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Graphene- enhanced dielectric metasurface: toward close to perfect absorption

Abstract

The main objective of this project is designing, fabricating and characterizing graphene-
like film enhanced dielectric metasurface to approach close to perfect absorption at
various incident angles. This thesis focuses on numerical simulation (COMSOL
Multiphysics) of the dielectric metasurface coupled with conductive graphene-like film to
optimize the structure (geometry of the metasurface and requirements to the
conductive film) and experimental realization and testing close to perfect absorber due
to interaction between fabricated layers. 3D printing fabricated an array of dielectric
particles, supporting high, almost perfect absorption. We found that dielectric
metamaterial coupled with graphene-like film could tune the multipole response,
whereas conductive film supports lower absorption at a wide range of incident light. The
combination of both of them as a sandwich structure gives rise to the possibilities for

high, wide-band absorption.

The graphene-like film is 5-100 thicker than graphene monolayers, so the
electromagnetic (EM) response can be easily characterized by the conventional
techniques allowing the quantitative description of their properties. The absorption and
transmission of the resultant structure were studied numerically, experimentally, and
theoretically. Based on the theoretical predictions, we perform numerical simulations
using COMSOL Multiphysics to see the electromagnetic response of dielectric particles.
3D voids structures were printed with different diameters, heights, and spacing between
them. Graphene-like films were synthesized by pyrolysis at 800°C on a silicon dioxide
SiO; substrate further used for dielectric metasurface printing. The experimental data
acquired through THz time-domain spectroscopy for samples comprising voids with
diameters ranging from 310 um to 1240 um and heights from 50 to 240 um demonstrate
their exceptional ability to absorb THz radiation. Optimized for the moment structure
(Case 6) shows absorption 0.855 and transmission 0.145, in the broad frequency range
from 0.1 to 1 Thz, making graphene-like film attractive for EM interference shields in

airspace, electronic device, and communication applications.
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1 Introduction

Professor Richard Feynman's 1959 lecture, "There is Plenty of Room at the Bottom,"
popularised "nanotechnology." "Nanotechnology" describes the interdisciplinary study of
and work with materials on the nanometres scale (1-100 nm). Nanomaterials are
important because of their ability to modify a material's properties by controlling its
atomic structure. Given the wide range of allotropes that can be formed from the three
bonds, carbon is capable of; carbon nanomaterials have been the subject of intensive
study over the last three decades. Graphite, which is soft and brittle and made up
entirely of sp2 hybridised bonds, is one of the recognised bulk allotropes of carbon;
diamond, which is tough and made up entirely of sp3 hybridised bonds, is another; and
amorphous carbon, which is non-crystalline and made up of both sp2 and sp3 hybridised
bonds, is yet another. The level of accuracy with which nanomaterials may be evaluated
has increased because of developments in microscope technology and other precision
tools. Fullerenes (0D, Buckyballs), 2D-graphene, and carbon nanotubes - 1D are just a
few of the carbon nanomaterials that have recently been explored thanks to

technological advancements see figure 1.

Graphene has become a prominent material in the macro, micro, and nano-photonics
industry since its discovery approximately twenty years ago [1]. It has received global
recognition, including a Nobel Prize 2010 [2]. In contemporary times, ultrathin carbon
thin films have been applied only in integrated optics environmental sciences, flexible
electronics, water filtration, antireflective coatings, and textiles [3]. Considering the
numerous advantageous characteristics of graphene, it possesses significant potential for
utilization in both commercial and strategic contexts. Researchers from various countries
actively research extensively to develop diverse graphene synthesis methods. Three
important challenges exist in graphene production: scaling up for mass production,
reducing costs, and ensuring high quality. Currently, there exist various techniques to
produce graphene. These techniques can be broadly categorized into two main

categories, one is known as top-down methods (such as exfoliation methods), and
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another is bottom-up methods. The top-down approach involves using natural or
synthetic graphite to extract individual graphene sheets through various ways, such as
exfoliation techniques. According to the bottom-up process, graphene must be
synthesized directly on a substrate utilizing a variety of methods, including epitaxial
growth on silicon carbide (SiC), chemical synthesis, arc discharge, and chemical vapors
deposition (CVD), plasma-enhanced chemical vapors deposition (PECVD), among others
[4]. In a variety of applications, graphene's properties are significant. A graphene sheet's
electrical and optical characteristics may suffer if it has grain boundaries, deficiencies,

impurities, wrinkles, numerous domains, and structural problems.

o

= = - 7
& Bl

1D Nanotubes 2D Graphite

0D Graphene buckyball

Figure 1 There are three forms of graphene.

