dedamoji.

Pagaliau spiralinés vielinés metamedziagos efektyviyjy santykiniy dielektriniy
skvarby iSraiskos yra gaunamos:

oM (p'\" _1)+ adeM sin(zze)(p+1)
SM _ M .
eV =—g| Ve — (52.6)
o (p'V' +1)+ adef) Sln(229)(p 1)
deMpM 20)+1
g™ = —&ff (PM —1)_ 2o (c0s(20) 1) - (82.7)

2

Aprasytas modelis leidZia i§tirti SPP, sklindanciy spiralinés vielinés metamedZziagos
sandiiroje, savybes.
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3. Pavirsiniai plazmoniniai polaritonai: tyrimy rezultatai ir
iSvados

Treciame skyriuje pateikti pavir§iniy bangy sklidimo tyrimo rezultatai, pradedant nuo pap-
rasty struktiiry ir baigiant novatoriskomis metamedziagy strukttromis.

S3.1 paveiksle pavaizduotas rezimo Zemeélapis f—f erdvéje, iliustruojantis sritis, ku-
riose gali buti FB (ang. Ferrell Berreman) rezimai. Laimei, FB reZimy dazniy diapazona
galima valdyti laido periodiskumu d, spiralés kampu 6, viely skersmeniu d™ ir atstumu
tarp viely SM. PavirSiaus poliaritony sklaidos santykiai kaip d funkcija parodyti S3.1 pav.,
a, kur 8 =30°, d¥ = 20 mm, SM = 80 mm. Akivaizdu, kad FB reZimai egzistuoja kairéje
Sviesos linijos srityje. Poliaritony dispersijos labai priklauso nuo d parametro, kaip tai ais-
kiai matyti S3.1 pav., a, kuriame apskaic¢iuojami ir nubraizomi dispersijos rysiai pagal
efektyvyji anizotropinj laidumo tenzorj. Pazymétina, kad FB rezimy egzistavimo dazniy
diapazonas didéja didéjant d, t. y. didesnis periodiSkumas padidina gofruoto laido laiduma
taip padidindamas efektyvy plazmoninj dazn;.

15 -
210 T . o x10
Type I, spiral nanowires
187 16
Type |/regular nanowires —splral, d=4mm
127 —— gpiral, d=6mm 12 . ]
N spiral, d=8mm N 7sp!ral e=3o‘
I~ regular y — spiral ©=40
: 3 g spiral ©=50°
08 ( | 08 e ulr
Type II, regular nanowires |
0 L 0 | |
o 5 10 15 0 5 10 15
A, 1/m %107 6, 1im ro?
@) (b)
i 15
2% 10 Py 10 .
——spiral, d =10 mm //
/ —— spiral S =60 mm
— — —regular, dL=10 mm / I ; .
6 / ——spiral, d, =20 mm 161 / ~ — - regular §, =60 mm
/ / —— spiral S =70 mm
/ — — —regular, d =20 mm / L
spiral, d =30 mm // — — —regular SL=70 mm
s 7 g 121 / spiral §,=80 mm
N A / regular, dL=60 mm N / )
E 4 T / / regular S, =80 mm
3 =7 7 5 # /
0.8 //// ==
3
7, —
- .
0.4 7,
Y/ ——
W
0 L
0 5 10 15 s o
B, 1im x107 B, 1im %107

© (d)
S3.1 pav. Pavirsiniy poliaritony dispersijos diagramy priklausomybés nuo periodiskumo d (a),
spiralés kampo @ (b), viely skersmens d™ (c) ir atstumo tarp viely SM (d)
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Atlikus disertacijos uzdavinius, buvo gautos tokios iSvados:

1.

IStyrus metalinés nanovielinés metamedziagos ir tus¢iavidurés Serdies metame-
dziagos sandiras, daromos tokios iSvados:

o

Gaunamas létos bangos efektas. Tam tikrame dazniy diapazone (0 < @ <
1500 THz) bangos skai¢ius kg vakuume yra mazZesnis uz f.

Irodyta, kad nanovielinés metamedziagos sandiiros (d = 10 nm, S = 60 nm)
naudojimas vietoj tu¢iavidurés metamedziagos leidzia padidinti pavirSiniy
bangy egzistavimo dazniy diapazona nuo 500 THz (600 nm) iki mazdaug
1000 THz (300 nm).

Istyrus SPP sklidimg metamedziagos ir gofruoto metalo sandiiroje daromos §ios
iSvados:

o

Griovelio plotis drasti$kai veikia asimptotinj SPP daZnj atveriant placias
galimybes pasiekti auksto derinimo rezima.

