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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. 
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Reziumė 

Disertacijoje nagrinėjamos Maxwell–Garnett metodo taikymo galimybės skir-

tingų tipų metamedžiagų struktūroms, tokioms kaip įprastinė nanovielinė meta-

medžiaga, spiralinė nanovielinė metamedžiaga, nanostruktūrinė metamedžiaga, 

homogenizuoti. Siekiama ištirti paviršinių plazmonų poliaritonų (SPP), sklindan-

čių įvairiose sandūrose, tokiose kaip metalinės nanovielinės metamedžiagos ir tuš-

čiavidurės šerdies metamedžiagos sandūra, nanostruktūrinės metamedžiagos ir 

gofruoto metalo sandūra, spiralinė nanovielinė metamedžiaga ir oro sandūra, na-

nokompozito ir hiperkristalo sandūra, dispersines diagramas.  

Disertacinio darbo tikslas – išanalizuoti PPP sklaidos ir nuostolių ypatybes 

tiriamose sandūrose, siekiant pagerinti absorbciją, leidžiančią sukurti orlaivio 

dangos modelį, taip pat ir antenų sistemas, su tikslu slopinti triukšmą. Disertacija 

taip pat leidžią išanalizuoti sistemos derinamumo priemones, tokias kaip spiralės 

kampas ir griovelių skaičius, siekiant padaryti išvadą apie konstrukcijų savybių 

derinimo galimybes. 

Taikant elektrinių ir magnetinių laukų tangentinių komponentų suderinimo 

metodą gaunami atitinkami dispersijos ryšiai ir parodoma, kad derinimą galima 

pasiekti modifikuojant metamedžiagų dalelių parametrus. Be to, nanovielinių me-

tamedžiagų derinamumą galima dar labiau pagerinti keičiant metamedžiagos už-

pildymo koeficientą arba metamedžiagų ląstelių geometriją. Pateikiami apskai-

čiuoti dispersijos santykiai, taip pat SPP sklidimo ilgiai sistemoje. Padaryta 

išvada, kad naudojant nanovielinių metamedžiagų sandūrą galima žymiai padi-

dinti paviršinių bangų egzistavimo dažnių diapazoną. Galimas siūlomų derinamų 

konstrukcijų pritaikymas mažinant antenų ir orlaivių triukšmą. 
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Notations 

Symbols 

β – propagation constant (liet. sklidimo pastovioji); 

εm – permittivity of metal (liet. metalo santykinė dielektrinė skvarba); 

εd – permittivity of dielectric (liet. dielektriko santykinė dielektrinė skvarba); 

ω – cyclic frequency (liet. ciklinis dažnis); 

c – speed of light (liet. šviesos greitis); 

ρ – filling fraction (liet. užpildos koeficientas); 

k – wave number (liet. bangos skaičius); 

λ – wavelength (liet. bangos ilgis); 

σ – conductivity (liet. laidumas); 

Lp – propagation length (liet. sklidimo ilgis). 

Abbreviations 

ENP – epsilon near pole (liet. epsilonas arti ašigalio); 

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

FB – Ferrell Berreman (liet. Ferrell Berreman); 

ITO – indium tin oxide (liet. indžio alavo oksidas); 

MM – metamaterial (liet. metamedžiaga); 

PbS – lead sulfide (liet. švino sulfidas); 

PEC – perfect electric conductor (liet. tobulas elektros laidininkas); 



 

viii 

SP – surface plasmon (liet. paviršiniai plazmonai); 

SPP – surface plasmon polariton (liet. paviršiniai 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 MMs 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. 

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

faces such as: 

• metallic nanowire metamaterial interface and the hollow-core met-

amaterial interface; 

• nanostructured metamaterial and corrugated metal interface; 

• spiral wire metamaterial and air interface; 

• nanocomposite and hypercrystal interface. 

3. 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. 

4. 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). 

2. 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.   

3. The resonance frequency of the SPPs modes can be increased from 250 THz 

to 1000 THz by increasing the chemical potential from µ = 0.1 eV till µ = 

1.5 eV.  

4. 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). 

5. 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. 
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1 
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 (Ioannidis 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 quantum materials, such as graphene, dielectric nanostructures 

and, as metasurfaces, surface geometries and surface waves while embracing new 
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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 

et al., 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 (Ioannidis 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 et al., 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 (Kiełczyński, 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 α 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 

et al., 2013): 

 ( )
3

,
2


 =  − 

 + 

e
i e

i e

V   (1.1) 

where the permittivities of the inclusion and its environment are denoted by εi and 

εe, 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 εi) are embedded in a host material of per-

mittivity εe. 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: 

 .
2 3

 −  
=

 +  

eff e

eff e e

n
 (1.2) 

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

    + eff e n . (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–Mossotti formula with the polarisability expres-

sion (Eq. 1.1). Then, the equation can be written as follows: 

 ,
2 2

 −   − 
=

 +   + 

eff e i e

eff e i e

f  (1.4) 

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: 

 
( )

3
2

 − 
 =  + 

 +  −  − 

i e
eff e e

i e i e

f
f

. (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 ƒ → 0, giving εeff → εe, 

and for vanishing background f → 1, it can be concluded that εeff → εi. 