Chemical vapor deposition presents challenges in generating thin graphene films of
superior quality and single crystallinity, crucial for achieving exceptional electrical and
thermal conductivity and remarkable optical transparency. CVD graphene has

demonstrated its potential for utilization in a diverse range of compelling applications
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encompassing touch layers, transistors, and sensors. Chemical vapor deposition has been
associated with high production costs for an extended period. Consequently, CVD
graphene has predominantly been utilized in research endeavours conducted by
academic and research institutions. However, there has been a gradual decline in the
price of CVD of monolayer graphene from 2015 to 2017. This cost reduction has paved
the way for the emergence of commercial applications in the market. From 2015 to
2017, “Graphenea”, a prominent Spanish company specializing in the production of high-
quality CVD graphene, experienced a notable decrease in prices for their graphene

products [4]

Graphene is gaining attention as a highly promising material for developing stretchable
and biocompatible electronic circuits. It is primarily attributed to its exceptional
mechanical durability and flexibility, optical transparency, non-dispersive properties
across a broad frequency spectrum, and compatibility with biological systems. However,
it is important to note that not all applications require "ideal" graphene, which refers to
a two-dimensional zero-gap semiconductor with exceptional tunability[5]. Thin graphitic
films with adequate direct current (DC) and high-frequency conductivities can be a viable

graphene alternative for various technological challenges[6].

Graphitic thin films can be broadly categorized into two main groups: (i) pyrolytic carbon
films produced through the chemical vapor deposition (CVD) method and (ii) pyrolyzed

polymer films PPF derived from the pyrolysis of carbon-rich precursor thin films.

In 1985, an alternative proposal was made to utilize pyrolyzed polymer films (PPF)[7].
The significant advantage of PPF is its low conductivity compared to metal[8].
Additionally, its chemical stability and robustness make it highly beneficial for a wide
range of  applications, including  biological[9], electrochemical[10], and
microelectromechanical applications[11]. Furthermore, compared to graphene, PPF
exhibits an easier fabrication process compatible with conventional microelectronic

platforms. Significantly, exposure to a high-energy electron beam causes alterations in
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the chemical properties of the resist, rendering it insoluble in developers[12].

Consequently, this may impact the physical characteristics of the resulting graphitic film.

All-dielectric particles are the building blocks of metamaterials and metasurfaces due to
lower dissipative losses in THz and optics and supporting both electric and magnetic Mie-
resonances. However, the Q-factor of metamaterials is sufficiently diminishing as soon as
the permittivity of particles is suppressed. In this work, we propose to use voids in an all-
dielectric matrix with low permittivity instead of particles. The Mie-resonance modes are
excited for voids less than wavelength. We use circular holes (voids) instead of disks and
expect strong absorption of THz waves for the system of printed 3D metasurface with
pyrolyzed photoresist film with a sacrificial Nickel layer (NiPPF). Based on the theoretical
predictions, we perform numerical simulations using COMSOL Multiphysics to see the
electromagnetic response of dielectric particles. 3D voids structures were printed with
different diameters, heights, and spacing between them. Graphene-like films were
synthesized by pyrolysis at 800°C on a silicon dioxide SiO, substrate further used for
dielectric metasurface printing. The experimental data acquired through THz time-
domain spectroscopy for samples comprising voids with diameters ranging from 310 um
to 1240 um and heights from 50 to 240 um demonstrate their exceptional ability to

absorb THz radiation.

1.1 Metamaterial

Metamaterials are artificially engineered materials with unique properties not found in
naturally occurring materials[13]. It is an array of periodically arranged meta-atoms [14].

The term "metamaterial" was first used by R.W. Walser, with the prefix "meta" denoting
a state beyond the natural state. Metamaterials exhibit distinct electromagnetic
radiation responses compared to raw materials[15]. The origins of metamaterials can be
traced back to 1968 when V. G. Veselago postulated that dielectric permittivity and
permeability could exhibit negative values [16]. At the outset, these two were

consistently regarded as positive [13]. This hypothesis anticipated extraordinary material
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features, such as perfect lensing and a negative refractive index [16]. Still, his work went
undetected since it wasn't backed up by experimental evidence because there weren't
any materials with negative refraction at the time[17]. In 2000, J.B. Pendry introduced
the concept of theoretically perfect lenses after a significant period of research and
development. In the same year, D. R. Smith also demonstrated the first material with a
negative refractive index [18]. Several metamaterials have been constructed since then

[19].

The energy band determines the characteristics of normal materials, whereas the
geometry of meta-atoms determines the properties of metamaterials. Metamaterials
can manipulate various forms of physical waves, particularly electromagnetic waves [13].
Metamaterials can function across the entire electromagnetic spectrum, ranging from
radio waves to the visible spectrum. Metals can be classified as near-perfect absorbers,
indicating their inability to transmit or reflect incoming electromagnetic waves [20]. The
significant absorption of electromagnetic radiation is noteworthy due to its exceptional
optical and electromagnetic characteristics[21]. It is possible to add graphene into a
metamaterial device to increase its absorption capabilities further. Graphene nano-disks,
graphene rings, and graphene sheets are all examples of different types of metamaterial
absorbers based on graphene [22].

The equation that provides the refractive index of the material is as follows:
n=.,/¢eu

The symbols € and p represent the permittivity and permeability of the material,
respectively. Figure 2 depicts the schematic diagram of the negative and positive
refractive index. This is a typical illustration of light manipulation, whereby natural
materials typically refract in the opposite direction. The graph illustrates that the
refraction of light varies depending on whether the refractive index is positive or
negative. In the event of a negative refractive index, the values of both permeability and

permittivity will exhibit negativity [18].
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Figure 2 Positive and negative refractive index

Metamaterials are recognized for their ability to manipulate light propagation and are
highly advantageous for operation within the terahertz (THz) frequency range [23]. The
terahertz range spans from 0.1 to 10 THz, which aligns with the wavelength range of 3
mm-30 um, commonly called the terahertz gap. Devices that operate in the (THz) range
have various applications in fields such as medical imaging, communication, chemical
identification, sensors, and astronomy [24]. Furthermore, the primary focus is on

attaining adjustability of metamaterials within the terahertz frequency range [25].

