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Abstract

This document is a self-standing and complete review whiclombines a series of an-
alytical overviews and recommendations produced by the EQ@A\M CSA project during
its full duration. The results are presented as a coherent xewhich can be used as a
tutorial and reference source primarily for non-speciatis in electromagnetic characteri-
zation of materials. More complete and detailed informatio for specialists can be found
on the ECONAM project web site.
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Chapter 1

Introduction

1.1 Nanostructured electromagnetic materials
and metamaterials

The design and manufacturing of nanostructured materialsds been made possible thanks
to progress made in nanotechnologies, material science aldctrical engineering. With
the help of advanced bottom-up manufacturing techniques, large number of micrometer
scale designs can now being scaled down to nanometer scald terefore completely
new optical materials can be created and investigated. Majty of new nanostructured
materials for electromagnetic applications refers to salted metamaterialswhich exhibit
exceptional properties, de ned by their geometrical nanductures. In the literature
and on the Internet there are many de nitions of metamateris, which usually stress
their unusual electromagnetic properties. Perhaps in the ost generic way, metamaterial
can be de ned as an arrangement of arti cial structural elerants, designed to achieve
advantageous and unusual electromagnetic properties. Tlwencept of material implies
homogeneity, i.e. the distance between elements should beadl enough. If a metama-
terial is a periodical structure, the lattice constants shold be considerably smaller than
the wavelength in the medium. This distinguishes metamatels from so-called photonic
crystals which are discussed below and from so-called fregay-selective surfaces which
are surface analogues of photonic crystals. These are pditostructures whose useful
and unusual electromagnetic properties originate mainlydm their internal periodicity.
In contrast to photonic crystals and frequency selective siaces, metamaterials possess
their properties due to speci ¢ electromagnetic responsé their \arti cial molecules” and
not due to speci c distances between them (the importance Banly the smallness of these
distances). Furthermore, the electromagnetic propertiesf \molecules" are determined
not only by their chemical composition, but their geometrial shape plays an important
and in most cases the decisive role. The chemical compositis usually chosen so that
the response of the inclusion to electromagnetic waves ighi(conductive materials, high
permittivity materials, ferromagnetic materials) and loses are reasonably small. Specic
engineered properties are designed primarily by choosinigetinclusions shape and their
mutual arrangement.

The research and engineering tools needed to create metaarals include electro-
magnetic modelling, geometry and property design, manuftacing, and structural and
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electron microscopy characterization at the nanoscale. €hnal and critical stage of de-
sign of new materials for radio, microwave, and optical apiphtions is electromagnetic
characterization that is, measurement of electromagnetic properties of matial samples.

The research and engineering tools needed to create metaarals include electro-
magnetic modelling, geometry and property design, manuftaring, and structural and
electron microscopy characterization at the nanoscale. €hnal and critical stage of de-
sign of new materials for radio, microwave, and optical apightions is electromagnetic
characterization, that is, measurement of electromagnetic properties of matial samples.

This overview is aimed to help the reader to learn more abouhé place of metama-
terials among other nanostructures and especially abouteir electromagnetic character-
ization, which represents a fundamental problem of the mode electromagnetic science.
Electromagnetic properties of nanostructured metamateals are determined by the shape
of the constituent nanoinclusions, by their concentrationby their geometric arrangement
and by the material parameters of their constituents. Due tdhis highly increased com-
plexity the electromagnetic characterization of metamat#ls has become a branch of
science in itself. E ective material parameters are oftenx¢racted from numerically sim-
ulated or experimentally measured re ection and transmissn coe cients. Traditionally,
these e ective parameters are the basic phenomenologicahtarial parameters: permit-
tivity and permeability. In the case of natural materials (and also for composite bulk
media which cannot be referred to metamaterials but behavesa ectively continuous
structures) these parameters usually give a good descrimi of the electromagnetic be-
havior. But metamaterials cannot always be characterizedhithis simple and traditional
way. Many metamaterials need more parameters for their cheterization and, in general,
the physical meaning and practical applicability of materl parameters is to be carefully
examined before these parameters can be used in design ofotes applications.

An introductory text about metamaterials can be found in [1]

1.2 Electromagnetic waves in materials

Electromagnetic elds in materials are governed by the maoscopic Maxwell equations

@; r H= @, Jext: (1.1)

@t @t

In these equationsE and H are the macroscopic electric and magnetic eld®) andB are

the corresponding ux vectors, andJ®! is the external (source) electric current density.

The simplest eld solutions in homogeneous source-free regs are plane waves.

For time-harmonic elds we can replace time derivatives byisiple multiplication and
write, for the time dependence in from exp(t ),

r E=

r E= j!B; r H=j D+J%: (1.2)

A time-harmonic plane wave propagating along the-axis with the wave numberq is
described asA exp(!t  jqz), where A is the wave phasor (complex amplitude) which
can 6efer to any component of the eld vectors;H;D or B, ! is the frequency, and

j = 1. The real time-dependent eld which is physically obsenlde is calculated as

4



E(t;z) = Re[Aexp(!t jgz)]= jAjcos|t qz+arg(A)]: (1.3)

Since the factor expjlt ) is common for all eld vectors, it is usually omitted. The time
dependence explt ) is usually adopted by electrical engineers, while physsts usually
prefer the choice of exp(i't ) (where the imaginary unit is denoted as). Then the
physically observable eld of the plane wave is calculatedsaRe]A exp( i't + igz)]. If
a wave propagates obliquely with respect to the coordinatexa, one presents the plane
wave through the wave vectorq. Then for a point with the radius-vector r one has
Aexp( jg r)inthe \engineering notation" and A exp(iq r) in the \physical notation".

Plane waves which can exist in a given medium in the absencesofurces are called
the medium eigenmodes. The concept of eigenmodes is alsadviar periodical structures
(lattices) as it is explained below. In the general case thete-harmonic wave eld created
by a given set of sources can be presented as a combination lahp waves (eigenmodes).
This combination (which is rarely discrete, more often it iscontinuous) is called the
spatial spectrum. An electromagnetic pulse can be presedt¢hrough time harmonics
as its frequency spectrum. So, in the general case the timarying electromagnetic eld
is the double spectrum comprising both frequency spectrummd the spatial spectrum {
spectrum of eigenmodes.

From the Maxwell equations it follows that a plane electromgnetic wave incident on a
half-space lled with a continuous material partially refracts into it and partially re ects.
The refracted and re ected waves are also plane waves. Thecidence of a plane wave
on a half-space is one of the simplest boundary problems. Thext grade of complexity
for the boundary problem is the case of a plane wave incidenh @ planar layer. In this
case the refracted wave experiences multiple internal reegons in the layer and partially
penetrates behind the layer. The wave behind the layer is ¢adl transmitted wave and
it is also a plane wave as well as all partial waves correspomngl to the inner re ection
events.

1.3 Why do we need e ective material parameters?

The set of macroscopic Maxwell equations (1.2) or (1.1) isdamplete, as there are only
two equations for four eld vectors. Thus, the macroscopiceld equations must be sup-
plemented by constitutive relations which model the electromagnetic properties of the
medium. The only alternative to this macroscopic descriptin is directly solving the
microscopic Maxwell equations, where each and every elestrshould be accounted for
separately. Of course, this is absolutely not realistic inrg practically interesting situa-
tion when we deal withmaterial samples containing huge numbers of molecules (or small
particles, in the case of metamaterials and other nanostruges).

Introduction of e ective electromagnetic parameters of a m@terial is called homoge-
nization. In this approach a heterogeneous structure is replaced by & ectively homo-
geneous one. Any homogenization theory is an approximatiomecause it employs a nite
number of parameters to describe samples with huge numbeifsnoolecules (for arti cial
materials { inclusions). In the case of metamaterials the sponse of these inclusions is
dispersive, i.e., the inclusions respond to a pulse exciia with some time delay. In



terms of e ective parameters for time-harmonic elds, thismeans that the parameters
(permittivity, permeability,. ..) signi cantly depend on the frequency of excitation. Even
if a direct \brute force" solution of the electrodynamic prdlem for an array comprising
a huge number of inclusions would be feasible, this still wislinot give any hint on what
will happen if we change the sample shape, for instance. Tostn a new electromagnetic
material, the researcher should nd the optimal shape and e@mical content of inclusions,
their optimal size and mutual arrangement, the optimal dishince between them, etc. This
means that many realizations of the material should be comgred before the optimal
design is obtained. The homogenization allows one to avoible exact simulation of each
realization, each size and each shape of material samples.

Homogenization means that material parameters of an artiial material are obtained
and constitutive relations in which these parameters enteare known. Then one can
analytically solve macroscopic Maxwell's equations conghented with these constitutive
relations. This solution for bulk materials is usually don@ssuming the in nite space lled
with the material in the absence of sources. This way one detenes all the eigenwaves
that can exist in the in nite arti cial medium. By enforcing the appropriate boundary
conditions, the amplitudes of these eigenmodes are found # nite-size sample of the
medium. For nanostructured materials in many practically elevant situations samples are
parallel-plate layers. If a nanostructured layer can be caidered as a layer of an e ectively
bulk medium, the eld inside it can be expressed as a superptisn of the medium
eigenmodes. The amplitudes of the eigenmodes used to decosgpthe scattered elds
(usually re ected and transmitted plane waves) can be obtaed, and a solution to the
entire electromagnetic problem can be found. However, theproach based on the bulk
material eigenmodes cannot be applied to arti cial \surfae materials" (or sheet$ where
the number of inclusions across the layer is small, which ispecially true for a monolayer
(a single grid of nanoinclusions on a dielectric substrate}or such structures one needs to
introduce special material parameters relevant for an \artcial surface" (which is usually
called metasurfaceif the constitutive elements possess resonant response)owgver, in
any case the knowledge of material parameters is an obviougequisite for solving the
electrodynamic boundary problem as well as for understamdj how the new materials
will perform in various device applications.
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Chapter 2

Complex electromagnetic and optical
materials (metamaterials)

In order to understand the modern approaches to electromaefic characterization of
nanostructured materials, we need to know some basic contepf electromagnetics of
materials, discussed in this chapter.

2.1 E ectively homogeneous bulk materials

2.1.1 Homogeneous and e ectively homogeneous
magneto-dielectric materials

The simplest type of isotropic homogeneous media is the vacn. The constitutive rela-
tions in the vacuum are expressed by the basic linear relatis

D(r;t) = "oE(r;t); B(nt)= oH(nt); (2.1)

where the universal physical constant§, = 8:8541878210 > F/mand o =4 10’
H/m are called the free space permittivity and permeability respectively.

Vast majority of natural substances are electrically neutil at the macroscopic level.
Even at the scale of one nanometer the electric charges in theare not separated. Only
permanent magnets and electrets are known as exceptions. dvlascopic electrical neutral-
ity of materials is the consequence of an internal equilinm in collective interactions of
microscopic charges. In good insulators, positive and neiya charges in atoms are tightly
tied together and immense external energy is necessary toebk the bonds. However,
when the electromagnetic wave impinges on the sample, extal electric and magnetic
elds cause oscillatory displacements of charges from thairiginal positions. E ects of
local separation of positive and negative charges in the exhal electric eld manifests
itself in form of induced electricdipoles and it is called polarization.

Several di erent mechanisms are responsible for polarizah phenomena, e.g. electron
displacement (dominant in non-polar solid media), polar mecule reorientation, ionization
(dominant in plasma), etc. Similar e ects caused by magnaeti eld are called magnetiza-
tion (magnetic polarization). Presence of dielectric or ngnetic materials alters the ux
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densitiesD and B due to electricP and magneticM polarizations of the medium unit
volume. The constitutive relations of a continuous medium ith electric and magnetic
properties result from the de nitions

D(r;t) = "oE(nt)+ P(r;t); B(nt)= oH(rnt)+ M(rt); (2.2)

where P(r;t) and M (r;t) usually linearly depend on the eldsE(r;t) and H(r;t). In
mayjority of electromagnetically isotropic materials, theelectric and magnetic responses of
the medium can be separated. Then the susceptibilities ofdéhsotropic material exposed
to the time-dependent elds can be represented by the follamg linear relations

Zt Zt
Pnt)="0 e(nt tOFErtYE Mrt)= o  wnt OHEtHA  (2.3)
1 1

where the scalar functions ., are the electric and magnetic susceptibilities.

The time required to develop material reaction to the elecomagnetic eld exposure
varies, and any response from matter may strongly depend onet frequency. For example,
electronic polarization is more sensitive to higher frequeies than ionic polarization, and
in arti cial materials that are made of macroscopic arti cial molecules the response may be
very strong at some frequencies in the radio (especially, enbwave) range or in the optical
range, strongly dependent on the size and shape of the induss. The instantaneous
polarization at time t is expressed as a convolution over the past history and it hasther
complicated form in time domain. On the other hand, since thenduced polarization is
represented by a convolution in the time domain (2.3), its gxession in the frequency
domain is reduced to a simple multiplication operation:

P! )= o~(r! )E(r!); M(!t)= omm(n!)H(!); (2.4)

where (! ) are the Fourier transformed kernels ¢, (t). This leads to the material
(constitutive) relation between the electric ux density D and the electric eld strength
E and that the magnetic ux density B and the magnetic eld strengthH at frequency
I in the form:

D="y"(!')E; B= o (rn!)H (2.5)
with "=1+~c,and =1+~,.

In these equationsE and H are the so-called complex amplitudes of theacroscopic
electric and magnetic elds which result from the averagingf the actual (microscopic)
electric and magnetic eld vectors over the unit cell of the raterial. This unit cell for
simple arrays, such as a simple cubic lattice, includes onbne particle forming the ma-

terial, e.g. one atom or molecule (or an \arti cial atom or mdecule" of a metamaterial).
For complex arrays the unit cell can contain many particles.