SPP nuostoliy funkcija priklauso nuo visy pavirsiaus struktiiros parametry,
t. y. griovelio plotis (a) ir cheminis potencialas (u) turi reikSminga poveikj
siekiant kontroliuoti sklindanéiy mody paviriniy plazmony poliaritony re-
zonansinius daznius, suteikiant papildoma laisvés laipsnj sistemos savybiy
derinimui.

Galima kontroliuoti dazniy ruoza atitinkantj rezimg, kuriam esant modos
nesklinda, modifikuojant griovelio plotj, suteikiant papildomg laisvés
laipsnj sistemos savybiy derinimui.

Buvo istirta griovelio plo¢io (a) ir cheminio potencialo () jtaka SPP skli-
dimo ilgiui suteikiant papildoma laisvés laipsnj sistemos savybiy derinimui.

Spiralinés vielinés metamedZziagos sandiiros tyrimai leidzia daryti Sias i§vadas:

O

Sukurtas modelis leidzia kiekybiskai istirti plazmony poliaritonus, kuriuos
galima valdyti modifikuojant spiralés kampa ir grioveliy, gofruojanciy ide-
aliai laidzig vielos pavirsiy, skaiciy suteikiant didele sistemos savybiy deri-
nimo laisveg.

Buvo jrodyta, kad spiralinés vielinés supergardelés pagrindu pagamintos
metamedziagos turi unikalius mikroskopinius spinduliuojanéius masinius
plazmony rezonansus, vadinamus Ferrell-Berreman modomis, kurias ga-
lima suzadinti laisvaja erdve, leidziant iSnaudoti sistema tokiose srityse
kaip jutimas, vaizdavimas ir absorbcijos spektroskopija.

Istyrus SPP, sklindancias akustinés metamedziagos riboje, gaunamos $ios i$va-
dos:

o

Parodyta, kad yra dazniniai ruozai, kuriuose dinaminiai konstituciniai para-
metrai yra neigiami, o nagrinéjama banga tampa atgaliné (500 Hz < f <
750 Hz), leidZianti i$naudoti sistemg tokiems taikymams kaip prieSinga
jungtis, nukreipianti mikrobangy signalg j prieSingus gnybtus skirtingais
veikimo daZzniais.

Istyrus SPP, sklindan¢ius mazy matmeny akustiniy metamedziagy sandiiroje,
gaunama $i i$vada:

o

Gautas sugerties padidéjimas (sklidimo konstantos menamoji dalis), lygus
0,83 dB, daro didelg jtaka taikant triuk§mo slopinimo metoda.
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Bendrosios iSvados

1.

2.

IStyrus metalinés nanovielinés metamedziagos ir tusCiavidurés Serdies
metamedziagos sandiiras buvo gautas 1étos bangos efektas.

Istyrus SPP sklidima metamedZziagos ir gofruoto metalo sandiiroje, buvo prieita
iSvados, kad galima kontroliuoti dazniy ruozg atitinkantj rezimg, kuriam esant
modos nesklinda, modifikuojant griovelio plotj, suteikiant papildoma laisvés
laipsnj sistemos savybiy derinimui.

IStyrus spiralinés vielinés metamedziagos sandiira, buvo prieita iSvados, kad su-
kurtas modelis leidzia kiekybiskai istirti plazmony poliaritonus, kuriuos galima
valdyti modifikuojant spiralés kampg ir grioveliy, gofruojanciy idealiai laidzig
vielos pavirsiy, skaiciy suteikiant didele sistemos savybiy derinimo laisve.
IStyrus SPP, sklindan¢ius mazy matmeny akustiniy metamedziagy sandiroje,
buvo gautas sugerties padidéjimas (sklidimo konstantos menamoji dalis), lygus
0,83 dB, daro didelg jtaka taikant triukSmo slopinimo metoda.



Athanasios IOANNIDIS

ELECTRODYNAMICAL INVESTIGATION
OF THE PHOTONIC METAMATERIALS

Doctoral Dissertation

Technological Sciences,
Electrical and Electronic Engineering (T 001)

FOTONINIY METAMEDZIAGY ELEKTRODINAMINIS
TYRIMAS

Daktaro disertacija

Technologijos mokslai,
elektros ir elektronikos inzinerija (T 001)

Lietuviy kalbos redaktoré Dalia Markeviciatée
Angly kalbos redaktoré Jaraté Griskénaité

2023 11 17. 11,5 sp. |. Tirazas 20 egz.

Leidinio el. versija https://doi.org/10.20334/2023-049-M
Vilniaus Gedimino technikos universitetas

Saulétekio al. 11, 10223 Vilnius

Spausdino UAB ,Ciklonas®,

Zirmainy g. 68, 09124 Vilnius