1.2 Carbon Allotropes

The Earth's crust contains a substantial amount of carbon C. It has the atomic number 6
and electron configuration [He]2s2 2p2. Additionally, it is worth noting that oxygen is a
highly abundant element in the human body by mass, accounting for approximately
18.5%. In addition, carbon is ranked as the fourth most prevalent element in the universe

in terms of the group, preceded by hydrogen, helium, and oxygen. The term "carbon"
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has its roots in the Latin word "carbon," which was employed by the ancient Romans to
denote charcoal or ember. In present-day society, the term "carbon" holds a wide range
of significance[26]. This commonly encountered substance exhibits a distinct and
noteworthy functionality in chemistry and materials research. Carbon shows a diverse
array of applications, spanning from pharmaceuticals to artificial materials. Specific
industrial applications include producing oil and gas, food, medications, water
purification, hydrometallurgy, gold recovery, and the commonly used carbon-in-pulp

process [27].

Carbon is characterized by its capacity to generate diverse allotropes and its aptitude to
bond with other chemical elements. The allotropes of carbon can be categorized based
on their spatial dimensionality. The fullerenes are classified as zero-dimensional, while
carbon nanotubes are considered one-dimensional. Graphite and diamond are
categorized as three-dimensional, whereas graphene is classified as two-dimensional.
The fundamental distinction between two-dimensional (2D) and three-dimensional (3D)

structures is determined by the number of atomic layers present.

Diamond

HiH

Amorphous carbon

e

Graphene

Buckminsterfullerene
(] !‘n
o

?ﬂ%}n

Figure 3 Various carbon allotropes
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For example, Two-dimensional (2D) carbon is a single atomic crystal layer, whereas 3D
graphite has hundreds of graphene layers [28]. In earlier times, elemental carbon was
recognised to occur exclusively in two natural allotropes, specifically diamond and
graphite. Both allotropes demonstrate distinct thermal and electrical properties. In 1985,
a group of researchers led by Kroto made a significant discovery regarding a previously
unknown variation of carbon, which they named fullerenes [29]. After this considerable
advancement, a new era of synthetic carbon allotropes commenced with the discovery
of carbon nanotubes in 1991 [30] and the 2004 rediscovery of graphene. There are more

than nine carbon alterations in figure 3.

1.3 History of Graphene

The optimal configuration of graphene consists exclusively of a planar lattice structure
composed of hexagonal cells. Sir Benjamin Collins Brodie was the first to describe the
finely layered structure of thermally reduced graphite oxide in 1859 when graphene's
history began. In 1947, P.R. Wallace postulated the potential existence of graphene on a

theoretical basis.

The term "graphene" was initially introduced in 1987 to refer to the layers of graphite
that were intercalated with different compounds. In 1948, the initial electron microscopy
led to the discovery of images depicting multiple layers of graphite. After that, Ruess and
Vogt observed single graphene layers [31]. Afterwards, the attempt to isolate graphene
commenced. In 2004, Professors Andre Geim and Constantine Novoselov from
Manchester University successfully separated a single atomic layer of carbon (graphene)
from graphite. It was observed that specific flakes varied in thickness compared to
others. Through the iterative separation of graphite fragments, they create flakes that
consist of a single atom layer. The participants used a technique involving manipulating

graphite cubes and using Scotch tape to remove flakes of graphite.
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Figure 4 Andre Geim And Konstantin Novoselov, University of Manchester, UK

The process was repeated multiple times to obtain thinner graphite flakes by separating
them into increasingly thinner layers until a thickness of only one atom was achieved. It
is not feasible to reduce the thickness of the materials beyond one atom; hence this
substance represents the closest approximation to a two-dimensional system that can be
achieved physically. Geim and Novoselov are credited with discovering graphene, which
Wallace first proposed. The "scotch tape" method has proven to be a straightforward
and efficient approach, leading to a rapid expansion of its application in the field of
Science. Numerous research institutions worldwide employ this technique for
investigating graphene due to its cost-effectiveness and minimal equipment
requirements (Novoselov KS, 2004). Andre Geim and Konstantin Novoselov were the
24th and 25th Nobel Laureates in the University's history when they were awarded the

Nobel Prize in Physics in 2010 for their major contributions to the discipline [31].
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1.4 Graphene - Properties