Material parameters” and in (2.5) are called relative permittivity and relative per-
meability, respectively. They can be functions of not onlyréquency! , but also of spatial
coordinates. However, the latter dependence exists only inhomogeneous materials
with spatially variable macroscopic electromagnetic pragrties. In homogeneous media
the permittivity and permeability are spatially invariant and, therefore, their coordinate
dependencies can be dropped.



Now let us consider arti cial materials. They operate in theradio, microwave, or
optical frequency ranges, where the host materials (as a eylsome natural dielectrics)
can be with the highest achievable accuracy considered asatomagnetically continuous
media. Incorporating many small inhomogeneities callednclusions" or particles in such
a host material one can obtain arti cial dielectrics whose @rmittivity can be very di erent
from that of the host medium. This is so if the electromagneti properties (permittivity,
conductivity) of inclusions are enough di erent from that d the background medium.
Particles immersed in a homogeneous host material may beamged in periodic or quasi-
periodic lattices, or be randomly dispersed. The responsé such composite medium
to electromagnetic exposure is predominantly determinedylthe particle polarizations
and inter-particle interactions. Thus, the electromagnet properties of arti cial media
fundamentally depend on the electrical dimensions of indions and the lattice periods
as compared with the wavelength of the applied eld. When thgatrticle sizes and inter-
particle distances are small enough compared to the wavedgh, this is the key prerequisite
for the possibility of homogenization, i.e. of the represéation of the arti cial medium
as an e ectively continuous one (this is the case of \electrosagnetic materials").

Most often optically small inclusions behave in the applie@lectromagnetic eld as
electric dipoles whose amplitude is proportional to the apied eld. If the dipole moment
of inclusions in the frequency range of our interest does nexperience a resonance and the
distances between inclusions are electrically small, thepnittivity of the whole composite
can be calculated using statienixing rules In the simplest case when the concentration
of inclusions is small or the contrast is not high, this e edve permittivity is just the
averaged value, in which the permittivities of the matrix (fost medium) and of particles
enter with appropriate weight coe cients, determined by the volume fraction ratio of
the inclusions in the composite. Strongly dispersive andsenant dielectric properties of
nanostructured materials appear mainly due to non-triviale.g., negative) permittivity of
the material from which the inclusions are made. The shape dmrrangement of inclusions
can strongly in uence to the resulting”.

Inclusions can be also made of a natural magnetic, then thermposite can possess
natural magnetic properties. Magnetic properties of mateals are described usually by
permeability . Most of the current research in metamaterials mainly conces with the
design of magnetic properties using non-magnetic constitve materials (so-called \arti-
cial magnetism™). This is because nanostructured materis exhibit their useful electro-
magnetic properties mainly in the optical range where the naral magnetism vanishes,
and magnetic response due to complex inclusion shape is th@dyopossibility to realize
magnetic properties. This phenomenon of arti cial magnesm is a special case of the
so-calledweak spatial dispersionand it can exist only if the inclusion size is not negligible
as compared with the wavelength. In this case one can think abt magnetic materials
consisting of arti cial molecules rather than of arti cial atoms, usually arrays of complex-
shaped inclusions (such as split metal rings) where circtilag conduction or polarization
currents are induced in every inclusion by external electnmagnetic eld. Alternatively,
arti cial magnetic molecules can be formed by several strgty interacting particles. Still
another approach to realizing arti cial magnetism is the ue of high permittivity small
dielectric spheres embedded in a homogeneous dielectrictiixa Due to magnetic Mie
resonance mode, a small dielectric sphere under the conalitiof a high optical contrast
can scatter the incident wave as if it were a magnetic dipoleatterer.
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In the literature, one can also nd a number of attempts to exfoit uniform magnetic
resonances in nanoinclusions of natural magnetic matesale.g. ferromagnets and an-
tiferromagnets. These nanostructures operate in the radibequency range, since in the
optical range natural magnetics lose their magnetic propees. In all these cases magnetic
materials have a non-trivial permeability, which is dispesive, i.e., strongly depends on
the frequency.

2.1.2 Conducting, diamagnetic and paramagnetic materials

In contrast to dielectrics where tightly bound charges expence only displacement in the
applied eld, in good conductors such as copper or silver, ¢ihe are conduction electrons
that are free to drift in the material. Therefore, external ¢ectric eld causes directed
motion of free electrons along the eld, i.e., electric cuent. In most of good conductors,
the current density J and electric eld E are related by the Ohm law which in its general
form can be written as

J(; r)y= (1 n)E(Q; r): (2.6)

Here is the electric conductivity of the material expressed in 8mens per meter. Con-
ductivity of a material is an intrinsic property of the material determined by mobility
of free electrons. The motion of individual conduction eléons is exceedingly complex
and is de ned by the material microstructure. Conductivity may be anisotropic, i.e., de-
pendent on the current direction. In semiconductors, it is sually a non-linear function
of E. The conduction electron mobility is responsible for conauivity of conductors at
frequencies below 10 GHz. At higher frequencies, the polaation e ects should be taken
into account when one calculates. Real materials are neither perfect conductors nor
insulators, i.e., actual dielectrics have some conducttyiwhilst conductors demonstrate
(at high frequencies) relative permittivity which is di erent from unity. Both these char-
acteristics can be combined by introducingomplex permittivity of the material for time
harmonic electromagnetic eld into a complex permittivity " = "% " %for the time de-
pendence exgft ) or " = "% i" %for the time dependence exp(i't ). In good conductors
"00=" = (1" 4). In many practical situations, it is convenient to use thedealizations of per-
fect conductor ( !'1 ) and perfect (lossless) dielectric (= 0). The criteria of treating
the medium as a perfect conductor or a lossless dielectrieanferred from comparison of
conduction and displacement current magnitudes.

Permeability of most dielectrics and conductors is very cée to unity. However, there
are two types of weakly magnetic materials { diamagnetic wit < 1 and paramagnetic
with > 1. For example, copper is diamagnetic with = 0:999991, whilst aluminium
is paramagnetic with = 1:00002. Natural magnetics such as ferromagnetic materials
have very high permeability at dc (\direct current" at zero frequency), e.g. iron has static
permeability j - = 5000. However, already at 1 GHz, permeability of iron fallpracti-
cally to unity. Permittivity, permeability and conductivi ty of materials vary signi cantly
with the frequency. However, in many practical applicatios they may be considered fre-
guency independent until the operating wavelengths remasnsubstantially greater than
the characteristic scale of the material microstructure onanostructure. If the frequencies
of electromagnetic elds approach the intrinsic resonanseof matter, the characterization
of the medium by its static parameters becomes inadequateegvfor natural materials.
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2.1.3 Anisotropic and bianisotropic media

The main distinctive feature of isotropic media is that the Ectromagnetic response is in-
variant of the propagation direction and polarization of the electromagnetic eld. There-
fore the material parameters for isotropic media can be reded to scalar coe cients (in
simple media, permittivity and permeability). Models of i®tropic homogeneous media
provide valuable insight to the main properties of arti cid electromagnetic materials.
However, many practical materials are not isotropic whileemaining reasonably homoge-
neous. They are called anisotropic materials. For examplmost of known metamaterials
are anisotropic as their internal microstructure or nanosticture has certain lattice-like
arrangements with distinctive axes directions. This impés that the eld orientation with
respect to the internal structure a ects the medium respores Often the linear relations
exist between the four vectors of the electromagnetic eldsind the constitutive relations,
introduced in the previous subsection, should be generai by introducing the medium
parameters in the form of the permittivity and permeability tensors.

Another complication, also related to complex geometry ofamostructures is electro-
magnetic coupling, when electric eld applied to a (naturalor arti cial) molecule excites
not only electric dipole moment, but also magnetic dipole moent. Likewise, magnetic
eld can in the general case excite both magnetic and eleatripolarizations. Materi-
als with magneto-electric coupling are calledbi-isotropic materials if their response is
isotropic or bianisotropic materials if they are anisotropic. In bianisotropic materials the
electric polarization and magnetization can be expressed the following form:

P=Pot+ "0 e(l) E+ 5 o7em(l) H; (2.7)
M= Mo+ o=m(l) H+ "o o me(!) E; (2.8)

where Po; M o are the static electric polarization and magnetization wiih exist in the
absence of external alternating elds, e.qg., in ferroic anchulti-ferroic materials, the di-
mensionless tensorse.(! ) are the electric and magnetic susceptibilities of an anisopic
medium, and the dimensionless tensorg, and e describe the electric polarization of a
bianisotropic medium induced by a magnetic eld or magnetetion caused by an electric
eld. The latter terms describe the linear magneto-electd e ect which is observed in
several oxide materials as well as in arti cial bianisotrojg materials which all refer to the
class of metamaterials.

Although the polarization and magnetization expansions aive can be further ex-
tended with higher-order (multipole) terms, the presentedorm proved to be su cient for
the description of the major phenomena encountered in the seamajority of electromag-
netic materials, both natural and arti cial. The general costitutive relations are repre-
sented as the linear interrelations between the vector etec and magnetic ux densities
and vector electric and magnetic eld strengths. The respé&ge proportionality coe -
cients expressed in the tensor form are usually taken as thetrensic (phenomenological)
material parameters. From relations (2.7), (2.8) and (2.2)ve arrive to the constitutive
relations of bianisotropic media:

D="" E+ " 5o em(!) H;
B= o= H+ P o o=me(!) E: (2.9)
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where®= 1+ —,, ~ = 1+ —,, and it is assumed thatP, = M, = 0. In the case of a
simply anisotropic medium—¢,, = ~me = 0. It can be shown (e.g. [5]) that in the lossless
medium all the components of tensor§ and — are real, whereas ., and —¢, are purely
imaginary.

The four tensors involved in the constitutive relations in ayeneral case of bianisotropic
medium contain in general 36 complex (nine in each tensor amour tensors) numerical
parameters. However, not all these parameters are indepemi due to the reciprocity
conditions (Section 2.5.3) that impose certain conditionen the tensors. Also the lattice
symmetry of the material microstructure may restrict certan interactions and thus signi -
cantly reduce the number of non-zero and distinctive tens@momponents. It is noteworthy
that magneto-electric coupling may exist in isotropic mateals where electric eld causes
the magnetic response and magnetic eld excites the elearpolarization, where both
these e ects are direction independent. Such bi-isotropimaterials are characterized by
four scalar parameters instead of four tensors. Finally, is necessary to remark that most
metamaterials are described by the general bianisotropy ¢bry, but even the use of so
large number of parameters might be insu cient to adequatsl characterize the properties
of many e ectively continuous arti cial materials.

2.1.4 Piezoelectric materials

Piezoelectricity is an electro-mechanical e ect in solid&hen the electric eld is generated
in response to the applied mechanical stress. This phenoroenis associated with dis-
placement of positive and negative charges caused by thetieg¢ strain in certain crystals
(e.g., quartz, tourmaline) and ceramic materials (e.g. Ba®D3, PZT) with the special
crystalline symmetry. The piezoelectric e ect is reversile, i.e., voltage applied to the
material in icts the lattice strain and linear deformations of the crystals. Polarization of
piezoelectric materials is obtained from the coupled el@otmechanical equations relating
stress-strain and stress-charge (direct piezoelectricext). Since the mechanical stresses
and strains themselves are represented by the tensors of &ved rank, their relations with
electric ux density are generally expressed as the tensoof rank 4. Depending on the
crystal class and symmetry of piezoelectric material, thetress-strain and strain-charge
tensors contain only a few non-zero components. Neverthgdethe constitutive relations
for piezoelectrics are much more complicated than for ordiny anisotropic materials be-
cause the mechanical stresses and strains themselves acersé-order tensors, and hence
their relations with electric eld and ux density have to be presented by cross-coupling
third-order tensors.

On thermodynamic grounds, one can expect that for such matats also the opposite
e ect exists, which is indeed the case: the application of agpential di erence in the mate-
rial creates a mechanical distortion. This e ect is often laeled as the direct piezoelectric
e ect.

2.1.5 Magnonic materials

Nanostructured magnetic materials can be characterized asectively continuous media
in the long-wavelength limit. Their e ective parameters ae represented by the Hermi-
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tian permeability tensor and the diagonal tensor of permiitity. Owing to the crystalline
microstructure of the magnetically active materials, boudaries of the crystal domains
and grains create internal magnetic bias which causes reasohprecession of the magnetic
dipoles in applied high-frequency magnetic elds. The pressing magnetic dipoles in the
known ferrimagnetic structures exhibit resonances at GHzdquencies and support spin
waves which manifest themselves in very short waves of nonHorm precession travel-
ling through the ensemble of magnetic dipoles. The theoretl analysis of the periodic
structures containing ferrimagnetic inclusions in dielédc matrix has shown that the re-
sponse of such arti cial media is determined by the uniformefrimagnetic resonances of
the constituent particles and limited to the GHz frequency ange. All the resonant phe-
nomena in such composite materials are described by the Hatian tensor —. In contrast
to anisotropic materials with the symmetric tensor—, the Hermitian tensor represents a
unique notion of gyrotropic medium. The latter feature of mgnetically active composite
materials is of particular importance for enabling non-raprocal propagation of both spin
and bulk electromagnetic waves. Historically, magnetic mostructures (called magnonic
media) have been associated with excitation of slow spin wes/ (called magnons) and
attempts to increase the frequencies where the spin-wavesoaances could be exploited.
However, to bring the spin wave phenomena in nanoscaled artal materials to the THz
and optical ranges, it is necessary to resolve the two pripal problems of (i) the e cient
coupling of electromagnetic elds to non-uniform spin wawe and (ii) high losses of spin
waves at these frequencies.