The mixing equation for dilute mixtures (ƒ <<1) is given by the perturbation 

expansion of the Maxwell Garnett rule: 
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   +  +   

 +   +  

i e i e
eff e e e

i e i e

f f . (1.6) 

An improved version of the Maxwell Garnett formula has been given by Lord 

Rayleigh (Hoffman et al., 2007): 

 
10/3

3

2
1.305

4 / 3


 =  +

 +   − 
− −

 −   + 

e
eff e

i e i e

i e i e

f

f f

. (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 ƒ in 

the case of the series expansions in terms of the volume fraction around ƒ = 0. 

However, the deviation becomes large for higher volume fractions of the inclusion 

phase. If the permittivity contrast is large enough (εi/εe  >  4.735), the Rayleigh 

mixing rule predicts a value for εeff approaching infinity for increasing ƒ. 

The effective permittivities of the layered nanostructured metamaterial com-

posed of alternating graphene and dielectric layers are as follows (Khromova 

et al., 2014): 

 ;
 + 

 =
+

g g d d

g d

d d

d d
 (1.8) 

 
( )

⊥

  +
 =

 + 

g d g d

g d d g

d d

d d
, (1.9) 

where g , d  are the permittivities of the graphene and dielectric layers, corre-

spondingly; gd , dd  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 λ incident normally on a stack of 

dielectric materials of various thicknesses tj and indices of refraction nj is consid-

ered. Naturally, the impinging light will have reflected and transmitted compo-

nents, which is illustrated in Fig. 1.1 (Balili, 2012).  

 
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  = ME T E , where TM 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 

 
' '

' '

0

0

+ +

−
− −

    
 =   
     

j j

j j

ik t

ik t

eE E

E Ee
. (1.10) 

Hence, the transfer matrix across a layer is 

 
0

0
−

 
 =
 
 

j j

j j

ik t

layer ik t

e
T

e
. (1.11) 

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. 

 1 2 12 1 2

2 1 1 2

;
2

+ + −

−
= +

+ +


n n n
E E E

n n n n
 (1.12) 
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n n n
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Eq. (1.12), (1.13) can be then simplified in matrix form 

 
( )

( )

2 1

2 1

1 11

1 12

+ +

− −

    + − −
=      − − +   





n nE E

n nE E
, (1.14) 

where n = n1/n2. Therefore, the transfer matrix across an interface can be written 

as follows: 

 
( )

( )

1 11

1 12

 + − −
  − − + int

n n
T

n n
. (1.15) 

The same procedure is followed for the transfer matrix across an interface for 

oblique incidence. The transfer matrix across the interface for arbitrary incident 

angle θ is 

 
11

12

 
 
 int

r
T

r
, (1.16) 

where t and r are the regular Fresnel transmission and reflection coefficients de-

rived by Balili (2012). Finally, the effective matrix TM is obtained as a resultant 

product of all the different matrices across the layers and interfaces. 

 
11 12

3 2 1
21 22

...
 

= = 
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M N

t t
T T T T T

t t
. (1.17) 

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: 

 
11 12

21 220

   
=      

    

inctrans

ref

Et tE

Et t
. (1.18) 

Then, the transmitted and reflected electric fields are given by 

 
( )

22

det
=

M
trans inc

T
E E

t
, 21

22

= −ref inc

t
E E

t
. (1.19) 

In general, chosen methods for designing metamaterials can drastically re-

duce the expenses of product development and prototyping by replacing costly 



16 1. PHOTONIC METAMATERIALS MODELLING TECHNIQUES 

 

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: 

• metallic nanowire metamaterial interface and the hollow-core met-

amaterial interface, 

• nanostructured metamaterial and corrugated metal interface, 

• 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. 
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2 
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 (Ioannidis et al., 2020; Ioannidis 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.  
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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. 

 
(a)                                                   (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 (Ioannidis et al. 2021): 

 ( )
0

, 1
 

   = +  +   

i

r

e
, (2.1) 

where χ is the system’s susceptibility,   is the absolute value of complex con-

ductivity and   is its phase, ω – angular frequency, ε0 – 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 (Ioannidis et al., 2021): 

 ( )
( )

( )

,2
,

,

   
  =

    + 

r d
sp

r d

k , (2.2) 

where εd is the permittivity of the host material, λ – 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: 

 ( )
( ) ( )( )

, 1
1 / 3 / ,

 
   =  + 

− +     −   
nc n

n m n

f

f
, (2.3) 

where εn 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: 
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 ( ) ( ) ( )|| , , 1   =    + −m d ,  (2.5) 

where εd is the permittivity of the host material, εm is the permittivity of the inclu-

sions embedded into the host material, and ρ is the metal filling fraction ratio, 

which is calculated as: 

  =
nano wire area

unit cell area
. (2.6) 

The metal filling fraction (ρ) 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: 

 
2

22 3


 =

d

S
. (2.7) 

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

lows: 
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 ( ) ( ) ( ) ( )2, 1 , 1  =  −  −      +m ddb . (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 M
m are embedded in a host material with permittivity M

d . 