1.4.1 Electronic properties

The main driving force behind the research on graphene was its unique two-dimensional
structure and symmetrical properties, which lead to its charge carriers displaying
behaviour similar to that of massless relativistic particles [32]. It is classified as a no-band
gap semiconductor because its valence and conduction bands intersect at corners of the
Brillouin zone. The material shows an ambipolar electric field effect, allowing for
adjustable concentrations of electrons and holes up to 1013 cm™. Additionally, it boasts
charge carrier mobilities (u) of up to 15000 cm?/(Vs) at room temperature [33]. An
observation was made of ballistic transport with a mobility (i) exceeding 2 x 10° cm?/(Vs)
at an electron density of approximately 2 x 10 cm™, upon minimising the extrinsic
scattering in suspended single-layer graphene (SLG) [34]. High values of u have been
reported in recent times. Graphene nested between two hexagonal boron-nitride
crystals has recorded a value of 2.5 x 105 cm2/(Vs) at room temperature[35] with a mean
free path of um scale. Epitaxially grown graphene on silicon carbide has recorded a value
of ~¥6 x 106 cm2/(Vs) at 4 K [36]. The unique electronic properties of graphene make it a
highly promising contender for future electronic devices [37]. Since graphene cannot be
used in conventional field-effect transistors (FET) due to its zero-band gap, researchers

are focusing on high-frequency applications in the communications domain.

1.4.2 Mechanical properties

Frank et al.'s initial research on graphene's mechanical characteristics appeared in 2007
[38]. The spring constant of FLG (few-layer graphene) with a thickness of less than five
layers was determined by measuring force-displacement using an AFM (atomic force
microscope) tip. The Young's modulus of graphene was determined to be 0.5 TPa, while
the spring constant was found to vary between 1 and 5 N/m. Lee et al. conducted a

comparable atomic force microscopy (AFM) nanoindentation method on a sin (SLG)

10
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sheet that was suspended over a hole with a diameter of 1 — 1.5 um in a silicon substrate
[39]. The AFM tip applied indentation on the graphene sheet until it reached a point of
rupture, allowing for the subsequent determination of Young's modulus based on the
force-depth curve. The strength of Young's modulus and monolayer graphene was
estimated to be approximately 1 TPa and 130 GPa, respectively. The remarkable
characteristics of this material can be defined as the strength of its in-plane covalent sp2
bond, rendering it the most resilient substance currently identified. Graphene has been
demonstrated to exhibit elastic stretching capabilities of up to 20%[39]. Liu et al.
employed density functional theory to estimate Young's modulus and strength of single-
layer graphene to be approximately 1.05 TPa and 107-121 GPa, respectively. These
values remarkably concurred with the experimentally determined values [40]. Other
studies have also yielded comparable results for Young's-modulus of graphene using
alternative techniques, including resonators and Raman spectroscopy [41], [42].
Furthermore, it has been observed that graphene exhibits impermeability to various
gases, including helium [43]. When individual gas molecules were adsorbed on the
graphene surface, resistivity values were seen, mostly due to changes in Fermi levels,

making it a very sensitive gas detector [44].

1.4.3 Optical properties

The study by Novoselov et al. 2004 provided evidence of the observable alterations in
reflection between graphene and the substrate when graphene is applied to an
interferometer. In 2007, a published article reported a method for identifying and
guantifying the number of graphene layers using a SiO, interferometer. This approach
relied on the sensitivity of optical reflection measurements [45]. The optical response of
graphene exhibits an extraordinary level of efficacy for a monoatomic layer, with
approximately 2% absorption. Consequently, the material absorbs and reflects a minimal
fraction of incident light, resulting in a nearly transparent appearance of the graphene
layer. The number of graphene layers present influences the absorbance of a material.

This relationship is determined by multiplying the fine-structure constant, denoted as

11
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32

&= e

by the number of graphene layers, represented as ma. When the number of

layers is increased from 1 to 10, its reflectance rises from 0.1 to roughly 2% [46]. The
optical properties of graphene render it highly advantageous for implementation in

optoelectronic and photonic devices.

Additionally, graphene is useful in various applications, such as photodetectors, optical
limiters, smart windows, and saturable absorbers. Graphene and other carbon allotropes
exhibit exceptional nonlinear optical (NIO) properties. These properties are crucial in

developing and producing optoelectronic and photonic devices at the nanoscale.

Different nano-carbons demonstrate a wide range of NIO properties. For instance,
carbon black suspensions exhibit a significant thermally-induced NLS (nonlinear
scattering) effect, resulting in optical limit (OL) when it is exposed to a strong
nanosecond laser pulse [47]; Fullerenes demonstrate a substantial third-order optical
nonlinearity and reverse saturable absorption (RSA) within specific wavelength bands
[48]; Carbon nanotubes (CNTs) display ultrafast second- and third-order nonlinearities as
well as saturable absorption (SA) in the near-infrared (NIR) region [49]; Lastly, graphene’s
exhibit an ultra-fast relaxation time of charge carriers and an ultra-broad-band
resonance nonlinear optical (N1O) response [50]. The utilization of graphene in advancing
practical nano-carbon devices is constrained by its challenge to maintain stability in
various organic solvents [51]. It is crucial to emphasize the importance of designing and
synthesizing a solution-processed organic/polymeric material based on graphene. Optical
limiting is a significant nonlinear optical (NLO) phenomenon important in safeguarding
sensitive optical instruments against high-intensity laser beams. Its application is

particularly relevant in protecting the human eye [52].