2.2 E ectively continuous sheets (\metasurfaces")

If we deal with optically very thin nanostructures (usuallyimpressed into some uniform
material layer or located at its surface), the electromagtie properties of the layer can
be formulated in terms of the so-called transition boundargonditions. Consider rst an
optically thin nanostructured layer consisting of a highlyconducting non-magnetic mate-
rial. The conducting layer of optically small thicknesgl illuminated by an electromagnetic
wave can be presented as an in nitesimally thin induced cuent sheet. The surface den-
sity of the electric current in this sheet isJ = E,, where E; is the surface-averaged
tangential component of the total electric eld in the layer (the total eld is the sum
of the incident and re ected ones) and is the sheet material parameter callegurface
susceptibility The electric eld E in the layer can be calculated as the average of electric
elds at the layer surfacesk(d) and E(0): E =[E(d) + E(0)]=2. From the Maxwell equa-
tions it follows that the surface current is equal to the jumpof the tangential magnetic
eld across it. Therefore, the equation for the surface cuent induced in the layer (sheet)
can be described through parameter in the form of a transition boundary condition:

Hi(d) Hi(0)= [Ei(d)+ Ei(0)]=2 (2.10)

This condition relates the electric and magnetic elds take at the two sides of the surface
\material”. It is invariant with respect to the incidence angle. Together with the known
permittivity of the substrate (or that of the host dielectric matrix) (2.10) allows one to
nd the re ection and transmission coe cients for incident plane electromagnetic waves.

In the case of a thin lossy dielectric layer with complex refae permittivity " the
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parameter is related to the bulk permittivity " as = 1" o(* 1)d[6], and relation (2.10)
holds. Similar situation holds in the case when the layer haaso magnetic properties.
However, in this case the electric eld is also discontinusuacross the layer and (2.10)
should be complemented by relation

Ei(d) E«(0)= [Hi(d)+ H(0)]=2 (2.11)

For a non-magnetic layer = 0. For a magnetic one it is related to the bulk permeability
as =1 1)d. For anisotropic magneto-dielectric media parameters and are
tensors, and therefore in the general caseand can be tensors, too.

The description of a natural surface material in terms of sfece material parameters
and is equivalent to its description in terms of bulk material paameters” and

The last ones result in the same solution of any boundary etemmagnetic problem if
the layer nite thickness d is small and it is properly taken into account. However, this
equivalence holds only because for a natural magneto-dihec layer there are very many
atoms across the layer and the material is anyway inherentlyulk. Its representation as
an e ective surface is an additional approximation which snpli es the solution of the
boundary problems.

For nanostructured surface materials, say, for a grid of naparticles located on a
substrate or embedded into a dielectric matrix the presenti@n in terms of the continuous
sheet can be called \surface homogenization". Such strucas were called metasurfaces
or metalms in [1,2]. Bulk material parameters” and cannot be introduced for a
metasurface for a number of reasons. De ciency of the bulk aneter description in this
case can be illustrated considering beam propagation acsdbke layer (oblique incidence).
In a bulk material layer, the phenomenon of the wave refraain is observed, which leads to
a lateral shift of the propagating beam behind the layer. Hogwer, a monolayer of small
scatterers does not refract the incident wave, and no beamifthis possible. Instead,
induced electric dipoles of the metasurface cause a jump dfet magnetic eld given
by equation (2.10), and magnetic dipoles results in a jump dhe electric eld given
by equation (2.11). Thus, nanostructured surface materialcan be electromagnetically
characterized by surface material parameters and (tensorial in the general case) but
cannot be described by bulk material parameters.

2.3 Photonic crystals

During the last few decades much attention has been attraatdgo electrodynamic proper-
ties of periodical structures where permittivity and/or pemeability are periodical func-

tions of the coordinates. Following quantum mechanics sudtructure are referred to

as \photonic crystals" (PC) or \band-gap structures". There is an analogy between
Maxwell's equations for electromagnetic wave propagatioand Schredinger's equation
for electron propagation in a periodic potential. Considea monochromatic electromag-
netic wave of frequency propagating in a medium whose permittivity varies from poin

to point in space, satisfying the periodicity condition”(r) = "(r + a): We can write

"(r)= "a:+ "(r); where the average value of "(r) over the lattice period is zero. The
last term (more exactlyk?® ", wherek is the wave number in the medium of permittivity

"av:) plays the role of the scattering potential in Schredinges equation.
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An electron in a semiconductor crystal (periodic arrangené of atomic potentials)
and a photon in a PC (periodically modulated dielectric or mgneto-dielectric medium)
possess a variety of band gaps, where the propagation is fidden for certain ranges of
wavelengths. Using di erent materials (di erent dielectric constants) and by adjusting
geometrical parameters, the propagation of light can be moed in a controllable manner.

An 10 20 3D

>

Figure 2.1: Left { The coordinate dependence of the local reftion index n (n is the
square root of permittivity "(r)) in photonic crystals shown in the right panel. Right
panel { the schemes of typical 1D, 2D and 3D photonic crystals

Band gaps (BG) appear due to the so-called Bragg re ection. Rle condition of this
re ection is an integer number of half wavelengthes equal tthe the lattice period along
the propagation direction. Within a band gap the light is re ected from the crystal
planes in phase and as a result totally re ects from the suréa of a PC. In an in nite
crystal such a wave cannot propagate, in other words, its wawumber is imaginary and
it should exponentially decay if it is excited by any sourceFor nite-thickness PC the
BG are important if the thickness is larger than the decay diance D. The last one is
related to the BG frequency width !, lattice period a and the operating frequency!
as [3]: gl

D= = (2.12)

For a harmonically varying permittivity "(z) = Acos z = Acos(2z=a) one has [3]:
=1 (2.13)

An important feature of PC is that the propagating eigenwave in them are so-called Bloch
waves. A Bloch wave is a product of the factor describing a gragating plane wave with
wave numberq, i.e. exp( jqz), and a certain function u(r) which is periodic with the

lattice period a. In the case when the wave propagates not along the lattice amlinate

axis, the plane wave is described as expfg r) and u(r) is periodic with a vector period

a(ax;ay;a;). The wave vectorq in periodical media is called the Bloch wave vector.

To understand the properties of PC and their di erence from atural materials it is
convenient to employ the so-called isofrequency surfaces their sections by a coordinate
plane called isofrequency contours). Isofrequency suréacwere introduced in the begin-
ning of the XIX century by Fresnel and have been since that tiewidely used in optics of
anisotropic materials. An isofrequency surface is a locustbe ends of wave vectors (the
Bloch wave vectors in the case of PC) at a xed frequency. Theafrequency surface has a
periodic pattern. In Fig. 2.1 besides a 1D PC (periodical stk) the so-called chess-board
PC are shown as examples of 2D and 3D PC. Isofrequency conwuof a 3D chess-board
PC depicted in Fig. 2.1, right panel, are shown in Fig. 2.2 fathree di erent frequencies.
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Figure 2.2: Typical isofrequency contours for a PC of at theedi erent frequencies above
the rst BG.

Two frequencies refer to the 2nd pass-band (laying above thevest BG), and the third

one refers to the 3rd pass-band (above the 2nd BG). The grouplucity of the eigenwave
is directed along the normal to the isofrequency surface amabints to the direction of the

isofrequency shift with the frequency increase. It is showas a blue arrow in Fig. 2.2.

The PC for which these isofrequencies have been calculatsdyjeometrically isotropic.
For continuous isotropic media all isofrequency contours@obviously circular [4], but the
PC is not a continuous medium. We can see that isofrequencyntours of PC deviate from
circular ones very strongly. This di erence is the manifesttion of the general phenomenon
called strong spatial dispersion. In this situation the digersion of signals in PC is very
di erent from that in continuous media. Other manifestations of strong spatial dispersion
are band gaps (Bragg re ection of waves whose frequencie$dng to band gaps) and the
existence of multiple scattered plane waves.

In PC one observes many other interesting and useful phenonaesuch as all-angle
negative refraction, which leads to the parallel-plate farsing almost without aberrations,
extraordinary dispersion (so-called photonic super-pns is a class of optical components
based on this e ect), modes concentration in cavities, defewaveguiding, surface states,
non-linear e ects such as modi cation of radiation spectraf quantum emitters and many
others. Most of these e ects are tightly related to the strog spatial dispersion in these
structures. Strong spatial dispersion in PC occurs at fregucies above the lower edge of
the rst low-frequency band gap. This frequency is called t lowest Bragg frequency or
frequency of the rst spatial resonance of the lattice. At laver frequencies band-gap struc-
tures behave nearly as continuous media with uniform perntivity "(r) = ",. Therefore
at so low frequencies arti cial lattices are not called PC ath are referred to as arti cial
dielectrics. If their constitutive elements are magneticthey are called composite magnet-
ics. An exception is the class of metamaterials which are ague also lattices operating
at frequencies below the rst spatial resonance. Due to theesonance response of their
inclusions metamaterials cannot be considered as media wbgpermittivity is averaged
over the total volume of the unit cell. This makes their eleecbmagnetic characterization
SO problematic.

E ective material parameters™ and can be formally introduced for PC also at high
frequencies above the rst band gap using de nitions (2.2)rad (2.5). However, as it is
known for media with strong spatial dispersion [4], these nerial parameters (though
they can be used for studying the eigenwaves in the unboundkdtices) become useless
for solving boundary problems. Therefore they cannot be u$s@s characteristic material

17



parameters. There is little physical meaning in these paragters since in the photonic
crystal regime the electric response of the lattice unit deo the propagating electromag-
netic wave cannot be separated from the magnetic responsehelwave interaction with
any unit cell is fully dynamic. Therefore permittivity and permeability of the discrete
medium in formulas (2.5) above the rst band gap of a PC are futions of the wave
vector q.

In the case of two-dimensional structures (\metasurfaces$ee Section 2.2), the analogy
of photonic crystals is the diraction grating, where the sparations between particles
forming a two-dimensional lattice are comparable with the avelength. Also in this case
the description in terms of homogenized sheets of polariza looses its physical meaning.

2.4 Electromagnetic classi cation of nanostructured
materials

The possibilities of combining nanosized inclusions areite and the possibilities for the
realized e ective material behaviour of are vast. From the gint of view of electromagnetic
properties, most interesting are \metamaterials”, genecally de ned as arrangements of
arti cial structural elements, designed to achieve advamtgeous and unusual electromag-
netic properties.

Inspecting di erent types of existing nanostructured mateials (NSM) (and prospective
nanostructured materials which are under discussion in theurrent literature) we can
nd many types of them which satisfy the above de nition of méamaterial (MTM).
To show the place of nanostructured MTM among all nanostrucred materials it is
instructive to introduce a classi cation of NSM. Possible kassi cation is presented in
form of a table and is related to the characterization of liner electromagnetic properties
of NSM. Di erent types of NSM should be described by di erentsets of electromagnetic
parameters. This classi cation takes into account the intenal geometry of NSM and most
important linear electromagnetic properties of constituets and e ective medium formed
by them. The left upper cell has rich content which is detaik in Table 2.1. The most
important criterion of the classi cation is the dimension @ the array of constituents which
forms the nanostructured material. 3D or bulk materials coespond to structures with
a large number of constitutive elements in the array along gndirection. 2D or surface
materials correspond to the case when the arti cial materias a layer including only 1-3
constitutive elements across it. Analogous classi catioman be possibly suggested for
non-electromagnetic MTM.

MTM of the surface type were called metasurfaces in [12, 13j)cameta Ims in pa-
pers [1,2]. Notice that in these papers a consistent method electromagnetic charac-
terization of metasurfaces (meta Ims) comprising one inakion across the layer thickness
was suggested. Linear (directional) structures with nan@=ed inclusions are optical waveg-
uides with nanoinclusions, plasmonic and polaritonic nambains. They are called in this
table metawaveguides, but are not referred to as \materidisince the concept of material
is usually not applied to 1D structures.

The second criterion of the classi cation is the optical s& of the unit cell in the
visible and near-IR frequency range where the known nanogttures usually operate (i.e.
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Table 2.1: Nanostructures classi ed by their linear elecomagnetic properties ¢ is the
e ective wave number in the structure anda is the size of the lattice unit cell.)

Nano- Optically Optically Dense in one direction,
struc- dense sparse in other direction(s)
tures (g < 1 (ga > 1 either sparse or with
(NS) extended inclusions
3D | Bulk MTM with small Photonic crystals, Wire media, multilayer
bulk inclusions, quasi-crystals, plasmonic structures
mate- | bulk NSM without sparse random ( shnets, solid metal-
rials MTM properties composites dielectric nanolayers)
2D, Metasurfaces (meta- | Plasmonic di raction Arti cial nano-
sheet Ims), nanostruc- grids, optical bandgap| structured surfaces
mate- tured sheets with- | and frequency selective with long inclusions
rials | out MTM properties surfaces or slots

1D, Metawaveguides Not yet known Impossible

lines but possible

possess useful and unusual electromagnetic properties)ardie optical size practically
implies jgja > 1. In this range the structure cannot be characterized by lat material
parameters (neither bulk nor surface ones). In the oppositsasejgia 1 the structure
in principle can be characterized by local parameters and mae referred to as MTM.
The same structure at di erent frequencies can be referredtleer to optically dense or to
optically sparse types.

The third criterion is the presence or absence of propertieghich allow us to refer or
not to refer an optically dense material to MTM. Usually thowgh not always these useful
unusual properties are enabled by resonances of inclusions

Let us give some comments on Table 2.1. Nanostructured congtes can be designed
for whatever purpose and not always possess any interestiogunusual electromagnetic
properties. Instead they can possess useful thermal and rnagical properties, for ex-
ample, or they can have specially engineered electric comtivity. The combinations of
these properties are used for example in thermoelectric mlents. Such materials are not
referred to MTM in this table. Optically sparse nanostructues (photonic crystals) are
not referred to MTM since they do not t the concept of e ectively continuous materials.