 
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 Ioannidis et al. (2022), can be evaluated as 

follows: 

 
( ) ( )
( ) ( )

1 1

1 1
⊥

  + +  −
  = 
  − +  +
 

M M M M
m dM M

d M M M M
m d

; (2.12) 

 ( )|| 1 =   +  −M M M M M
m d . (2.13) 

Here, subindex M refers to the metamaterial medium, and M is the metal 

filling fraction ratio, which is defined as: 

  =M nano wire area

unit cell area
. (2.14) 

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 

permittivity as ( )
2

2


  =  −

 + 

pM
m

i
. The parameters are obtained by fitting 

this permittivity function to a particular frequency range of bulk material. It is 

found that for silver, the values of 5 = , 152.2971 10 Hz  = p , 

132.3866  10 Hz =   give a reasonable fit. The metal filling fraction (M ) based 

on the values of the pore diameter (dM) and spacing (SM) is calculated; assuming 

a perfect rectangular structure, the following equation is applied: 
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2

2
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
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M
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d

S

. (2.15) 

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  
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where k is the wavenumber (absolute value of the wavevector in vacuum), and β 

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. 

 

 
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 

(Ioannidis et al., 2022), are obtained: 
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d

ad
,  (2.18) 

where a – is the groove width of the spiral wire, d – periodicity, and Θ – 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. 
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3 
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 (Ioan-

nidis et al., 2019; Ioannidis et al., 2020; Ioannidis et al., 2021; Ioannidis 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.  
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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 εm and εd, correspond-

ingly, the dispersion equation of SPPs is expressed as: 

 ,
 

 =
 + 

m d

m dc
 (3.1) 

where ω is the angular frequency of the SPP modes, c is the speed of light, and β 

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 εm are implanted in a dielectric host material with permittivity 2.4 =d . The 

mentioned materials have been chosen because of fabrication matters (Hornyak 

et al., 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: 
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with k being the wavenumber and β 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 Eq. 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∙107 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 0→d . 
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(a)                                                    (b) 

 
(c) 

 
(d)                                                     (e) 

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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(a)                                                               (b) 

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., SL = 60 nm, and the pore 

diameter is varying, i.e., dL = 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 SL 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 (c) and (d). It is worthwhile noting that 

anomalous features of the dispersion diagrams can be observed near the frequency 

of 1015 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 

|| 0, 0⊥     (Gric & Hess, 2017), providing the possibility to increase the fre-



3. SURFACE PLASMON POLARITONS: INVESTIGATION RESULTS AND… 31 

 

quency gap region with purely imaginary β prohibiting propagation. The men-

tioned property does not take place in the case of the conventional metal–dielectric 

interface. 

 

 
(a)                                                         (b) 

 
(c)                                                            (d) 

Fig. 3.3. (a) and (b) – the dispersion and absorption for the nanowire metamaterial  

interface. SL = 60 nm (a), dL = 30 nm (b); (c) and (d) – the dispersion and absorption in 

case of hollow-core metamaterial interface. SL = 60 nm (c), dL = 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 ε||. 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  

( 12.25 =  =g ) 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 µ (Khromova et al., 2014).  

 
(a)                                               (b) 

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 (Iorsh et al., 2011). It is assumed that 

the permittivity ( ) mg  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), 

( )2 2/ / =   + ie N h i , where ω, h, e, μ, τ, 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 μ can 
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be straightforwardly obtained from the carrier density n2D in a graphene sheet, 

2= F Dhv n , νF is the Fermi velocity of electrons. It should be mentioned that 

the carrier density n2D can be electrically controlled by an applied gate voltage, 

thus leading to a voltage-controlled Fermi energy μ. Here, it is assumed that the 

electronic band structure of a graphene sheet is unaffected by the neighbouring 

layers. Thus, the effective permittivity εmg of graphene can be calculated as fol-

lows (Vakil & Engheta, 2011): 01 / = +   mg mgi d , where ε0 is the permittivity 

in the vacuum. 

The wave vector k (Gric & Hess, 2017) is plotted as a function of the fre-

quency, 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 ( 12.25 =  =g ). 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.  

 

 
(a)                                                                (b) 

Fig. 3.5. (a) Dispersion curves for SPPs. (b) Attenuation coefficients of SPPs,  

lattice constant d = 10 nm (made by the author) 

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. 

 

 
(a)                                                          (b) 

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: 



3. SURFACE PLASMON POLARITONS: INVESTIGATION RESULTS AND… 35 

 

− 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 (Ioannidis et al., 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
m are embedded in a host material with permittivity M

d . 
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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 θ (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. 

  

(a) (b) 

 
(c) 

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 I and Type II hyperbolic behaviour. It is 

worthwhile mentioning that Type I hyperbolic metamaterials have one component 

of the dielectric tensor negative ( 0;  ; 0  zz xx yy ) while Type II hyperbolic met-

amaterials have two components negative ( ; 0;  0  xx yy zz ).  

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 β-ω 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 θ, diameter of the wires 

dM and distance between the wires SM.  

The surface polaritons dispersion relations as a function of d are shown in 

Fig. 3.9(a), where θ = 30ᵒ, dM = 20 mm, SM = 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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(a)                                                          (b) 

 
(c)                                                    (d) 

Fig. 3.9. The dependences of dispersion relations of surface polaritons on  

(a) corrugated wire periodicity d, (b) spiral angle θ, (c) diameter of the wires dM,  

and (d) distance between the wires SM (made by the author) 

Except for d, the polariton properties are also dependent on the θ angle. Here, 

it is assumed that the parameter d = 4 mm and θ angle changes. As observed, the 

existence region increases to a high-frequency band with the decrease of θ 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. 