12
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1.4.4 Other properties

Graphene exhibits unique thermal properties, with the intrinsic thermal conductivity of
single-layer graphene ranging between 3000-5000 W/(mK)[53]. It has been observed
that the thermal conductivity decreases as the number of layers increases, reaching a
value of 1300 W/(mK) for four layers, which approaches the thermal conductivity of bulk
graphite [54]. A high level of thermal conductivity facilitates efficient heat dissipation,

making it a highly suitable option for thermal management [55].

The SLG exhibits a light absorption rate of 2.3%, with a negligible reflectance level of less
than 0.1% [46]. The remarkable integration of mechanical flexibility, strength and
elasticity, and optical and electronic properties render graphene ideal for applications in

flexible electronics and touchscreen devices [56].

Furthermore, it has been theoretically estimated that the surface area of (SLG) is
approximately 2600 m2/g. Experimental studies have reported a range of surface area
values for few-layer graphene (FLG), ranging from 270 to 1550 m2/g [57]. The high
surface area has proven advantageous in various fields, such as nanocomposites, through
surface modification. This technique enhances the interaction between the matrix and

graphene at the interfacial level [41].

1.5 Potential Application of Graphene

Graphene is a highly versatile and resilient material with exceptional application
performance. Furthermore, graphene has established itself as a highly valuable material
with the potential to enhance or redefine numerous applications within the current
paradigm. The technology has garnered significant interest and adoption across various
industries, including synthesis and processing, construction, energy storage,
telecommunications, composites, biomedicine, automotive sectors, and energy

generation.
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According to the pie diagram provided in figure 5, it is evident that a substantial portion
of graphene is utilized in the electronics and energy storage and aerospace sectors.

Graphene is pivotal in driving advancements in modern technology applications [58].

Graphene's high carrier mobilities, approximately 40 times greater than the typical
electron mobility for silicon, contribute to electronic application attractiveness.
Additionally, graphene exhibits a high current-carrying capability. These advantageous
characteristics position graphene as a relevant material for utilization in electronic
devices. Furthermore, due to its significant thermal conductivity, which plays a crucial
role in the shrinking of electronic devices as circuit density increases, graphene
effectively maintains device temperature by efficiently dissipating heat. However,
achieving large-scale graphene growth is imperative and essential to further harness and

capitalize on its inherent properties.

[ Electronic
] Energy storage
Il Compites
] Aerospace 2% 2%
[ Telecommunication
[ |Military end Defense
[ Biomedical
[l Eneregy generation
I Automotive 12%
[l Sythesis and processing 0
[ Construction

3%

8%
1%

27%

Figure 5 Applications for graphene in the industry are based on several manufacturing areas.
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Figure 6 illustrates the progressive advancement in the synthesis of graphene,
showcasing the transition from micrometre-scale to inch-scale dimensions. Following the
groundbreaking work of Geim and Novoselov [59], the isolation of monolayer graphene
with a size of only um was achieved. Subsequently, a significant advancement was made
in producing single-layer graphene, with a size of 30 inches, utilizing the (CVD) method.
The largest reported monolayered graphene measures 24 inches by 300 inches and was
grown on copper using the (CVD) process. The utilization of graphene in touch panels
[56] was made possible due to its exceptional properties, such as high transparency,

flexibility, and conductivity.

Figure 6 (A) Optical microscope image of isolated single-layer graphene with 9m size for the first
time by Geim and Novoselov [60]. Photographs of; (B) and (C) The largest monolayer graphene
produced on copper reported so far (24" by 300”).

Graphene exhibits significant potential as a material for gas sensors, extending beyond
its applications in electronics. The electronic properties of graphene are measurably

influenced by the deposition of gas molecules, allowing for the detection of gases [60].

Graphene has the potential to be utilized as a support material in the field of catalysis
owing to its substantial surface area. Additionally, it can serve as electrode material in
various electrochemical applications, including batteries and supercapacitors. The
layered structure of graphene acts as a protective barrier, preventing the aggregation of

nanoparticles within the catalyst or electrode material. Using chemically derived
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graphene (CDG) or reduced graphene oxide (RGO) materials as anodes or cathodes in
lithium-ion battery technology has contributed to advancements in the field. This is
primarily due to the significant surface-to-volume ratio and excellent conductivity
properties exhibited by graphene. The generation of nanopores and defects in the
carbon-doped graphene (CDG) via chemical synthesis facilitates the creation of active

sites for lithium insertion, which play a vital role in lithium battery technology.
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2 Electromagnetic Modelling

2.1 Multipole expansion in electromagnetism

This section will overview electromagnetism concerning electromagnetic (EM) multipole
moments. The text highlights several significant points about metamaterials. In the next
section, we will explain the multipole moments of molecules in the microscopic Maxwell

equations and their impact with the macroscopic solutions.