Optically dense surface nanostructures are, for examplelapmonic island nano Ims
and chemically roughened metal surfaces. The constitueraise metal islands or random
nanocorrugations. They are used mainly in sensing applidahs: molecular clusters and
even separate molecules utilizing the so-called surfagdianced Raman scattering (SERS)
scheme. This scheme is based on the e ect of the local eld earicement in the vicinity
of such a surface. The property of plasmon resonance whichrésponsible for this e ect
is de nitely useful, however, it is rather usual from the eletromagnetics point of view.
Extensive literature has been devoted to such structuresnsie the discovery of SERS in
the 1970s. On random plasmonic surfaces the local eld enlament is the same as
for a single plasmonic nanoparticle and is observed only abits on top of the particle
(or at the edges of a nanoisland). Plasmon resonance in meparticles has been known
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Figure 2.3: Classi cation of bulk nanostructured MTM of smdl inclusions. Optical range
in this diagram by de nition covers infrared, visible and nar ultraviolet ranges.

for a long time. Therefore we do not refer these structures tMTM. However, if the
nanostructured plasmonic surface is regular, it possessasunusual property: the strong
enhancement of the averaged eld in such structures. Suchtiacial surfaces probably re-
fer to metasurfaces. Nanostructured surfaces of verticadligned) metal nanorods grown
on the metal substrate at the plasmon resonance of the rodshemce the eld at the
plane corresponding to the upper edges of the rods [14]. Swsthuctures should be also
referred to metasurfaces. In general, nanostructured metarfaces are self-resonant grids
possessing certain regularity either in the arrangement odsonant elements or in their ori-
entation. Such grids can comprise separate plasmonic s&#rs on a dielectric substrate
or plasmonic corrugations. They also can be performed asidahetal screens of nanome-
ter thickness with slots or holes. For example, metal nanglars with subwavelength slots
support surface plasmon polariton waves whose dispersiandetermined by these slots
(see e.g. in Chapters 25 and 26 of [13]). Another important ample of a metasurface
is a monolayer optical shnet (see e.g. in Chapter 29 of [13])'his monolayer is formed
by a pair of parallel silver or gold periodically slotted naalayers with nanogap between
them. The slots in shnet structures are non-circular and a rather optically large.

Abundant literature is devoted to nanostructured waveguids (metawaveguides in our
classi cation). Their useful and unusual property is the sbwavelength channel for the
guided wave observed in plasmonic nanochains (see e.g. Bl)and nanostructured bers
with plasmonic insertions (see e.g. in [16]). They also carelused for frequency lItering
of optical signals on the nanoscale level (e.g. in [17]).

Multilayer optical shnets and multilayer metal-dielectric nanostructures (see e.g. [18]{
[23]) are important types of MTM. Multilayer optical shnets demonstrate not only the
negative phase shift of the wave across the structure (i.eatkward wave propagation), the
negative group velocity has been observed as well (i.e., twerse direction of the pulse
peak velocity with respect to the energy transport directin). In multilayer nanostructures
of alternating continuous metal and dielectric nanolayersne experimentally demonstrated
the subwavelength optical imaging in the far zone of the optal object (e.g. [24]). Note
that known shnets do not o er subwavelength imaging in the tackward-wave frequency
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range, so none of them can make a Pendry perfect lens. Theseidtures are referred to
MTM in our table since the thickness of their layers is much sailer than the wavelength.
However, they possess strong spatial dispersion for wavesgagating obliquely to the
structure or along it because the constituents are extendehd the tangential periods (in
shnet structures) are electrically large.

For another type of such MTM { wire media { the e ect of spatial dispersion is crucial
for their unusual properties (see e.g. in Chapter 15 of [12]Wire media in the optical
range are optically dense arrays of optically long metal nawires or carbon nanotubes.
Wire media can be grown on a substrate or prepared by embeddinanowires into porous
glass or porous plastic ber matrix. If nanowires are grownra substrate, they can be
optically short and then refer to metasurfaces (see Secti@®). Arrays of aligned nanorods
and nanotubes should be referred to nanowire media if the apal length of cylinders is
enough. Nanostructured wire media are spatially dispergvin the infrared range [24]. In
the visible range optically dense lattices of parallel metananowires become a uniaxial
dielectric medium without strong spatial dispersion [25].

In Fig. 2.3 bulk MTM are classi ed based on their material paameters. Optically
dense nanocomposites can be arti cial dielectric media witunusual permittivity, i.e. "
close to 0 or to ( 1) or very high (" > 10 in the visible range where usual materials
(except some very lossy semiconductors and liquid crystalsave rather low permittivity
(" < 6:::7). Articial magnetic media, possessing negative permedity in the optical
range are also MTM. Not only media with negative deserve to be referred to MTM, me-
dia with O oreven = 2inthe optical range are also MTM. Media with both negative
permittivity and permeability represent the most known type of MTM, however if" =0
and =2 in the visible range such material should be also referrdd magneto-dielectric
MTM. Optically dense nanocomposites with plasmonic inclusns refer to MTM for both
cases of regular and random arrangements. Random nanocosifes possess additional
scattering losses whereas regular plasmonic compositesnidd. Therefore regular plas-
monic composites are more promising for applications. Thean also behave as resonant
multipole media and resonant bianisotriopic media formedyonanopatrticles. In both these
cases the number of material parameters describing such red larger than two. The
di erence between magneto-dielectric nanostructured mé multipole and bianisotropic
media is discussed in Chapter 2 of [12].

The consistent classi cation of nanostructured MTM is helful to avoid the most
dangerous pitfalls in their electromagnetic characterizeon: the inconsistent classi cation
of the material under study. In many publications describig metasurfaces, i.e. MTM
layers with only 1-2 resonant inclusions over the layer thkness, authors of [18]{ [20], [26{
[34] and other similar works treat these metasurfaces as kuimedia. Multipole and
bianisotropic bulk media were described as simple magned@lectrics (characterized by
"and ), for example, in works [35[ [47].
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2.5 Some important concepts of complex-media
electromagnetics and optics

2.5.1 Resonant and non-resonant materials

In some frequency regions the permittivity and permeabilt of materials can exhibit
resonances, where these parameters abruptly vary with theefuency of applied elds.
For resonant structures their permittivity and permeabilty (if the last one is also resonant)
su er large losses within the resonant band. For non-resongstructures permittivity and
permeability change slowly when the frequency is varied, drusually have much smaller
losses. Whilst the name might suggest otherwise, non-resoh composite materials do
have frequencies at which their particles (for composite & { inclusions) are resonant,
but these resonances occur at higher frequencies. Convirsée resonant nanostructures,
non-resonant ones have a broad bandwidth at which their relge permittivity can make
a strong contrast to the free space (signi cantly di erent fom unity). In the optical range
these materials are metals and semiconductors. This broaatinl contrast is their primary
advantage in design of various devices. Their main disadvage is that they have small
dynamic range of material parameters. Provided they do notdve negative permittivity
or very large positive one, simple-shape particles such gsheres or ellipsoids are non-
resonant. In the case of metamaterials, the resonant frequees strongly depend on the
shape and the size of inclusions, in addition to their chenat composition.

2.5.2 Quasi-static limit

In the quasi-static limit the optical size of the medium unitcell is by de nition at least
100 times smaller than the wavelength in the medium. In thisase the phase variation of
the local eld over the unit cell is negligible even for comgix-shaped particles, and the
phenomena of arti cial magnetism and bianisotropy in recipcal media disappear. This
situation corresponds to most natural media in the opticalrequency range (even more so
in the radio frequency range). Arti cial magnetism is neverobserved in natural media,
only bianisotropy is not negligible for some natural mateals in the visible frequency
range (optical chiral materials, like sugar solution in wadr, for example).

For composite materials of non-magnetic inclusions in theugsi-static limit only the
permittivity remains di erent from that of the host medium. If inclusions are magnetic
(for nanostructured materials this corresponds to arraysfamanomagnets), the permeabil-
ity in the quasi-static limit can be di erent from unity. In t he literature one can meet
opinions that the correct electromagnetic characterizadbh of materials in the condensed
form of a few material parameters is possible only in the guastatic limit when the fre-
guency dispersion of the medium response is absent (see FflL1]). Following to these
authors we should have recognized the concept of arti cial agnetism and bianisotropy
as incorrect ones. However, if the medium satis es the lodgl limitations, the basic
theory does not inhibit the electromagnetic characterizadn of the medium in terms of
permittivity, permeability and magnetoelectric couplingtensors. The only fundamental
limitation to the electromagnetic characterization of corposite media in condensed form
is, in our opinion, the locality limitation (see more detaieéd discussion is Section 2.5.5).
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2.5.3 Reciprocity and non-reciprocity

The principle of reciprocity is fundamental for the electrmmagnetic media, and all elec-
tromagnetic materials can be cast in the two categories: fipcocal and non-reciprocal
media. The notion of reciprocity is directly related to the gmmetry with respect to
the time inversion operation. Most natural materials are reiprocal, except for naturally
biased magnetic materials, such as hard ferrites and antifemagnetics, and externally
biased media, e.g. magnetized plasma, voltage biased semductors, etc. In practical
terms, reciprocity means an invariance of the media respansvhen the positions of the
eld source and probe are interchanged. For bianisotropic edium to be reciprocal, its
constitutive parameters must obey the following relationge.qg., [5]):

m=r T=T The= T 0o (2.14)

em

where superscripfl denotes the transpose operation. The tensor(real for lossless media)
is usually called thechirality tensor. From these relations we see that the permittivity and
permeability of reciprocal media are symmetric tensors, wheas the tensors of magneto-
electric cross-coupling are negatively transposed. It isoteworthy that the reciprocity
conditions above reduce the number of the parameters desing bianisotropic medium
from 36 to 21 complex valued quantities.

In the general case of non-reciprocal bianisotropic mediuthe constitutive relations
take the form

D="" E+ 5 5(= j7) H; (2.15)
B= o~ H+ 55+ E: (2.16)

Permittivity and permeability of general non-reciprocal nedia contain antisymmetric
parts: they are Hermitian tensors with complex conjugated ediagonal elements. The
additional magnetoelectric tensor— describes the non-reciprocal eld coupling e ect and
is called Tellegen's tensor The anti-symmetric parts of permittivity and permeability as
well as the Tellegen tensor are non-zero only if there is antesal eld which changes
sign (breaks the symmetry) under the time-reversal operatn. This stimulus can be an
external magnetic bias eld or internal magnetization of tie medium.

All bianisotropic materials can be categorized into 14 class based upon 7 reciprocal
and 7 non-reciprocal components of their material parameatéensors which are related to
the reciprocal or non-reciprocal nature of their constitugts [5].

2.5.4 Spatial dispersion

Spatial dispersion is the name of an e ect based on non-loitglof electromagnetic re-
sponse in materials. It expresses that material polarisatm at a certain point in space
is inuenced by electric elds at neighbouring points. Spatl dispersion is one of the
key notions in the theory of arti cial electromagnetic mateials and the rst order spa-

tial dispersion results in chirality, while the second ordedispersion results in arti cial

magnetism. Following [5], we will next briey describe appraches to e ective mate-
rial parameter modelling of weak spatial dispersion and ebkpn how spatial dispersion
determines chirality and arti cial magnetism in metamateials.

23



To describe a metamaterials with its nanoinclusions, we ngéhe microscopic Maxwell
equations. Finally, we are however only interested in the nseoscopic (material) proper-
ties of the metamaterials. The macroscopic Maxwell equatis (1.2) follow from volume
averaging of the microscopic Maxwell equations, and this eraging can only be done
easily if the material is weakly spatially dispersive. On ti$ route, it is important to dis-
tinguish weak spatial dispersion from strong spatial dispgion. Weak spatial dispersion
is when the polarisation current at a certain point of the medim is in uenced only by
what happens at neighbouring points inside the same unit ¢elf the medium (in practice
inside one particle). Strong spatial dispersion is when phemena at a certain point of
the medium are also in uenced by what happens outside the urgell, that is by (many)
neighboring unit cells. Averaging \smoothes" the current ad charge distributions and
the actual microscopic elds, determined by movements of dividual electrons, are re-
placed by averaged charge and current densities, which areiform over one unit cell of
the structure.

Direct averaging of microscopic eld equations in sourcede regions results in

. 1 : .
r E= jIB; —=r B=j" E+JM™
0

"of E= M. ¢ B=0: (2.17)

Here the eld vectors are the averaged (over a physically sih&lume) microscopic electric
and magnetic elds, andJ™ and ™ are the volume-averaged microscopic current density
and charge density. If we formally de ne induction vectors &

Jind
i ; H= ,'B; (2.18)

the macroscopic Maxwell equations take the familiar form:

D = "oE +

r E= |j!B; r H=j!'D
r D=0; r B=0: (2.19)

Polarization is induced by electric elds in the medium, sori the most general case of non-
local (spatially dispersive) linear reciprocal media we cawrite for the induced current
Jind = J the relation z

Jind(r)= V?(r;r‘) E(r9dve (2.20)

whereV is the sample volume.

In principle, the kernel dyadicK (r;r9 can be measured or theoretically modelled, and
then (2.20) can be used as eonstitutive relation together with H = B= (. Clearly, this
formalism which involves solving a system of integro-di emtial equations is not really
practical. If the spatial dispersion isweak that is, the polarization in a given point
depends only on the values of the electric eld in a near neigburhood, we can simplify
the model replacing the integral relation (2.20) by a relatin which includes only low-order
spatial derivatives of the eld. For isotropic materials, his expansion can be conveniently
written in terms of the di erential operator r :

Jdy=jl [ oE(r)+ r  EM+ r  E@)+ rr E()]: (2.21)
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Here we have kept only the derivatives up to the second ordeBubstituting into (2.18),
we get the constitutive relations in form

D="E+ r E@)+ m EM+ rr E(r); H= ,'B: (2.22)

The induction elds can be re-de ned [5] in order to write these relations in a simpler
form:
D="E | §B+ o E; H= 1B | EE; (2.23)

where

- o .
Comparing with the material relations of chiral media (2.9) we see that the e ect of
reciprocal magneto-electric coupling (chirality) is a notlocal e ect of the rst order,
because the coupling term is proportional to the coe cient in the Taylor expansion
(2.21). Likewise, the arti cial magnetism (permeability di erent from unity) is a non-
local e ect of the second order, de ned by the expansion coeient in (2.21).