 

 
(a)                                       (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 ( || ) and a density vertical to wires 

( ⊥ ) (Liu et al., 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 ε<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: 
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⊥

 −  
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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. 

 
(a)                                                                (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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(a)                                                               (b) 

Fig. 3.12. Dispersion curves of SPPs for a system under consideration,  

(a) Re(β); (b) Im(β) (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 (TCOs) 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 εn with regularly 

distributed semiconductor nanoparticles with permittivity εm in its volume. 

 
(a)                                                       (b) 

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) 

 AZO GZO ITO 
TiN (deposited 

at 800 °C) 

TiN (deposited 

at 500 °C) 
ZrN 

εb 3.5402 3.2257 3.528 4.855 2.485 3.4656 

ωp [eV] 1.7473 1.9895 1.78 7.9308 5.953 8.018 

γp [eV] 0.04486 0.1229 0.155 0.1795 0.5142 0.5192 

f1 0.5095 0.3859 0.3884 3.2907 2.0376 2.4509 

ω1 [eV] 4.2942 4.050 4.210 4.2196 3.9545 5.48 

γ1 [eV] 0.1017 0.0924 0.0919 2.0341 2.4852 1.7369 
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The permittivity components of a hypercrystal and nanocomposite versus fre-

quency are studied numerically, aiming to identify the frequency ranges of Dya-

konov surface waves (DSWs) and SPP wave existence (Fig. 3.14). 

 

  
(a)                                                     (b) 

  
(c)                                                      (d) 

Fig. 3.14. Relative permittivity components of the nanocomposite and hypercrystal ver-

sus frequency. Here, f = 0.3. (a), (b): 11.8 =n , 2.25 =d ; (c), (d) 2.25 =n , 11.8 =d

. 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 ω||0, 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   n d  and 

.  d n  The case when 2.25 =n , 11.8  =d 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 =n , 2.25 =d  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 11.8, =n  2.25 =d  (Fig. 3.15(c)).  

 

  
                           (a)                                                                 (b) 

  
(c)                                                                    (d) 

Fig. 3.15. Solution of the wave equation for different filling ratio f:  

(a), (b) – 2.25 =n , 11.8 =d ; (c), (d) – 11.8 =n , 2.25 =d .  

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 

ω = 0.3 × 1014 Hz (Fig. 3.16a) and ω = 3 × 1014 Hz (Fig. 3.17b).  

 
(a)                                                                  (b) 

Fig. 3.16. Relative permittivity components of the nanocomposite and hypercrystal  

versus conductivity. Here, f = 0.3, 11.8 =n , 2.25 =d .  

Here, ITO inclusions are employed in nanocomposite and hypercrystal.  

(a) ω = 0.3 × 1014 Hz; (b) ω = 3 × 1014 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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( ) ( )⊥    nc  in the case of the hyperbolic regime and ( ) ( )⊥    nc  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. 

 
(a)                                                      (b) 

Fig. 3.17. Relative permittivity components of the nanocomposite and hypercrystal  

versus conductivity. Here, f = 0.3, 2.25 =n , 11.8 =d .  

Here, ITO inclusions are employed in nanocomposite and hypercrystal.  

(a) ω = 0.3 × 1014 Hz; (b) ω = 3 × 1014 Hz (made by the author) 

The variations of propagation length Lp 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 Lp 

increases with the absolute value of complex conductivity (Fig. 3.19 (b)).  

 

 
(a)                                                          (b) 

Fig. 3.18. Dependence of propagation length versus frequency for different  

filling factors (a) and versus conductivity for f = 0.3 (b). 2.25 =n , 11.8 =d  



3. SURFACE PLASMON POLARITONS: INVESTIGATION RESULTS AND… 47 

 

 
(a)                                                              (b) 

Fig. 3.19. Dependence of propagation length versus frequency for different  

filling factors (a) and versus conductivity for f = 0.3 (b). 11.8 =n , 2.25 =d   

(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 < ω < 

1500 THz), free-space wavenumber k0 is smaller than β. 

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 (µ) parameters have 

a dramatic impact aiming to engineer resonance surface plasmon fre-

quencies 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 (µ) 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 

unique 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. 
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General Conclusions 

1. Investigations of the interface separating the metallic nanowire met-

amaterial interface and the hollow-core metamaterial interface result in 

the slow wave effect 

2. 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. 

3. 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.  

4. 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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Summary in Lithuanian 

Įvadas 

Problemos formulavimas 

Aviacijos ir antenų reikmėms tradicinių antenų medžiagų – spausdintinių plokščių, apdo-

rotų aliuminio korpusų – dėka yra galimi išbandyti ir tikri, bet brangi antenų kūrimo būdai. 

Kitas didelis trūkumas yra prastos sugerties savybės, dėl kurių padidėja triukšmo lygis. 

Yra reikalingas naujas požiūris, kad būtų patenkinti reikalavimai naujos kartos antenoms. 