2.1.1 Maxwell Equations

The Maxwell equations elucidate EM fields made by electrically charged particles in a

vacuum on a microscopic scale. In Sl units, the formulae can be written as:

V-e(rt)& = —pm(l‘, 2 W
€o
V- b(r,t)& =0 (2)
_ _db(r,¢) (3)
Vxe(rt)& = BT
1 db(r,t ) 4
VX b(rt)& = c_z% + Uoim (1, t) “

The characteristics of the microscopic e, b electric field, and magnetic density, which are

produced by microscopic p,, j charge and current density. Within a three-dimensional
space, These four quantities depend on the position. (r) and time (t). The ¢? = /ey,

represent the speed of light c2, the magnetic permeability 114, and electric permittivity €,

in a vacuum.
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It can be observed that matter is composed of discrete charged particles. The
microscopic quantities exhibit non-smooth variations with respect to position. Therefore,
they are typically subjected to spatial averaging. The averaging process is conducted over
volumes that are sufficiently large to ensure that the averaged quantities, < p,, > and
< jm > exhibit smooth variations in both space and time. However, it is important to
note that volume dimensions should be significantly lower than the length scale of
spatial variations of < b > and < e >, which are the primary focus of our interest.
Suppose one is interested in studying electromagnetic wave propagation within a
medium. In that case, it is important to ensure that the lengths of the averaging volume

are significantly smaller than the wavelength.

It is possible to perceive matter as comprising two distinct categories of electrically
charged particles. Initially, it is important to note the existence of elementary particles
that exhibit a cohesive arrangement within different clusters. The entities referred to as
clusters are commonly known as molecules. Secondly, the medium contains unbound
conduction electrons not confined to a specific molecule. The particle type mentioned
above is restricted to volumes significantly smaller than the volume used for averaging.
Consequently, it is possible to perceive each molecule as a point particle. Molecules are
given multipole moments to describe the current distributions and internal charge

distributions inside them.

Consider a specific molecule denoted by the variable [ th, where the center of mass of
this molecule is located r;. v; denoted as the velocity of the center mass. The molecule

potentially possesses an overall electric charge.

q =Z qj ()

j»

electric dipole moment
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P, = z q]'(rj - rl) (6)

electric quadrupole moment

o 1 7
Gi=5. 405~ (5 - n) v

JO]

And the magnetic dipole moment

1
m, =§% q;(r; — 1) x (v; = vi) (8)
]

If we add the values of all the molecule's fundamental particles, j. rj, v; is the position
and velocity, and q; is the charge of the jth particle in Egs. {5} — {8}. For simplicity,
higher-order electric and magnetic moments are less important and may be ignored. Eq
{8} considers the molecule's orbital magnetic moment since it is a classical equation. The
magnetic dipole moment also incorporates the spins of the fundamental particles. It is
often necessary to compute the real multi-pole moments of individual molecules using

guantum mechanics[61].

The unbound conduction electrons will be the subject of our next analysis. These
particles' associated charge and current densities are regarded as separate entities. The
process involves incorporating (p..) and (.. ). Where (p:.) and (j..) are the
conduction electron charge and current density into the averages of the corresponding
molecular quantities. The overall p=<p, > and J=<j,, >, become zero in a

stationary medium where molecules may be considered to have zero velocity.
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p(5,t) = pp(X,t) = V- P(r, ) + V- (V- Q(r, 1)), (©)

3 d ¢ (10)
J(r,t) =Jp(r,t) + ar (P(r,t) = V-Q(r,t)) + VX M(1, t),

The symbols used in the equation are as follows: pg, Jr, P, M and Q represents the free
charge density, the electric polarization, current density, the magnetization, and
guadrupole moment density. The medium obtained the following five quantities,

representing macroscopic features of the media [61].

pr(r, )& =< Z q(®)8(r —1) > +p.e (T,0), (11)
Jr(r, )& =Jce (r,0), (12)

P(r,t)& =< Z p()6(r—r1) >, (13)

M(r, £)& =< Z m, (5 — 1) >, (14)
A& =< Y G050 —1) > (15)

l

Every molecule in the medium is included in the summation. The first part in Eq. (11)
represents the positively charged ions in a metallic environment, while another term
represents the negatively charged group of conduction electrons. It is crucial to note that

only conduction electrons contribute to Jr, while ions and conduction electrons both
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contribute to the characteristic known as pg,. The ions are distinguished because it is

considered that they are stationary in space.

In most natural materials, the value of Q can be disregarded in Eqs {9} and {10}. This is

Ld

because, in general, the impact of Q on EM interaction effects is typically less than of
electric polarization [62]. Furthermore, it has been observed that at optical frequencies,
the impact of magnetization on p and current density is significantly insignificant when
correlated to the influence of polarization [63]. Various EM processes also need higher-

order moments, such as magnetic quadrupole and electric octupole moments [64].

Equations {1} through {4} will be averaged, and their expressions will be replaced with
those from equations {9} and {10}. Consequently, the macroscopic Maxwell equations

are derived.

€,V -E(r,t) = pp(r,t) = V- P(r,£) + V- (v Q(r, t)) (16)
V-B(r,t)& =0, (17)
_ dB,D) (18)
VX (& = - —
(19)

V x B(r, t)& = uO%(EOE(r, £) + P(rt) — V- Q(r, t)

+ .u'O (]F(r' t) + V X M(I‘, t))

In this context, the symbols E and B represent the macroscopic magnetic and electric

field flux density. Egs {16}-{19} delineate the connections between the macroscopic fields

and the macroscopic sources, denoted as pr , Jr, M, P, and Q. By applying the
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divergence operator to Eq. {19} and utilizing Eq. {16}, the resulting expression

corresponds to the continuity equation.