When the inclusions forming a composite material as well adé distances between
them are very small (in terms of the wavelength), the spatiatlispersion is negligible,
and the composites behave as \usual materials". If the inhoogeneity scale is of the
order of the wavelength or larger, this is a photonic crystalSection 2.3), and it cannot
be described by e ective material parameters. If we want toealize some unusual and
novel material parameter values, we have to work in the \gragone" between these two
regimes: The inhomogeneities should be not too small, in @dto have pronounced
arti cial magnetism and other interesting metamaterial properties, but also not too large,
in order to allow for e ective medium description. This de nes the limits of the validity
regions of homogeneous models and makes the electromagnehiaracterization di cult.
As just one of the complication examples, note that the secdrorder model (2.23) contains
also the explicit second-order derivative terms, propounal to the coe cient . That
term is usually neglected in models of arti cial magnetic mizrials. In some cases this
is justi ed, but in many situations this leads to non-physi@l behaviour of the \e ective"
permeability [48].

2.5.5 Locality requirements in description of e ectively h omo-
geneous materials

If all the material parameters depend only on the frequencyna possibly on the spatial
coordinates (assuming slow variations without abrupt chages) but are invariant to the
direction into which the applied eld is changing in space (otection of the wave prop-
agation, in the case of plane-wave excitation), one tells &b the medium islocal. In
other words, for local media the susceptibilities entering?2.7) and (2.8) depend only on
the material properties (including the material frequencydispersion) and do not depend
on the position of external sources, provided they create ¢hsame applied eld at the
observation point.

For e ectively continuous media the locality requirementsare ful lled [4], and, on the
other hand, they cannot be ful lled. for band-gap structure. For isotropic magneto-
dielectric media the locality implies (see e.g. in [4]) theystem of following conditions:
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Passivity (for the temporal dependences " it implies Im(") > 0 and Im( ) > 0
simultaneously at all frequencies, foe" the sign of both Im(") and Im( ) should
be negative). The violation of passivity in the energeticd} inactive media (without
any electromagnetic eld sources at frequency) means the violation of the 2nd
law of thermodynamics;

Causality (for media with negligible losses it corresponds the conditions@!" ) =@! >
1 and @! )=@! > 1. This also means that in the frequency regions where
losses are negligibly small, the material parameters obuisly grow versus frequency:

@Re(")) =@! >0 and @Re( )) =@! >0;

These mandatory properties of e ectively continuous medifollow from the indepen-
dence of the material parameters from the wave vectagr (for a given frequency this means
the independence of electromagnetic parameters (EMP) ondlpropagation direction) [4].
For anisotropic reciprocal media similar requirements obtality can be formulated for all
components of tensor material parameters if they are writtein a suitable system of coor-
dinates where these tensors are diagonal. It is more di culbut also possible to formulate
the locality limitations for bianisotropic and non-reciprocal media.

It is worth noticing that the local bianisotropic constitutive relations model not only
local dielectric response, but also e ects of chirality andrti cial magnetism which are
physically non-local e ects [4]. In fact, chirality and art cial magnetism are manifes-
tations of the so-called weak spatial dispersion which alle the condensed description
of some slightly non-local media in terms of local material gzameters by the cost of
introducing two additional material parameters (permeabity and chirality tensors) [5]
(see more in Section 2.5.4). In the framework of the weak spatdispersion models, the
locality requirement assumes that the spatial dispersiorsiso weak that the constituent
particles of the composite medium interact only through thie near elds. The wave inter-
action between particles is not important. Only particles mside a rather optically small
volume around the reference particle e ectively in uenced the local eld acting to the
reference particle. This volume is often called the Lorentgphere, though for many pos-
sible array geometries it is not a spherical region. The camtution of particles beyond
the Lorentz sphere (i.e. located practically in the far zonef the reference particle) is not
so important for the response of the reference particle. Irtheer words, the polarization
response of the medium calculated at a reference point is &®decause it is determined
by the polarization within the Lorentz sphere. This spheres an optically small volume
around the reference point and the phase of the wave over thislume is e ectively uni-
form. This is the meaning of the term locality. It is clear whyfor e ectively discrete
media the locality does not hold. Particles adjacent to theaference one in the e ectively
discrete media are located in its far zone, and the Lorentz lspre cannot be introduced.

It is interesting to note that in the case of the bianisotropyand arti cial magnetism
we cannot neglect the spatial variations of the eld actingd the reference particle. These
e ects appear namely due to the small spatial variation of te local eld. However, the
concept of the Lorentz sphere (over which the phase shift df¢ wave is negligible) is
gualitatively applicable for bianisotropic media and for @i cial magnetics. There is no
contradiction in the model because the bianisotropy and artial magnetism appear only
when optically small particles have a complex internal gecetry, and therefore they feel
even a very small spatial variation of the local eld.
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The two locality requirements are complemented by the reg@wment on absence of
radiation losses in optically dense arrays with uniform caentration of particles [5]. Such
arrays do not scatter the incident wave, they only refract it If particles of the arrays
are lossless, i.e. their material parameters are real, tlgers no dissipation in particles
and no radiation losses in the array. Then the refracted wawmust propagate without
attenuation. This means that the e ective material parameers of lossless materials with
regular internal structure should take real values.
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Chapter 3

State-of-the-art and most promising
analytical and numerical
characterization techniques for
nanostructured metamaterials

3.1 Introduction to electromagnetic characterization

In spite of the fast development of nanoscience and nanoteciogies the problem of the
electromagnetic characterization of nanostructured matels has been only scantly stud-
ied, and methods and techniques of this characterization erbarely developed. There
are several reasons for this. First, a signi cant part of kn@n nanostructures are not
materials in the common meaning of the term. Nanowaveguidesanoantennas, nanocir-
cuits [1, 2] and other nanodevices (logical nanoelementsdanptical memory nanocells,
surface-plasmon lasers called SPASERSs, etc. [3]) are desgichot materials. The theo-
retical electromagnetic characterization of these devisge.g. calculations of the input
impedance and pattern of a nanoantenna) does not face the atheoretical problems.
Their characteristic parameters are unambiguous, and onlyi culty there is their accu-
rate computation. The attention of specialists in the elecbmagnetic characterization is
strongly attracted to nanodevices and not enough attentioms paid to nanomaterials.

As to nanostructured materials, the methods of their chemical and structural char-
acterization are well developed, including techniques ke on electromagnetic (optical)
devices. Chemical characterization of constituents can lone using already classical
methods of optical spectral analysis: Surface-Enhanced iRan Scattering (SERS) and
uorescence and luminescence spectral measurements. Etestatic and magneto-static
properties of some nanostructured materials (e.g. the counctivity of arrays of carbon
nanotubes [4]) are well studied and there are no theoreticptoblems with similar char-
acterization of other nanomaterials. However, when the gbe to characterize theelec-
tromagnetic properties of nanostructured materials, researchers encounter a vebasic
di culty. It is, in principle, more di cult to characterize an arti cial material than a de-
vice because arti cial materials are extended heterogeneostructures comprising a huge
number of interacting constitutive elements. For a signi ant part of nanomaterials it is
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not only unclear how to calculate (and moreover, how to mease) their electromagnetic

characteristic parameters. Even a list of these charactstic parameters has not been
conclusively established at present time. One researchdracacterizes some nanostruc-
tured materials by only dielectric permittivity. Another one claims for the same material
some non-trivial permeability. The third proves that both d them are wrong since these
parameters applied to those materials have no physical meag. The fourth researcher

asserts that within certain bounds they perhaps can charagtize some electromagnetic
properties but it is so only if permittivity and permeability are complemented by some
additional material parameters. ..

Even for a specialist in the electromagnetic theory it is soetimes very di cult to
judge who of them is wrong and who is right. For example, in mgnworks simple cubic
lattices of plasmonic nanospheres are electromagnetigatharacterized by an only scalar
complex parameter { isotropic complex permittivity (e.g. p,6]). Meanwhile, in some other
papers (e.g. [7]) it is noticed that these lattices are photic crystals, their permittivity is
spatially dispersive and therefore cannot be isotropic. Meover, in [8] the same lattices
are characterizes by four tensor material parameters whieire all non-zero and non-trivial
(i.e., 12 scalar parameters in total). This situation in theelectromagnetic characterization
of nanostrucrtured metamaterials complicates the writingf the state-of-the-art overviews
and makes the choice of the best technique very problematiedause these problems are
not fully understood at this time.

3.2 Retrieval of material parameters for bulk nanos-
tructures with non-resonant constitutive elements

This is the simplest case of many natural materials and sometiecial media, and we
discuss this rst. As was mentioned above, the response of stdasotropic bulk media
to an incident plane wave can be described, in the long-wagepgth limit, by a frequency
dependent electrical permittivity, ", and magnetic permeability, . These can be obtained
using the scattering data from a nite slab of such materialconsidering the material as
a homogeneous medium. This approach can be applied for natband composite media,
but fails in two cases. First, it fails when the wavelength b@omes comparable to the
material unit cell size (practically when the unit cell maxmal sizea becomes not optically
small, for example when it exceeds=4. This situation corresponds to the frequencies
close to the rst band gap of the lattice, which in this case sbuld be considered as a
photonic crystal rather than as a composite medium. In our deition, photonic crystals
do not refer to e ectively homogeneous materials and consgntly are not metamaterials.
Second, the standard retrieval procedure fails for MTM at &quencies where the material
IS resonant.

Consider now the frequency ranges in which the composite nealal is not resonant.
For non-resonant and optically denseq < = 4) composite media the standard approach
to electromagnetic characterization can be used. This is dwecause a layer of such a
medium in spite of its heterogeneous internal structure cabe considered as being e ec-
tively continuous between its physical boundaries. Therer@atwo main methods of the ex-
perimental electromagnetic characterization of non-reeant composite media. One is the
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RT-retrieval method, also called the Nicholson-Ross-We{NRW) method, Section 3.3.2.
It is also often used for the theoretical electromagnetic anacterization of nanostructured
materials in numerous works (see discussion below). Anothie the modern ellipsometric
method called VASE which is probably not applicable to theatical characterization of
composite media, however, it is widely used as a powerful expnental method to char-
acterize nanostructured materials (see e.g. in [26]{ [34]More information on this can
be seen in the comprehensive review [9].

3.3 Direct and inverse (retrieval) homogenization ap-
proaches

As already indicated, it is of prime importance to de ne and pgecify the applicability
domain and the physical meaning of every material parameténat is used to character-
ize a structured material. We recall that only the parametes that describe the material
properties in a condensed way consistently and unambigudysan be called characteris-
tic material parameters. The e ective material parametergesult from a homogenization
procedure, however, only adequate homogenization modelsagantee that the e ective
material parameters t the concept of the electromagneticlwaracterization, i.e., give an
accurate and practically useful condensed description di¢ material response to electro-
magnetic waves.

There are two main approaches to the homogenization of bul&ttice structures. One
approach can be called direct homogenization. It is a thedieal approach. It starts
from the known polarizabilities of individual particles aml goes through averaging of
microscopic elds and microscopic (local) polarization ah magnetization. The result
of the averaging in the sense of the averaging of Maxwell edioas is a set of material
equations (2.5) (or, in the general case, (2.15) and (2.16)here the EMP are expressed
through individual polarizabilities of particles. The rehtions expressing EMP through
polarizabilities of individual particles and other parameers of the original heterogeneous
structure are the main results of this direct approach. Hower, to assess whether these
EMP are representative of the characteristic parameterst is necessary to analyze the
properties of waves with di erent polarizations of the eletic eld vector, propagating at
di erent directions in the lattice.

At rst, the same set of EMP should describe eigenwaves progating in di erent di-
rections with respect to the lattice axes. However, this igif not enough { applicability
of these EMP to the boundary problems (at least the interfacproblem for layers) should
also be checked. If the same set of EMP is also suitable for dasing the wave re ec-
tion and transmission at the interface at di erent angles ofncidence, then we can nally
conclude that this set of EMP is really adequate and these EMPan be called electro-
magnetic characteristic parameters of the medium. All thesissues have been addressed
in the classical homogenization model of natural crystalsesteloped in 1910s-1950s by P.
Ewald, S. Oseen, M. Born, D. Sivukhin and others. This modekfers to the case when
the optical size of the unit cell is very smaljgja < 0:01 whereq is wave number anda is
the lattice constant.

For composite media, especially for MTM which normally opate in the range 001 <
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ga < 1 a similar thorough theory has not been developed yet. Monegr, many researchers
working with MTM (especially, with nanostructured MTM) prefer the inverse approach
suggested in 2002 in works [10,11]. This approach can be @dlheuristic homogenization.
In this approach the sample formed by an array of arti cial paticles in the dielectric ma-
trix is heuristically replaced by a body of the same shape déid with an isotropic uniform
continuous magneto-dielectric medium with unknowrn' and to be determined. The
latter two complex quantities are retrieved from measurenme or from accurate numer-
ical simulation of two scattering parameters of the body at &peci ¢ angle of the wave
incidence and wave polarization type (re ection and transmgsion coe cients). Then it is
assumed that the sample composed of the actual MTM will havdl &cattering character-
istics identical to those of the e ective continuous magnetdielectric medium with such
"and as were found for the speci c case of a particular plane-wavecidence.

Is this approach justied? Any model, even crude, is justi @ if it is predictive and
works in the design of devices. However, the authors of thegzent report do not know
any work, which would prove that" and retrieved in this way for any nanostructured
MTM are applicable to all angles of the wave incidence and fdyoth polarizations of
exciting waves. On the contrary, from the available literatire (see the review in [9]) one
can infer that these quantities are in general apparently ggicable only to the same case
of the wave incidence in which they were retrieved. Thereferthey do not t the concept
of the electromagnetic characterization.