Tokio pobūdžio problemas galima išspręsti taikant metamedžiagas (MM). MM susideda 

iš nanostruktūrų, kurios vadinamos dirbtiniais atomais. Šios struktūros suteikia metame-

džiagai unikalių savybių, kurių negali turėti natūralios medžiagos. Šios savybės gali būti 

naudojamos siekiant įveikti optines ribas, kurias sukelia keli poveikiai, pavyzdžiui, difrak-

cijos riba, todėl naudojant metamedžiagas gali atsirasti neįprastų įrenginių savybių. Kei-

čiamos MM savybės buvo pasiektos taikant aktyvias medžiagas, tokias kaip vanadžio 

dioksidas, indžio alavo oksidas, polidimetilsiloksanas, grafenas arba skystieji kristalai. 

Tokiu būdu galima išspręsti valdomų charakteristikų pasiekimo problemą. Aktyvi me-

džiaga leidžia sukonstruoti metamedžiagą, pasižyminčią derinamumu, grįžtamumu, pa-

kartojamumu ir greita reakcija į pokyčius. Jautrių medžiagų, tokių kaip puslaidininkiai, 

skystieji kristalai, fazių keitimo medžiagos arba kvantinės medžiagos (pvz.: superlaidinin-

kai, 2D medžiagos ir kt.) naudojimas suteikia metamedžiagoms dinamines savybes, pa-

lengvindamos aktyvių ir derinamų įrenginių, turinčių patobulintą funkcionalumą arba net 

visiškai naujas elektromagnetines funkcijas, kūrimą. 
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Darbo aktualumas  

Daktaro disertacijos tikslas – sukurti ir platinti naujus derinamų metamedžiagų modelius, 

skirtus galimam pritaikymui orlaivių pramonėje ir aukšto dažnio ruožuose. Disertacija yra 

daugiadalykis projektas, labai susijęs su orlaivių ir elektronikos sričių aspektais, įskaitant 

galimus pateiktų metodų pritaikymus antenų ir orlaivių pramonės srityse. Tyrimo rezulta-

tai ne tik leis sukurti visiškai naujus derinamų metamedžiagų modelius, kurie gali būti 

pritaikyti triukšmo slopinimo funkcijoms atlikti, bet ir atvers kelią į naujas platformas, 

kurios galėtų pasiūlyti keletą praktinių antenų sistemų įgyvendinimo būdų. 

Tyrimo objektas 

Tyrimo objektas yra įvairių paviršinių plazmonų poliaritonų (SPP) sklidimo sprendimų 

projektavimas, remiantis nanostruktūrinių ir nanovielinių metamedžiagų modelių tai-

kymu. 

Darbo tikslas  

Naujų teorinių modelių, leidžiančių ištirti paviršinių plazmonų poliaritonų (SPP), sklin-

dančių tiriamose sandūrose, elektrodinamines savybes, sukūrimas.  

Darbo uždaviniai 

Darbe keliami uždaviniai: 

1. Ištirti Maxwell–Garnett metodo taikymo galimybes homogenizuoti įvairių rūšių 

metamedžiagines struktūras, tokias kaip įprastinė nanovielinė metamedžiaga, 

spiralinė metamedžiaga, nanostruktūrinės metamedžiagos. 

2. Ištirti paviršinių plazmonų poliaritonų (SPP), sklindančių įvairiose sandūrose, 

dispersines diagramas, pavyzdžiui: 

• metalinės nanovielinės ir tuščiavidurės metamedžiagos sandūra, 

• nanostruktūrinės metamedžiagos ir gofruoto metalo sandūra, 

• spiralinės vielinės metamedžiagos ir oro sandūra, 

• nanokompozito ir hiperkristalo sandūra. 

3. Išanalizuoti SPP, sklindančių tiriamose sandūrose, dispersines diagramas ir 

nuostolių dažnines funkcijas siekiant pagerinti absorbciją, leidžiančią sukurti 

orlaivio dangos modelį, taip pat ir antenų sistemas, siekiant slopinti triukšmą. 

4. Išanalizuoti sistemos pagrindinius konstrukcijos parametrus, tokius kaip spiralės 

kampas, griovelių skaičius ir kt., siekiant padaryti išvadas apie konstrukcijų sa-

vybių derinimo galimybes. 

Tyrimų metodai 

Darbe taikomi metodai: 
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1. Efektyvios terpės aproksimacijos teorija, pagrįsta Maxwell–Garnett metodu; 

perdavimo matricos metodas, taikomas kuriant naujus SPP sklidimo modelius, 

kuriais siekiama apskaičiuoti elektrodinamines charakteristikas. 

2. SPP modeliavimo metodai buvo įdiegti siekiant nustatyti sklindančių modų su-

gerties padidėjimą, todėl galimas gautų rezultatų pritaikymas antenos konst-

rukcijoje. 

Darbo mokslinis naujumas 

1. Matlab programoje buvo sukurti nauji kompiuteriniai SPP sklidimo naujose me-

tamedžiagos sandūrose modeliai, skirti tiriamose sandūrose sklindantiems SPP 

elektrodinaminiams parametrams apskaičiuoti. 

2. Nustatyta metamedžiagų užpildymo santykio įtaka SPP perdavimo charakteris-

tikoms, leidžiant realizuoti matmenimis valdomus SPP. 

3. Sugerties stiprinimo (sklidimo konstantos menamoji dalis) kontrolė buvo ištirta 

modifikuojant metamedžiagos geometriją. 