(20)

dpp (1, t)

dt +V]F(l‘,t)=0

By knowing Jg, one can determine pg.

The variables E, B, P, Q, M, pg, and J in Egs {16} - {19} to exhibit a sinusoidal temporal
fluctuation with an angular frequency w. In this scenario, it is possible to express the
electric field in the following format:

E(r,t) = Re {E(r)e !} o)

Ld

This defines the electric field's complex amplitude, E(r). The complex amplitudes of Q, M
E, B, P, pr, and Jr are defined by analogous equations. In Eqg. {20}, the continuity

equation for time-harmonic fields has the following form.

(22)
lwpp(r) =V - Jp(r)

This principle also applies to the complex amplitudes of p and J. The Maxwell equations
are expressed as stated in reference [65].

V-D(r)& =0
(23)

V-B(r)&=0
(24)
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VX E(r)& = iwB(r)

(25)
Vx H(r)& = —iwD(r),
(26)
Where we've defined the electric displacement's complex value as
(27)
© i
D(r) = E(r) + P(r) — V- Q(r) + Z]F(r)r
The complex amplitude of the magnetic field
1
H(r) = #—OB(r) — M(n). (28)

Typically, the fields do not exhibit harmonic behaviour over time. If the sources J, P, Q,
and M, exhibit a linear relationship with the fields E and B, it is possible to express
these fields as integrals of the real part of Re {E(r)e‘i‘"t}and Re {B(r)e‘i‘"t}) over the
frequency range w. The egs {23} — {26} can be applied to the integrand for each value of

w individually.

Thus far, we have examined EM fields within a molecule medium. The macroscopic
properties of the medium are determined by the microscopic molecular moments and
currents, as described by eqgs {11} — {15}. The microscopic properties, which can be
accurately determined using quantum mechanics QM, exhibit limitations transferred to
the macroscopic properties through averaging. At optical frequencies, it is uncommon to
encounter natural materials with a comparable value of M to P. The limitations can be

effectively addressed through the development and implementation of metamaterials.
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The concept of metamaterials involves the intentional structuring of matter at a
significantly smaller length scale than the expected spatial variations of electric E and
magnetic fields B. This enables applying a secondary spatial averaging process to egs {23}
— {26}. The method of structuring can lead to EM excitation of circulating electric
currents. These currents, when averaged, give rise to an M in the revised macroscopic
Maxwell Egs. The construction of metamaterials that exhibit a M magnetic response at

optical frequencies is crucial to study in metamaterials research.

2.2 An electromagnetic Multipole expansion

The utilization of multipole expansion is the fundamental technique in the examination
of interactions between matter and light. A limited set of numerical values briefly
represents the complete characterization of the radiation emitted by and interaction
with electromagnetic fields of a specific charge-density distribution. The multipole
moments are associated with the source. The set of numbers obtained from this process
is commonly referred to as the multipolar moments. The items are categorized based on
their respective order[66]. The first term, the monopole moment, corresponds to the Oth
order. Subsequently, the second term, the dipole moment, corresponds to the 1st order.
The third term, the quadrupole moment, corresponds to the 2nd order. Lastly, the fourth
term, also referred to as the quadrupole moment, corresponds to the 3rd order. The
phenomenon of increase is commonly referred to as the octupole moment. Following
the limitations of Greek numeral prefixes, it is customary to designate higher-order terms
by appending "-pole" to the pole number. For example, there are 32 poles, also known as
dotriacontapols or triacontadepols, and 64 poles, occasionally referred to as
tetrahexacontapols or hexacontatetrapols. Multipole moments generally encompass a
term involving a power (or reciprocal power) of the distance from the origin and an
angular dependency. The multipole expansion offers a reliable depiction of the potential.
It typically exhibits convergence under two conditions: (1) When the source (e.g., charge)
is concentrated in the region of the origin, and (2) when the point where the potential is

observed is situated at a considerable distance from the origin. Alternatively, option (2)
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involves the scenario where the source is situated considerably from the origin, while the
potential is measured near the origin. The series expansion coefficients are called
external or multipole moments in the initial scenario. Conversely, in the second scenario,

they are denoted as internal multipole moments[67].

Every multipolar moment is intricately linked to its respective multipolar field. The
significance of these moments arises from the fact that they fully describe the emission
of electromagnetic fields by a charge-current distribution and the interaction of external
fields with it. The multipolar decomposition is relevant to scientific disciplines studying
interactions between material systems and electromagnetic fields. The study of
multipole moments of nuclei in particle physics offers valuable insights into the internal
charge distribution within the nucleus. In chemistry, a molecule's dipole and quadrupolar
polarizabilities play a significant role in determining most of its properties. The multipole
expansion is a widely employed technique in electrical engineering to assess the

radiation characteristics of antennas [60] quantitatively.