This heuristic homogenization was however often claimedatessful [9], and this claim
has some reasonable grounds. Indeed, works based upon tleeeshentioned parameter
retrieval often refer to a special class of MTM samples, coraped of nite-thickness or-
thorhombic lattices of small resonant scatterers. These aterers are not bianisotropic
and at most frequencies (beyond the ranges of quadrupole awitier multipole resonances)
they can be adequately modelled by electric and magnetic mbidipoles. The nite thick-
ness lattice forms a layer (in nite in a plane and nite in the normal direction) with an
integer numberN of unit cells across it. Its scattering parameters are comgpt valued re-
ection R and transmissionT coe cients. The retrieval of EMP from R and T coe cients
of a layer of a continuous magneto-dielectric medium is théemdard method (called NRW
method), which is discussed in Section 3.3.2. In many papetsvas found that EMP re-
trieved for this class of MTM by the NRW method do not depend o\, i.e. they remain
unchanged for any layer thickness if divisible by the lattie periodd = Na. One may
conclude that these EMP are representative of the internalrpperties of the layer because
they are independent of the layer thickness, and they characize the material inside the
layer. Formally, this is the case. For a special class of MTiVhe parameters” and
retrieved by the NRW method do indeed comply with the de niton of EMP. This class
of lattices was called in [12] the Bloch lattices. This namesirelated to the possibility to
easily introduce the so-called Bloch impedance for thesdtlees. However, even for Bloch
lattices these retrieved material parameters unfortunatg do not t the concept of the
characteristic material parameters, because the localitimitations are violated for them.
This is a clear indication, that the retrieved” and do not fully t the characterization
concept. The non-local parameters obtained for the case dfet normal wave incidence
cannot be applied to other excitation cases. Even in the casé normal incidence they
become inapplicable, if the same MTM layer is mounted on dirent substrates.

As it is evident now, the locality violation in the retrieved parameters was an indi-
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cation, that the heuristic homogenization was awed, and tk prime attention should be
paid to alternative (direct and inverse) homogenization maels. However, this problem
was not duly understood before 2006. The absence of localitythe retrieved parameters
of Bloch lattices was interpreted in the numerous papers assgyn of strong spatial disper-
sion. Meanwhile these media as a rule behave as e ectivelyndauous ones. Locality of
the medium response can be easily checked through the fregeye dependence of the re-
trieved refractive indexn and wave impedanc& . The two locality limitations formulated
above for permittivity and permeability can be also formuléed for n and Z. Causality
requires growth of the refractive indexn with the frequency in the low-loss frequency
regions (where the imaginary part o is negligible). This is called the Foster theorem
(e.g., [13]). Additionally, passivity requires the sign othe imaginary part of n and of the
real part of Z to be consistent with lossy medium, i.e. positive for the optal selection
for the time dependence exp(i't ) and negative for the engineer selection exp( ).

Inspecting many papers devoted to Bloch lattices of smallgarate (non-bianisotropic)
scatterers, it was observed that within the frequency regmjgia < 1 locality is satis ed
for n and Z and therefore strong spatial dispersion does not occur [2,14,15]. Therefore,
the non-local material parameters are retrieved becauseglsimplistic inverse homogeniza-
tion model [10, 11] fails. It was shown in [9,12, 14, 15] thahé failure happens because
Maxwell's boundary conditions which are implied by this modl can be insu cient for
macroscopic elds. Maxwell's boundary conditions are eqtians of continuity for tan-
gential components of eldsE and H at interfaces of two di erent materials. For truly
continuous media there is no di erence between microscopamd macroscopic elds and
these conditions are obviously satis ed. If the medium is fmed by strongly disper-
sive (resonant) particles, these conditions are satis ednty for microscopic elds. For
macroscopic ones it is not necessarily the case.

It is therefore clear that new, more advanced, inverse homegzation models for
MTM are needed. Unfortunately, progress in the theoreticdhomogenization of MTM up
to 2009-2010 has been very modest. Only a few works are knowuhjch link microscopic
theoretical models of nanostructured MTM with a possibiliy of experimental electromag-
netic characterization. As already noticed, in order to ndcharacteristic parameters of an
arti cial material, its theoretical model has to explicitly include boundary conditions. As
a result, it should establish the relationships between matial parameters and scattering
parameters, which can be experimentally measured, e.B.and T coe cients of a layer.
When measured in the far- eld zone, these two coe cients cdain only macroscopic (av-
eraged) information about the structure properties. The atribution of evanescent waves
which contains microscopic information cannot be uniquelgxtracted from the far eld,
i.e., from the re ected and transmitted waves. Only for a spaal class of MTM { for
the Bloch lattices { such incomplete information can be su ¢ent for their characteriza-
tion [16]. However, it is not yet fully clear if it is really the case even for these lattices,
since the study of their electromagnetic properties for oigjue incidence of waves has not
yet been done.

36



3.3.1 Are the retrieved e ective material parameters of nan 0S-
tructured materials representative of their characterist iC
parameters?

This is the fundamental question which should always be caddsred in the process of
experimental electromagnetic characterization of nanasictured materials (the last step

of the scheme described in Section 4.3). The retrieval of neaital parameters of an e ec-

tive homogeneous medium evidently implies that we replacéé original heterogeneous
structure by an equivalent homogeneous medium. In what senthis equivalence can be
understood? It is clear that the homogeneous model shoulditate the electromagnetic

properties of the original inhomogeneous material. But itsialso clear that all electromag-
netic properties cannot be imitated since the homogenizat is always an approximation.

So, which properties are important to imitate?

For samples which can have dierent shapes this is the equiemce of the overall
scattering properties which is described in the electromagtic theory by the so-called
scattering matrices. Two bodies of the same shape (one of athis made of the original
inhomogeneous structure and the other one of the correspamgl homogenized material)
should have practically identical scattering matrices. Hdunately, most nanostructured
materials are prepared as layered structures and we can cioles them as layers of nite
thickness, whereas in the interface plane they are practitain nite. Then the equivalence
of scattering matrices reduces to the equivalence of re egh and transmission coe cients
for plane waves. However, the crucial moment is that this equalence should hold for any
incidence angle, since homogenous material is charactedzy material parameters which
are invariant with respect to the incident wave propagatiordirection. Moreover, material
parameters of continuous media such dsand obey the basic physical limitations of
locality as explained in Section 2.5.5. If the retrieved ed&ive material parameters turn
out to be di erent for di erent angles of the wave incidence oif they violate fundamental
physical limitations, then this homogeneous material modie€annot be equivalent to the
structure under study.

The retrieved e ective material parameters can be obtainedvrongly due to several
reasons. First, the structure can be spatially dispersivanithe frequency range where
the retrieval of material parameters is done. Many metamatls behave as spatially
dispersive (e ectively discrete) structures within some arrow frequency interval(s) laying
inside the resonance band of inclusions but outside this @ke) narrow sub-band(s) they
behave as continuous media. Then outside these regions ipisssible to properly retrieve
the e ective material parameters which characterize the nodum, but within them it is
impossible and the retrieved parameters have no physical ameng. Another reason can
be a wrong retrieval model. First, the researcher can try toharacterize an anisotropic
medium by scalar" and . Since the scattering by anisotropic layers obeys di erent
laws than the scattering by isotropic layers, this approachklelivers wrong scalar material
parameters. Third, if the retrieval procedure which is val only for natural materials
or for composites of non-resonant constitutive elements &pplied to arrays of resonant
elements, it also delivers wrong material parameters. Thigtuation is most di cult and
it is discussed below in more detail.

Usually one retrieves e ective material parameters for ongngle of incidence and hopes
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that they are applicable to other angles. However, these heg are not always grounded for
MTM. Below we present a typical list of indications that the gplied retrieval procedures
for nanostructured MTM are not adequate for particular strictures or frequency ranges:

Retrieved parameters depend on the sample size and on thersunding environ-
ment (e.g. [26]);

Retrieved parameters have non-zero imaginary parts in thebaence of dissipation
(e.g. [27]);

The sign of the imaginary part of one of retrieved material pameters is opposite
to the sign of the other one (e.g. [28));

The frequency dispersion of retrieved material parametengolates the causality
limitations (e.g. [29]).

In all these cases the retrieved material parameters are nphysical and therefore should
be dierent for di erent incidence angles (see e.g. in [3Q]) Therefore they cannot be
considered as electromagnetic characteristic parameters

3.3.2 The standard RT-retrieval method (NRW method)

The RT-retrieval (also called the S-parameter retrieval)d the most commonly used char-
acterization method for nanostructured materials and metaaterials. The name refers to
the re ection and transmission coe cients for the normal ircidence of the probing plane
wave. This is a quite simple procedure, since the transmisai and re ection of a plane
wave by a homogeneous medium are relatively simple functeof the refractive index,n,
and the wave impedanceZ, of the e ective medium, whose bulk material parameters can
be in their turn found as" = n=Z and = nZ. The NRW method principally operates
by analyzing the transmission and re ection signals for thealculation of the dielectric
and also magnetic properties of bulk layers. Its main advaage is that it can be applied
in a wide frequency range providing a broadband descriptioof the medium dispersive
properties.

Considering the scattering con guration shown in Fig. 3.1where an incident plane
wave of the formEi,. = yoEinc €xp] ('t  kx)] impinges normally on a slab of a homoge-
neous material in vacuum, one can nd the refractive inderx and the wave impedanc&
through measured (or numerically simulated) re ectiorR and transmissionT coe cients
of the slab using inverted Fresnel-Airy formulas:

V
1 R2+T2 g (1+R)? T2,

cost P o ond) = T 2= @ Rz T2

(3.1)

Here the transmission coe cientT refers to the back surface of the slab. There are many
works on the proper choice of the inverse cosine branch forand of the sign of the real
part of Z (which must be positive in passive media). We do not discuskdse details here.

The most important advantage of the NRW method for the theorical electromag-
netic characterization of nanostructured layers is relateto the fact that these layers are
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Figure 3.1: The con guration used in the NRW method for the deermination of e ective
material parameters from re ection and transmission datadr a non-resonant composite
slab. The structure period across the slab is small. The strture can comprise inclusions
which are small in all three dimensions (the upper one). Alteatively, inclusions can be
extended in the plane parallel to the slab boundaries (thewer one). In the last case one
can refer to a partial (conditional) electromagnetic chareterization.

periodic. This allows one to perform exact numerical simul@ns of R and T coe cients
using commercially available software. The periodicity ithe plane parallel to the layer
interfaces yields the boundary problem with the plane wavencidence to the so-called cell
problem. Then one can select a unit cell of the structure andseribe to the cell walls
so-called periodic boundary conditions. For a lattice of tlusions which is in nite along
one direction, (as itis in the case of the wire medium, for eragple) the unit cell size can be
chosen arbitrary. The periodical conditions at the walls ad unit cell allow one to consider
only a single unit cell and to calculate the elds only insidet. In the in nite structure
around the selected cell the same elds are periodically regated. Even if the unit cell
contains 10-20 patrticles, such a problem is not challengirigr modern electromagnetic
software. One calculateRR and T, retrieves from themn and Z using (3.1), and nally
nds " and

Let us conclude this subsection by two important comments. fle NRW method
implies the normal propagation of the wave in the material ab. Therefore, the obvious
condition of optical smallness of the structure perioc refers only to the period across
the slab. To consider the medium as e ectively continuous igossible not only if the slab
is formed by optically small inclusions. It can be an array abng inclusions (e.g. wires),
if they are parallel to the slab boundary. This possibility sems to broaden the scope
of applicability for this method. However, it is not that simple. In fact, the retrieved
e ective material parameters can be treated as charactetis parameters only in the case
when the particles are optically small and isotropic. If theinclusions are not small in
the transverse direction, material parameters, retrievetfom the measurements oR and
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T coe cients for the normal incidence, can be applied for corehsed description of the
materials only for this particular excitation. For a slab ofa wire medium or for a structure
of alternating metal and dielectric layers this simple aprach is not applicable. Here the
oblique propagation of waves obeys di erent laws than the mmal propagation. The
interaction of the obliquely propagating wave with such med cannot be considered in
terms of the permittivity which was retrieved for the normalincidence. Moreover, in
the case of the oblique propagation of the wave such media aeatially dispersive and
to relate their e ective material parameters toR and T coe cients so-called additional
boundary conditions are needed. However, if there is a rddla theoretical model of the
structure and a minimal knowledge on its geometrical paraners (e.g. the perioda across
the slab), the NRW retrieval will be not useless. For exampldor a wire medium from the
retrieved permittivity one can nd the so-called plasma frguency which can be further
used for calculating the spatially dispersive material pameters. This case can be referred
as partial or conditional electromagnetic characterizatin.

The second comment refers to the obvious requirement of thésence of resonances
of the whole structure. In fact, the NRW method is inapplicake in the frequency ranges
of the Fabry-Rerot resonances (the thickness resonancefktbe slab) (e.g., [31]). At these
resonances the method, if applied, leads to di culties in exacting the e ective material
parameters even for very simple cases of natural dielectic

3.3.3 Ellipsometry techniques

Ellipsometry is a classical optical measurement technigugsed to experimentally study
thin planar layers [32,33]. Linearly polarized obliquelyncident light beams are used to
probe the electromagnetic properties of layers, as is illugted in Figure 3.2.

Einfallsebene Plane of incidence

Figure 3.2: Basic ellipsomentry con guration: Re ection ¢ two linearly polarized beams,
oblique incidence. Picture from the lecture of K. Hirgerl (tip://school.metamorphose-
vi.org/images/school-2010-12/Hingerl.pdf).