Darbo rezultatų praktinė reikšmė 

Buvo sukurti nauji kompiuteriniai modeliai, pagrįsti naujomis metamedžiagomis, kurios 

gali būti naudojamos tokiuose įrenginiuose kaip antena ir triukšmą slopinančios plėvelės, 

o esami modeliai buvo tobulinami. Šie modeliai leidžia analizuoti SPP sklidimo savybes 

inovatyviose sandūrose. Jie taip pat leidžia apskaičiuoti jų parametrus ir įvertinti elektro-

dinamines charakteristikas. Ištirta, kaip keičiant metamedžiagos parametrus keičiasi  

įrenginių savybės. Buvo sukurti algoritmai ir programos, leidžiančios numatyti SPP, sklin-

dančių naujose metamedžiagos sandūrose, elektrodinamines charakteristikas. 

Ginamieji teiginiai 

1. Du kartus platesnis paviršinių bangų egzistavimo dažnių diapazonas, t. y. nuo 

500 THz (600 nm) iki maždaug 1000 THz (300 nm), gali būti pasiektas, jei nau-

dojama nanovielinės metamedžiagos (d = 10 nm, S = 60 nm) sandūra vietoj tuš-

čiavidurės metamedžiagos sandūros (d = 10 nm, S = 60 nm). 

2. Nanovielinės metamedžiagos absorbcijos padidėjimas galėtų siekti iki 10 kartų, 

jei nanovielinėje metamedžiagoje vietoj sidabro analogų būtų naudojami skaid-

rūs laidūs oksidai. 

3. SPP rezonansinis dažnis gali būti padidintas nuo 250 THz iki 1000 THz padidi-

nus cheminį potencialą nuo µ = 0,1 eV iki µ = 1,5 eV. 

4. Suprojektuota spiralinė vielinė metamedžiaga, kurios vielos skersmuo d lygus 

8 mm, leido padidinti sklidimo režimo didžiausią veikimo dažnį iki 500 THz, 

palyginus su mažesnio analogo leidžiamu 300 THz (d = 4mm). 

5. Triukšmas gali sumažėti 1,1 karto (0,83 dB), jei bus taikoma nanovielinė akus-

tinė metamedžiaga (d = 10 nm, S = 60 nm) ir tokiu būdu pasiektas maksimalus 

efektyvumas, jei metamedžiagos užpildymo koeficientas bus lygus f = 0,7. 
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Darbo rezultatų aprobavimas  

Pagrindiniai disertacijos rezultatai paskelbti 7 mokslinėse publikacijose: 6 iš jų Clarivate 

Analytics Web of Science duomenų bazėje su citavimo indeksu ir 1 – kitose duomenų 

bazėse.  

Tyrimo rezultatai disertacijos tema pristatyti 4-iose mokslinėse konferencijose:  

• Metamaterials and Plasmonics Conference (META) 2022. Toremolinas, Ispan-

ija. 

• International Conference “Electrical, Electronic and Information Sciences“  

(eStream ) 2022. Vilnius, Lietuva. 

• Metamaterials and Plasmonics Conference (META) 2021. Varšuva, Lenkija. 

• Conference for Lithuania Junior Researchers “Science – Future of Lithuania” 

2021. Vilnius, Lietuva. 

Disertacijos struktūra 

Disertaciją sudaro įvadas, analitinės literatūros apžvalga, tyrimo metodologijos aptarimas, 

apibendrinti tyrimo rezultatai ir išvados, literatūros sąrašas, autoriaus publikacijų rinkinys, 

santrauka lietuvių kalba. Disertaciją sudaro 138 puslapiai, 40 pateiktų lygčių, 23 paveiks-

lai, 1 lentelė ir 69 disertacijoje cituojamos literatūros šaltiniai. Disertaciją sudaro trys pag-

rindiniai skyriai.  

Pirmame skyriuje apžvelgiama paviršiaus plazmonų poliaritonų samprata ir jų taiky-

mas aviacijoje. Pirmas skyrius baigiamas formuluojant pagrindinį šio tyrimo tikslą ir už-

davinius. 

Antrame skyriuje nagrinėjami skaitiniai metodai, taikomi metamedžiagoms tirti. Pa-

teikiami homogenizavimo metodai, kuriais siekiama nustatyti efektyvų nagrinėjamos me-

tamedžiagos laidumą. Apsvarstytas naujas perdavimo matricos metodas, taikomas pavir-

šiaus plazmonų poliaritonų, sklindančių inovatyviųjų metamedžiagų sandūrose, 

dispersijos sąryšiui nustatyti. 

Trečiame skyriuje pateikiami skaitiniai tyrimo rezultatai, analizuojant paviršinių 

plazmonų poliaritonų sklidimą inovatyviųjų metamedžiagų sandūrose. Šiuo atžvilgiu dak-

taro disertacija apima platų tyrimų spektrą, pradedant nuo įprastų nanovielinės metame-

džiagos atvejų ir baigiant egzotiškais atvejais, tokiais kaip spiralinės vielinės metamedžia-

gos. 

1. Fotoninių metamedžiagų modeliavimo metodai 

Pirmame disertacijos skyriuje atlikta literatūros šaltinių disertacijos tematika apžvalga. 