In modern nano-photonics, multipolar interference is crucial for developing innovative
optical devices, such as metasurfaces exhibiting exceptional functionalities. Nano-
photonics is a field that focuses on the control and manipulation of light at the
nanoscale. The multipole expansion offers valuable insights into various optical
phenomena, including Fano resonances[68], electromagnetically-induced-
transparency([69], directional light emission[70] manipulation and control of spontaneous
emission[71], perfect absorption of light [20], electromagnetic cloaking[72], and the
generation of optical forces (pulling, pushing, and lateral) [73]. An external field causes
the particles to experience displacement or generate conductive currents in each

instance. The induced currents serve as the origin of the scattered field[66].

2.3 Theory

We begin by describing the precise expression of multipole expansion as described in

[74]. Let's start by defining the following situation: a plane wave with the amplitude of an
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electric field |E;,. | = E, at a frequency filluminates an item in free space.r = (x,y, 2) is
a definition of a position vector in a Cartesian coordinate system. J(1) can be calculated
from the E(1) when incoming light excites the object by

J(r) = —iwey(n® — DE(T)
(29)

In the given equation, w represents the angular frequency, &, represents permittivity
(free space), and n represents the refractive indices of the resonator. It is important to
mention that J(r) pertains to the distributions of displacement current in the dielectric
Mie resonators. The multipole moments, specifically the magnetic dipole (m), electric
dipole (p), magnetic quadrupole (Qm), and electric quadrupole (Qe), can be obtained

through derivation.

Pa = ——[f/a]o(kr)d3r + —f (3(r-Nr, Zfa}](zlf )rz) r (29)
055 =~ = [1 BOwa + ) — 200 Doug) S o (30)
+ 2k2 [ {S11p(r - )
(k1) 15
—r2(ralp +7p)a) —T(r ])‘Saﬁ}](gk E ]
Qa/; = 15f {ra(r X])[g + rﬁ(r X])a}](zk( )2) r, (31)
.= gf (r xf)ajl,%d% (32)
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The variables a and [ are represented by x, y, and z, respectively. The variable k denotes
the wavenumber. Please note that jn(p) represents the spherical Bessel function, which

is defined as

Jn(P) =N T/2p]n+1/2(P) (33)

Where Jn(p) is the Bessel function of the first kind, by utilizing the derived multipole

moments mentioned above, we can proceed to compute the total scattering cross

>+

Total scattering cross section can be expressed as the summation of partial scattering

section as described [62].

4 k@m

c

Ctotal —
sca 6mes|Eyl

(34)

m? 1 ~ol2
2 (1o + 2] )+ 55 (IQ"I +

Ae AMm
cross sections originating from various multipoles, denoted as CL.,, CT%,, Ccha, and Ccha
Subsequently, we demonstrate the mathematical expression while employing the long-
wavelength approximation. The derivation of the approximated expression involves
approximating the spherical Bessel functions [75]. The expression of the multipole

moments is given by:

k

1 2
Pa = = ([ Jadr + 15 /LG e = 2%} (35)

m ~ 2 J (X Do 6)
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~ 1
Qap ~ e J{3(1p)a + 1adp) — 2(r - NSap}d®r (37)

kZ
+ ﬁf {4rarﬁ(r - 57‘2(7‘“]/; + r/;]a)+2r2(r -])Sa/;}d3r]

QX =~ [{ra(r x g + r5(r X ) }dr.
g~ [ {ra(r x g +15(r X ))a} 58)

Total scattering cross sections can be derived using the same mathematical expression as

Eq. (34).

The multiple family is completed by the addition of toroidal moments. Since the electric
dipole moment's higher-order term can be interpreted as toroidal dipole moment (T),

Mathematically, it can be expressed as follows.

1
~ 3
Pa = iwf]ad r (39)

1

T, ~ —
¢ 10c¢

f{(r '])ra - 2T2]a}d37'. (40)
The overall scattering cross section that corresponds is:
4

coml = K [z <|p +ikT|? + |ﬁ|2) "
5ca 6mel|Eol c (41)
2
) .

Please note that we have only introduced the concept of a toroidal dipole in this

1 ~ 2 |kQ™
- e -
oz (0 + [

discussion. It is important to mention that a higher-order toroidal moment is also
encompassed within the electric quadrupole moment. Additionally, it is feasible to

consider the higher-order terms of the electric quadrupole moment, treating it as a
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toroidal quadrupole moment. The anapole condition can be deduced from Equation (41)

as p+ikT=0.
2.3.1 Anapole

Subwavelength photonic structures support the interference of electromagnetic modes,
which is a fundamental concept that forms the basis for precisely manipulating light at
the nanoscale in meta-optics. Numerous applications in low-loss nanoscale optical
antennas, meta-surfaces, and meta-devices propel the field of all-dielectric Mie-resonant
nano-photonics. The interaction between the electric and toroidal dipole moments gives
rise to a distinct optical state known as the optical anapole, which exhibits low radiation

characteristics.

Over the past decade, there has been a noticeable increase in the research focus on
investigating different optical phenomena related to toroidal electrodynamics and
Anapoles (see figure 7[69]). This interest is particularly evident in the fields of
metamaterials and nano-photonics. The interest in this topic develops primarily from the
numerous opportunities presented by the multipolar response of subwavelength optical
structures. Thes