The polarization plane is chosen so that the amplitudes of &electric elds in the inci-
dence plane ES, p-polarization) and the eld in the orthogonal plane E¢, s-polarization)
are equal. Since the re ection coe cients for the two polarzations are di erent for oblique
angles, the re ected beam is elliptically polarized. Moreaer, if the layer is lossy or
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anisotropic, each of the two orthogonal components of the dident beam creates some
cross-polarized re ected waves. The re ection process c#iius be characterized by a set
of co- and cross-polarized re ection coe cients.

Let us denote byr ., the ratios between the electric elds of the incident and reected
waves of the same polarization and bys,.s the ratio of cross-polarized re ected electric
eld to the corresponding incident eld. As it is a serious tehnical challenge to measure
the complex re ection coe cients, the ellipsometry approah goes around this di culty
and measures, instead, the compleatio of the re ection coe cients r,,=rss at di erent
incidence angles. Most modern set-ups can measure also teection amplitudes jrj?
and jrppjz. Generalized ellipsometry measures also the ratiog,=rss, 'ps=fss and so on,
which allows measurements of material losses and anisotyap addition to the real part
of the permittivity. If the sample is transparent, it is possble to measure the same ratios
as well as the amplitudes also for the respective transmigsi coe cients.

Next, using the macroscopic models for the layer under tegbdsically, assuming that
it is an isotropic or anisotropic dielectric), the permittivity and / or the layer thickness can
be derived from the Fresnel formulas [32,33]. This techniguvorks very well for \usual
materials" that indeed behave as layers of bulk, e ectivelycontinuous dielectrics, but it
runs into the same fundamental problems if the structure nels more advance models to
describe its electromagnetic properties.

Among the known modi cations of ellipsometric methods the®-called Variable Angle
Spectroscopic Ellipsometry (VASE) [34, 35] has been recBntecognized as most useful
and highly accurate method of experimental determinationfanaterial parameters (mainly
permittivity) from the data of optical measurements. Meastements are made at several
incidence angles of light which results in an improvement isensitivity and precision
because the received data are taken at a variety of optical falengths. Light is rst
passed through a monochromator to narrow its spectral bandta desired range before
passing through a polarizer. It then strikes the specimen ain oblique angle, re ects onto
a second, sometimes rotating polarizer known as an analyzerd is received by a detector.
The angle of incidence, which is controlled by a computer, gerally varies between 50
and 80 in a rotating analyzer ellipsometer, but this is dependentrmthe sample type [36].

The spectrometer measures the ratio of the and p components for di erent angles
and the existing softwares [37] t the angular dependence tiiese results to the math-
ematically generated model of this angular dependence exfexl for a uniaxial layer of
given thickness. This tting delivers the most suitable valies of both components of the
complex permittivity tensor at a given wavelength. Since tb data is measured over the
entire wavelength range the analysis of the frequency digg®n of the permittivity allows
one to judge on the applicability of the VASE technique to thegiven nanostructure. If
the dispersion turns out to be non-physical, i.e. violatesuhdamental physical limita-
tions (Section 2.5.5), the method is not applicable. For natal Ims it was checked that
the VASE retrieval is very accurate even near the absorptiopeaks where the frequency
dispersion of permittivity can be strong [38]. Therefore ishould be applicable also for
electromagnetic characterization of isotropic and uniaal nanostructured layers beyond
the resonance of its constitutive elements.
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3.4 Electromagnetic characterization of bulk nanos-
tructured metamaterials (resonant constituents
and other complex structures)

3.4.1 Electromagnetic characterization of bulk nanostruc tured
metamaterials: State-of-the-art in 2010

During the last year the situation has dramatically changedA new trend in the literature
devoted to the bulk material parameters of MTM can be easilyaticed if we inspect papers
published in 2010. This trend has the following features:

Scienti ¢ groups which have gained extremely high reputatin over the world by
their theoretical and experimental works (Profs. A. Alu, C.Holloway, Yu. Kivshar,

E. Kuester, F. Lederer, G. Shvets, and others) have suggesteew homogenization
models especially addressed to nanostructured MTM [8, 3K}

In these papers the theoretical models have been linked to gsitble experiments,
in other words, algorithms of possible experimental retri@l of e ective material
parameters have been suggested.

Special attention has been paid to the applicability of the heoretically retrieved
material parameters to other cases of wave propagation. Iriher words, authors
concentrate on those e ective material parameters which osbe called characteristic
parameters, their goal is now the electromagnetic characteation. This is probably
the most important feature of the aforementioned papers.

In some recent papers (e.g. [39]) results which had been goasly obtained in the
eld of electromagnetic characterization of nanostructued MTM have been re-visited
and analytically criticized. It has been shown that in many ases previously retrieved
material parameters of nanostructured MTM with claimed magetic properties are not
applicable for other cases of the wave propagation but onlgrfthe case for which they were
retrieved, and their physical meaning is not clear. Furtherin works by other independent
researchers [40{42, 48] the physical e ect which makes theRW/ method not applicable
to MTM has been also noticed and widely discussed. This e ett a jump of tangential
components of bulk macroscopic elds at the interface of theesonant material. This
jump leads to a signi cant di erence between the surface imgdance of the material and
its wave impedancé.

Some researchers in this situation suggested novel algbnts of the retrieval of CMP
which are not related to the simulation or measurement oR and T coe cients. For
example, methods suggested in refs. [8,42,43] refer to theasurements or simulations
of the elds inside the metamaterial sample. For example, gnwave propagation retrieval
method [42,43] appears to be perfect for the theoretical calation of CMP of MTM, even
chiral ones [43], which require an additional tensor matexi parameter for the description

1The surface impedance and refraction index are retrieved byhe NRW method and used for nding
bulk material parameters.
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of their bulk electromagnetic properties. However, the ptdem appears with the applica-
bility of these CMP to the practical boundary problems sinceéhe properties of the surface
are not taken into account by this method. In fact, the methoddelivers only CMP of an
in nite lattice, similarly to the earlier results in [12,14]. The set of characteristic parame-
ters retrieved in this way is therefore still not complete ad the method in its present form
is hardly appropriate for the experimental characterizabn of nanostructured MTM. A
similar drawback can be noticed if we consider the method sygsted in [8]. This method
also introduces a quite unusual description of any metamatal, even a resonant arti cial
dielectric through additional tensor material parameterswhose physical meaning is not
fully clear. Another important step forward was done by A. Al in [46,47], where an addi-
tional volumetric material parameter is used to remove the an-physical anti-resonances
in retrieved permittivity and permeability. Unfortunatel y, at this stage this approach
does not give a reasonably simple scheme for predicting pesfles of nite-size samples.
Despite some still \missing links", all these recent worksra very important as a clear
indication of the constructive trend in the literature and hopefully these new methods
will be further developed by their authors.

In recent works [44,48] the model of the dynamic homogenizat of the in nite lattice
of electric and magnetic dipoles suggested (to our knowleg)gin work by Simovski [49]
and applied for the theoretical electromagnetic charactemation of MTM in his further
works [12, 14{16] has been strongly developed. Namely, theodel was expanded from
lattices in which the near- eld interaction between adjacet crystal planes is negligible (so-
called Bloch lattices) to lattices in which this interactian is signi cant. In the report [45]
A. Alu suggested a modi cation of the model [49] which allowsne to fully remove the
small deviation of the lattice material parameters from loality. This deviation occurs in
the model [49] in a very narrow frequency range in losslessays near the lower edge of the
resonance band. In works [12,14,15] this e ect was practlbaeliminated by introduction
of small losses. Though recent works [44, 45, 48] do not calesi surface e ects and the
retrieved e ective material parameters are not enough to $e&e boundary problems, they
evidence that the theorists have started to understand themportance of the dynamic
inter-particle interaction for the proper characterizaton of MTM.

In paper [40] the algorithm previously suggested by Simowskhich takes into ac-
count both dynamic interaction e ects and surface e ects ha been improved. Instead
of transition layers (suggested some 100 years ago by Drudedaevisited by Simovski)
the authors suggested their compressed version { sheets @fcéive electric and magnetic
currents which should be introduced at the interfaces of theetamaterial layer. However,
in this paper the authors could not satisfy the locality limtations in their retrieval proce-
dure. A possible reason of this is probably the small thickss of the sample for which the
surface current sheets interact by near elds and their susptibilities become mesoscopic.
Also, in [40] there is no link to the problem of the oblique indence which should show
that the retrieved e ective material parameters are reallyCMP of this metamaterial.

We consider the appearance of all these important contribiains within this recent
short period as a key prerequisite of a real breakthrough irhé electromagnetic charac-
terization of bulk MTM which we expect in the near future.
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3.4.2 Electromagnetic characterization of surface nanost ructured
metamaterials: State-of-the-art in 2010

A progress in this direction is still modest, and, to our knovedge, it is related only to the
study by Simovski and Morits performed in summer of 2010 [30Jsing an example of
a bilayer of plasmonic nanospheres this work generalizedetimethod of electromagnetic
characterization of monolayer magneto-dielectric metagiaces (meta Ims) suggested in
[51,52]. It has been theoretically demonstrated that the sailts of this characterization
method are suitable for predicting scattering parametersfdilayer metasurfaces. Since
the authors considered di erent angles of incidence and theetically demonstrated that
the retrieved material parameters are applicable for all dhem, this is an important step
in the characterization of metasurfaces.

However, an important theoretical problem is not yet resokd. The approach [51,52]
does not allow one to take into account the dielectric subsite. The theory is applicable
only to grids of particles well distanced from all interface Namely, the minimal distance
should be larger than the grid period. Generalization of theapproach to the realistic case
when the particles are located at a dielectric interface isoh an easy task. However, there
is a strong need in such a theory and we expect in the near fuaa breakthrough also in
this area.
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Chapter 4

Overview of the state-of-the-art and
most promising measurement
techniques

4.1 Experimental electromagnetic characterization of
metamaterials

Experimental characterisation of metamaterials is predomantly based upon the mea-
surements of the scattering characteristics of the specimgilluminated by plane electro-
magnetic waves in optical, THz and microwave spectral rangeArti cial nanostructured
materials exhibit strong resonant response to electromagiic frequencies in the optical
part of the electromagnetic spectrum, thus, optical measaments are of prime interest for
this overview. Here we discuss measurement techniques feperimental characterization
of electromagnetic parameters of nanostructured materglmainly in the optical part of
the spectrum.

4.1.1 Introduction

The eld of arti cial and nanostructured electromagnetic materials has seen rapid and
expansive growth in recent years. As the new and emerging reatls advance and be-
come increasingly complex, both the measurement techniguand the material parameter
evaluation procedures also evolve to ensure the physicatheaningful characterisation and
description of the observed phenomena. The integrity and qlity of these measurements
are of utmost importance here, and therefore it is essenti#that the appropriate mea-

surement techniques are employed for evaluating the extdit response and testing the
intrinsic properties of material specimens.

Before directly addressing the metamaterial characteritan issues, it is necessary
to remark that on the notion of the \optical wavelengths". In the literature it is not
strictly de ned, but in the bulk of the literature it is under stood as the frequency region
including infra-red, visible, and ultra-violet frequenags. This corresponds, roughly, to
the range of frequencies from 3 THz to 30 PHz (PetaHertz=1® Hz). In terms of the
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wavelength, this is equivalent to the range from 0.1 mm to 10m. In general, \optical"
refers to electromagnetic radiation that can be in uencedylenses and gratings. At lower
frequencies, approaching the far-infrared (or the \THz rege"), the issues of sample
characterization tend be somewhat di erent from the optichregime. The visible part of
the optical spectrum is between approximately 400 THz (redp 790 THz (blue) or from
390 nm (blue) to 760 nm (red). At frequencies higher than theisible light, the required
inhomogeneity scale becomes too small to be technologigd#asible at present, and there
are no arti cial electromagnetic materials that would fundion at ultra-violet frequencies.

Also it is instructive to briey recall how today's state-of-the-art metamaterials at
optical frequencies look like { as this aspect poses the re@t constraints to the char-
acterization process. The vast majority of metamaterial stictures have been made via
serial, hence time-consuming, lithographic approaches.ge electron-beam lithography,
focused-ion-beam lithography, or direct laser writing). A a result, typical sample foot-
prints are only of the order of 100 100 m?. This limited sample size, with respect to
the source and detector area at shorter wavelength of measarent leads to use of focus-
ing lenses and the unavoidable averaging of the measurengenthis is further discussed
in Section 4.1.5. Rather recent brief [1,2] and comprehewsi[3] reviews of the corre-
sponding magnetic and/or negative-index metamaterials cabe found in the literature.
Examples of notable exceptions are metamaterials made vialbgraphic lithography [4,5]
or nano-imprint techniques [6]. The footprint of the latter specimens is of the order of
square-centimetres. Yet much larger footprints can be reaéd along these lines in the
future, and there are attempts to use some self-assembly he@ues to fabricate metama-
terial structures [7{9].

Furthermore, the vast majority of metamaterials at opticalwavelengths demonstrated
experimentally thus far contain only a single functional lger [1{3], which can contain more
than one physical layer. Notable recent experimental exceépns are a three-functional-
layer negative-index metamaterial at 4- m wavelength [10], a four-functional-layer mag-
netic metamaterial at 37- m wavelength [11], and a ten-functional-layer negative-@tex
metamaterial at 1:8- m wavelength [12]. All of these have a total thickness sigraantly
less than one wavelength of light in free space. Interestingetal-insulator-metal slot
waveguide structures supporting backward waves over manyavelengths of light along the
propagation direction in the waveguide plane have also beeeported [15,49]. However,
their optical characterization is not discussed here as duevaveguides are not classi ed
as \metamaterials". There has recently been a concerted ebto push the magnetic
frequency response of metamaterials deeper into the vighlange of the electromagnetic
spectrum. Previous work has shown that simply scaling thezg@ of metamaterial struc-
tures, such as split ring resonators (SRRs), only continugs decrease the wavelength
of the LC resonance peak up to a certain threshold [50]. Thdéoee continually making
structures smaller in size will not result in the resonanceding shifted further and deeper
into the visible range.