Apžvelgti paviršiniai plazmonų poliaritonai, taip pat metamedžiagos sąvoka. Nepaisant 

to, kad paviršinių plazmonų poliaritonų fizikinės savybės yra ištirtos, paviršinės bangos 

koncepcija dar nebuvo taikyta akustikos srityje. Šis darbas parodo galimų taikymų pers-

pektyvas aviacijoje. 

Sluoksniuotų nanostruktūrinių metamedžiagų, sudarytų iš kaitaliojančių grafeno ir 

dielektriko sluoksnių, efektyviosios santykinės dielektrinės skvarbos gali būti apskaičiuo-

jamos taip (Khromova et al., 2014): 



SUMMARY IN LITHUANIAN 121 

 

 

;
 + 

 =
+

g g d d

g d

d d

d d
      (S1.1) 

 
( )

,⊥

  +
 =

 + 

g d g d

g d d g

d d

d d
      (S1.2) 

čia g , d
 yra grafeno ir dielektriko sluoksnių santykinės dielektrinės skvarbos; gd , 

dd  yra grafeno ir dielektriko sluoksnių storiai. 

2. Paviršiniai plazmoniniai polaritonai: tyrimų metodai 

Antrame darbo skyriuje apžvelgti tyrimams reikalingi metodai. Parodyta, jog homogeni-

zacijos metodas yra reikalingas nustatant anizotorpinės struktūros dielektrines savybes. 

Siekiant gauti dispersinės lygties analitinę išraišką yra taikomas atvirkštinių matricų me-

todas.  

Siūloma vielinės metamedžiagos geometrija parodyta S2.1 pav. Vielos, kurių santy-

kinė dielektrinė skvarba yra M
m , įterptos į pagrindinę medžiagą, kurios santykinė dielekt-

rinė skvarba yra M
d . 

 

S2.1 pav. Vielinės metamedžiagos schematinis vaizdavimas 

Remdamiesi efektyviosios terpės aproksimavimo metodu įvertiname vielinės meta-

medžiagos efektyviąją dielektrinę skvarbą: 
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Čia subindeksas M žymi metamedžiaginę terpę ir M  yra metalo užpildo koeficien-

tas, apskaičiuojamas taip: 

  =M nano wire area

unit cell area
. (S2.3) 

Turint tikslą ištirti ir demonstruoti paviršinių bangų savybes taikomas Drude modelis 

(Johnson 1972) metalui (t. y. sidabrui) apibūdinti, išreiškiant santykinę dielektrinę skvarbą 

kaip ( )
2

2


  =  −

 + 

pM
m

i
. Parametrai gaunami pritaikant šią santykinės dielektrinės 

skvarbos funkciją tam tikram medžiagų dažnių diapazonui. Yra nustatyta, kad sidabro at-

veju vertės yra 5 = , 152,2971 10  Hz = p , 132,3866 10  Hz =   . Metalo užpildo ko-

eficientas (M ) yra apskaičiuotas remiantis laidininko skersmens (dM) ir atstumo (SM) 

reikšmėmis ir darant prielaidą, kad vielos yra išsidėsčiusios pagal idealią stačiakampę 

struktūrą: 
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Darant šią prielaidą yra įmanoma gauti dispersinę lygtį, siekiant charakterizuoti pa-

viršinių bangų sklidimą metamedžiagos ir PbS sandūroje. Įvertinus elektrinio ir magneti-

nio laukų tangentines dedamąsias sandūroje, yra gaunama sklidimo pastoviosios išraiška:  
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čia k yra bangos skaičius (bangos skaičiaus absoliučioji reikšmė vakuume) ir β yra lygiag-

rečioji banginio skaičiaus dedamoji.  

Pagaliau spiralinės vielinės metamedžiagos efektyviųjų santykinių dielektrinių 

skvarbų išraiškos yra gaunamos: 
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Aprašytas modelis leidžia ištirti SPP, sklindančių spiralinės vielinės metamedžiagos 

sandūroje, savybes. 
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3. Paviršiniai plazmoniniai polaritonai: tyrimų rezultatai ir 
išvados 

Trečiame skyriuje pateikti paviršinių bangų sklidimo tyrimo rezultatai, pradedant nuo pap-

rastų struktūrų ir baigiant novatoriškomis metamedžiagų struktūromis.   

S3.1 paveiksle pavaizduotas režimo žemėlapis β–f erdvėje, iliustruojantis sritis, ku-

riose gali būti FB (ang. Ferrell Berreman) režimai. Laimei, FB režimų dažnių diapazoną 

galima valdyti laido periodiškumu d, spiralės kampu θ, vielų skersmeniu dM ir atstumu 

tarp vielų SM. Paviršiaus poliaritonų sklaidos santykiai kaip d funkcija parodyti S3.1 pav., 

a, kur θ = 30ᵒ, dM = 20 mm, SM = 80 mm. Akivaizdu, kad FB režimai egzistuoja kairėje 

šviesos linijos srityje. Poliaritonų dispersijos labai priklauso nuo d parametro, kaip tai aiš-

kiai matyti S3.1 pav., a, kuriame apskaičiuojami ir nubraižomi dispersijos ryšiai pagal 

efektyvųjį anizotropinį laidumo tenzorį. Pažymėtina, kad FB režimų egzistavimo dažnių 

diapazonas didėja didėjant d, t. y. didesnis periodiškumas padidina gofruoto laido laidumą 

taip padidindamas efektyvų plazmoninį dažnį. 

 

 

 
(a)                                                           (b) 

 
(c)                                                    (d) 

S3.1 pav. Paviršinių poliaritonų dispersijos diagramų priklausomybės nuo periodiškumo d (a),  

 spiralės kampo θ (b), vielų skersmens dM (c) ir  atstumo tarp vielų SM (d) 
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Atlikus disertacijos uždavinius, buvo gautos tokios išvados: 

1. Ištyrus metalinės nanovielinės metamedžiagos ir tuščiavidurės šerdies metame-

džiagos sandūras, daromos tokios išvados: 

o Gaunamas lėtos bangos efektas. Tam tikrame dažnių diapazone (0 < ω < 

1500 THz) bangos skaičius k0 vakuume yra mažesnis už β. 

o Įrodyta, kad nanovielinės metamedžiagos sandūros (d = 10 nm, S = 60 nm) 

naudojimas vietoj tuščiavidurės metamedžiagos leidžia padidinti paviršinių 

bangų egzistavimo dažnių diapazoną nuo 500 THz (600 nm) iki maždaug 

1000 THz (300 nm). 

2. Ištyrus SPP sklidimą metamedžiagos ir gofruoto metalo sandūroje daromos šios 

išvados: 

o Griovelio plotis drastiškai veikia asimptotinį SPP dažnį atveriant plačias 

galimybes pasiekti aukšto derinimo režimą. 

o SPP nuostolių funkcija priklauso nuo visų paviršiaus struktūros parametrų, 

t. y. griovelio plotis (a) ir cheminis potencialas (µ) turi reikšmingą poveikį 

siekiant kontroliuoti sklindančių modų paviršinių plazmonų poliaritonų re-

zonansinius dažnius, suteikiant papildomą laisvės laipsnį sistemos savybių 

derinimui. 

o Galima kontroliuoti dažnių ruožą atitinkantį režimą, kuriam esant modos 

nesklinda, modifikuojant griovelio plotį, suteikiant papildomą laisvės 

laipsnį sistemos savybių derinimui. 

o Buvo ištirta griovelio pločio (a) ir cheminio potencialo (µ) įtaka SPP skli-

dimo ilgiui suteikiant papildomą laisvės laipsnį sistemos savybių derinimui. 

3. Spiralinės vielinės metamedžiagos sandūros tyrimai leidžia daryti šias išvadas: 

o Sukurtas modelis leidžia kiekybiškai ištirti plazmonų poliaritonus, kuriuos 

galima valdyti modifikuojant spiralės kampą ir griovelių, gofruojančių ide-

aliai laidžią vielos paviršių, skaičių suteikiant didelę sistemos savybių deri-

nimo laisvę. 

o Buvo įrodyta, kad spiralinės vielinės supergardelės pagrindu pagamintos 

metamedžiagos turi unikalius mikroskopinius spinduliuojančius masinius 

plazmonų rezonansus, vadinamus Ferrell–Berreman modomis, kurias ga-

lima sužadinti laisvąja erdve, leidžiant išnaudoti sistemą tokiose srityse 

kaip jutimas, vaizdavimas ir absorbcijos spektroskopija. 

4. Ištyrus SPP, sklindančias akustinės metamedžiagos riboje, gaunamos šios išva-

dos: 

o Parodyta, kad yra dažniniai ruožai, kuriuose dinaminiai konstituciniai para-

metrai yra neigiami, o nagrinėjama banga tampa atgalinė (500 Hz < f < 

750 Hz), leidžianti išnaudoti sistemą tokiems taikymams kaip priešinga 

jungtis, nukreipianti mikrobangų signalą į priešingus gnybtus skirtingais 

veikimo dažniais. 

5. Ištyrus SPP, sklindančius mažų matmenų akustinių metamedžiagų sandūroje, 

gaunama ši išvada: 

o Gautas sugerties padidėjimas (sklidimo konstantos menamoji dalis), lygus 

0,83 dB, daro didelę įtaką taikant triukšmo slopinimo metodą. 
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Bendrosios išvados 

1. Ištyrus metalinės nanovielinės metamedžiagos ir tuščiavidurės šerdies 

metamedžiagos sandūras buvo gautas lėtos bangos efektas. 

2. Ištyrus SPP sklidimą metamedžiagos ir gofruoto metalo sandūroje, buvo prieita 

išvados, kad galima kontroliuoti dažnių ruožą atitinkantį režimą, kuriam esant 

modos nesklinda, modifikuojant griovelio plotį, suteikiant papildomą laisvės 

laipsnį sistemos savybių derinimui. 

3. Ištyrus spiralinės vielinės metamedžiagos sandūrą, buvo prieitą išvados, kad su-

kurtas modelis leidžia kiekybiškai ištirti plazmonų poliaritonus, kuriuos galima 

valdyti modifikuojant spiralės kampą ir griovelių, gofruojančių idealiai laidžią 

vielos paviršių, skaičių suteikiant didelę sistemos savybių derinimo laisvę. 

4. Ištyrus SPP, sklindančius mažų matmenų akustinių metamedžiagų sandūroje, 

buvo gautas sugerties padidėjimas (sklidimo konstantos menamoji dalis), lygus 

0,83 dB, daro didelę įtaką taikant triukšmo slopinimo metodą. 
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