It is important to note that all the actually fabricated opti cal metamaterial structures
published to date are anisotropic, often they are even biadiand bi-anisotropic. These
geometric variations in the metamaterial parameters furter complicate the measurements
and analysis e ectively multiplying the problem by the numker of unique directions in
the metamaterial. Furthermore, essentially all metamateal structures are mechanically
supported by some kind of a dielectric substrate { an aspeahich has to be accounted

50



for in the characterization process as well.

The experimental characterisation of metamaterials is pdominantly based upon the
measurements of the scattering parameters of specimensiiiinated by plane electro-
magnetic waves in optical, THz and microwave spectral range Therefore, the acquired
data are dependant on the angle of incident light and polarion, while most measure-
ments are limited to normal incidence. For measurements agj an oblique incidence, the
specimens would usually comprise multiple functional laye rather than a single layer
structure, which poses numerous fabrication di culties. fr these reasons most experi-
mental works use light at normal incidence.

Additionally, it occasionally is necessary to perform expenents that distinctly mea-
sure the electromagnetic interaction between individualanstituent elements and particles
in the arrays representing the arti cial material. Parameters such as the separation dis-
tance between structures and layout con gurations and geagiries have been shown to
in uence the coupling e ects [51], the importance of which &s been documented in [52].
For these purposes, near eld optical spectroscopy is uslyalsed. Alternatively, a sen-
sitive spatial modulation technique based upon the experiemtal measurements of the
extinction cross-section spectrum has recently been denstrated for SRR dimmers at
near-infrared frequencies.

An EU sponsored publication [16] covers the basic electrograetic theory and fabri-
cation methods involved.

4.1.2 The ideal measurement

The conceptually perfect experiment on a periodic metamatal with regular sub-wavelength
lattice constant can provide measurements of the frequendgpendent complex re ectance
and transmittance coe cients of the sample at all incidenceangles and polarizations of
the impinging ideal monochromatic plane wave. Furthermorethis ideal measurement
should include the (generally elliptical) polarization sate of light scattered by the sam-
ple. Clearly, in linear optics, frequency-domain informabn can equivalently be expressed
in the time-domain, where \complex" translates into amplitde and phase of the wave.
For imperfect or for (intentionally) non-periodic or nonuriform structures, scattering of
light into the entire solid angle may occur because the matet properties vary across the
sample. In the ideal experiment this scattering should be ahacterized completely for all
solid angles.

The raw data acquired in these experiments are subject to filmer post-processing.
However, it is important to emphasise that anything beyondhe speci ¢ measured quan-
tities, e.g., retrieval of whatevere ective optical parameters (refractive index, impedance,
dielectric permittivity, magnetic permeability, bi-anisotropy parameter, etc.), is not a
subject of the experimental optical characterization proadure itself but a subject ofin-
terpretation (!) of the acquired experimental data. This distinct step - wich is interlinked
with the parameter retrieval through the theoretical modet or numerical simulations -
will be brie y discussed in Section 4.2 below. The issues obmlinear metamaterial char-
acterisation, for example those with gain, are beyond the gge of this review.
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4.1.3 Optical measurement techniques

The basic optical measurements (which typically do not prade phase information) can be
performed in many analytical laboratories. However the stadard instruments may need
some modi cations to accommodate samples of small size - iyally with addition of a
microscope optically coupled to the measurement system. @&ltypical setup includes grat-
ing spectrometer, in which a broadband light source illumiates slits and light impinges
onto a grating which selects only a narrow band of light. Fougr Transform Spectrome-
ter (schematically shown in Figure 4.1) and broad-band etlsometers in which polarised
light is incident at an angle to the substrate surface and theubsequent re ected beam's
polarisation state is measured (see Figure 4.2). Some sysgeallow both transmission
and re ection measurements by simple recon guration, ellisometers typically allow the
angle of incidence to be varied. However, most commercialesprometers do not allow
the angle of incidence to be varied.

Fixed mirror
——

Eeam splitter Moving mirror

[Source HCollimator ] H I

Sample
compartment
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Figure 4.1: Schematic diagram of a Fourier-transform speoimeter. The interference
pattern at the detector is obtained by moving the mirror and banging the optical path
length. When a sample is present the interfence pattern, afanction of path di erence, is
modulated by the presence of absorption bands in the sampl€he interference pattern is
then 'Fourier transformed' to give the absorption (or re edion/transmission) as a function
of wave number to give a spectrum [17].
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Figure 4.2: Schematic representation of an elipsometer [18
Similarly, Time Domain Spectroscopy (TSD) in which the phas angle of the measured

guantity is obtained from interference methods are usuallgustom built systems. A
simpli ed schematic of a TDS is shown below in Figure 4.3. Thduminating EM radiation
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is generated by the femtosecond pulses from a Ti Sapphiredagcident on either a crystal
converter or optoelectronic converter to produce for exangw THz radiation. The optical
delay line alters the phase of the beam arriving at the samplé\ detailed introduction is
given in reference [19].
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Figure 4.3: Schematic of Time Domain Spectroscopy set-u®]1

4.1.4 Recent advances in measurement techniques

Although no new fundamental ways for metamaterial measuresnts have been discovered
yet, signi cant progress in S-parameter measurement teclyues, particularly in relation
to the phase measurements across the spectrum from visible microwave region, and
optical eld measurements have been reported recently.

An experimental method for broadband phase measurementsdea upon a white-
light Fourier-transform spectral interferometer was imptmented in [20]. The exper-
imental setup is a Jamin-Lebede interferometer modi ed fo the transmission and
re ection measurements at normal incidence. The measure@ta are used to deter-
mine the dispersion relation of metamaterials at normal indence in terms of the
complex wavenumber that leads to retrieval of an e ective ffeactive index. Using
this approach the refractive index error of the order of 4% ithe real and imaginary
parts can be achieved.

The measurements were performed with a supercontinuum lighource (spectral
bandwidth 0:4 m { 1:7 m). After a collimator and a polarizer, the linear po-
larized light passes a calcite beam displacer, where the beas divided into two

parallel, orthogonally polarized beams with a displacememf 4 mm. These two
beams represent the two arms of the interferometer. In the saguration for the

transmission phase measurements the beams traverse the plarand then pass an
achromatic half-wave plate, which rotates the polarizatio in each beam by 90

The two beams are recombined in the second beam displacer. the beams in
the interferometer arms are orthogonally polarized, the terference between them
can be obtained using another linear polarizer. Finally, # light is collected into a

53



photonic crystal (PhC) single-mode ber and measured with @ optical spectrum
analyzer.

THz-Time Domain Spectroscopy (TDS) normally requires two masurements [21]:
(i) the waveform is measured for the known reference dieleict material, and (ii)
the measurement is made with the test sample. By virtue of reanably clear sepa-
ration in time between the main transmitted pulse and the rd internal re ection,

it is possible to extract only the rst directly transmitted THz pulse. Comparing
the magnitude ratio and phase discrepancy between the teshé reference sam-
ples, the real and imaginary parts of the e ective refractig index of the sample can
be retrieved simultaneously. A detailed retrieval procede enables one to extract
the negative refractive index of low-loss metamaterials bad on THz-TDS mea-
surements [21]. The method provides a direct and simple wap probe the real
part and imaginary part of refractive index of metamaterias. Its validity has been
demonstrated through theoretical simulations on severaipical cases.

At optical frequencies, it is very di cult with the current t echnology to measure
directly the electric and magnetic elds of electromagneti wave in real time as
one cannot measure amplitudes and phases within a single ekngth. Therefore
indirect approaches have been developed to obtain the sgtpro les of the guided

modes in nanostructured materials. For example, the spati@ro les of all modes

have been obtained using spatial Fourier transforms apptieo periodic PhC with

arbitrary combination of propagating and evanescent waveg$3].

Function Lock-In
Generator Amplifier

—
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Figure 4.4: A schematic of the experimental spatial modulain equipment setup [54].

The lateral electromagnetic coupling and the correspondinspatial pro les of res-
onances in SRR dimmers [54] and gold nanoparticles [55] hdween obtained by
measuring the extinction cross section spectrum and opticabsorption. In [54]
the extinction cross-section spectrum of SRR dimers (SRRéigned in various for-
mations) has been measured at near-infrared frequenciesngsa sensitive spatial
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modulation technique. By applying Lorentzian ts to the meaured data the res-
onance frequency, extinction cross-section spectral peakd quality factor were

derived. The approach used for the spectral measurementsaf primary interest

here. A schematic of the spatial modulation setup is shown irigure 4.4. A white

laser beam is passed through a grating monochromator with a@solution of 1nm,
Itering the spectrum, before being spatially Itered by a sngle-mode optical bre.

The output from this bre is then projected onto the sample tobe measured by
both a plano-convex and a convex lens separated by a polarizéhus ensuring lin-

ear polarisation of incident light. A piezoelectric tilt mirror is positioned in front

of the polariser to modulate the lateral position of the Gausan beam so that it
is on the same plane as the sample, which is itself mounted orP&zo stage. An
InGaAs detector directly connected to a lock-in ampli er isused to detect the light
transmitted through the sample.

This is one of the applications of this type of experimental Basurement setup. As
already mentioned, in the earlier study this technique wastilised to measure the
optical absorption of gold nanoparticles, some with a dianer as small as 5 nm [55].

Direct mapping of the electromagnetic near- elds in metantarials has recently been
reported in [56]. Using experimental setup shown in Figure%, the authors measure
the amplitude, phase and polarization of the electric eldfom a metamaterial made
of SRR arrays. Photoconductive antennas emit THz pulses vdhi are optically gated
by a connected mode-locked laser. The resultant beam is th@naged onto the
metamaterials sample, behind which is a silicon-on-sappéidetector chip. Raster
scanning the detector chip, which sits at a distance of 30n from the sample surface,
allows the THz electric near- eld to be spatially resolved.This is made possible by
a 10 m photoconductive gap that lies between H-shaped electrazi¢hat sit on
the surface of the silicon. The SRRs on the sample must be pasied closely to
the detector electrodes for measurements to be taken. A dé&l schematic of the
terahertz near- eld system and a cutaway pro le of the sam@ and detector chip
are shown in Figure 4.5.

It is noteworthy, that this approach has only been applied tcstructures in the low
terahertz range. The SRRs used in this experiment each had yptcal footprint of
500 m by 500 m. Nevertheless it is claimed in [56] that this is a rare expienental
study in a eld dominated by simulation based measurements.

A novel perspective on optical measurement { the probing ofght itself, has been
reported in [57]. The experimental setup intended to visuele the electric and,
more interestingly, the magnetic eld distribution of propagating light is shown in
Figure 4.6. A near- eld aperture probe with a diameter of 23@m is used to raster-
scan the sample SN, waveguide which is connected to linearly polarised lasegtfit
with a wavelength of 1550 nm. The probe is positioned only 2@mabove the sample,
allowing the retrieval of the evanescent eld of the light. he output from the probe
is then connected to a reference beam of light, which is lasdly split by a polarizing
beam splitter for separate detection of electric and magnet elds. For the magnetic
eld to be probed and measured, it must rst be converted to arelectric eld so
that it can be measured by the detector. This is accomplishedaly creating a 40 nm
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Figure 4.5: (a) Experimental equipment con guration contaning a mode-locked laser,
beam splitter, lenses, THz emitter, mirrors and detector ut (b) A cross section of a
sample under investigation and the detector chip [56].

crevice in the tip of the probe for optical bi-anisotropy to e exhibited. Because the
split is far smaller than the wavelengths of the visible sp&a@m, electric eld signals
are suppressed. A similar near- eld study into magnetic rg®nses, this time when
applied to SRRs, has also been conducted in [58].
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Figure 4.6: (a) Schematic of the experimental setup. (b) Soaing electron micrographs
of the two probes used during experimentation - one cylindral with aperture and the
other showing an air gap emanating from the aperture [57].

Despite the fact that such experiments are reliant on intemetation and occasionally
modelling of the data acquired, they can prove useful for fute advances in optical
characterisation. The work detailed in [57] has potentiald be of particular bene t
for characterisation of metamaterials.
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The cited papers discuss various aspects of measurement spaci ¢ hanostructure
or metamaterial. Even though some works are based on simuwgdt experiments,
they provide insight in the directions where nanostructurdabrication and charac-
terisation are progressing.

4.1.5 Instrumental limitations

At optical frequencies, it is still very dicult with the cur rent technology to measure
the electric and magnetic eld components of the electromagtic wave directly versus
real time as one cannot easily measure amplitudes and phasé@gin one wavelength.
The near- eld optical spectroscopy and eld mapping su er fom the electromagnetic
coupling between the samples and the metallic measuring tipf the apparatus. This
implies that the optical response is likely to be distortedg9]. The ability to use far-
eld techniques to optically detect nanostructures is theefore of great importance for
performing measurements unaltered by the in uences of testtures and measurement
instruments.

Therefore the frequency-domain based far- eld techniquegre primarily employed.
Usually, grating spectrometers or Fourier-transform sp&ometers merely deliver the in-
tensity of light versus wavelength or frequency. However llgphase information is lost
here. Using interferometric techniques, phase informatiocan be (partially) recovered.
Commercially available ellipsometers promise to deliveptical constants of thin- Im sam-
ples but in fact measure angle resolved re ectance polarigan data and rely on idealised
models to retrieve the optical constants. Extreme cautionh®uld be exercised at this
point, because the built-in post-processing software enagyked for analyzing (or, more pre-
cisely, interpreting) these data is limited to the models odlielectric materials and layered
structures only. But it is usually inapplicable to deal withmagnetic responses (or negative
refractive indices). Also, analysis of the low symmetry of gtamaterial samples can be
problematic here too.

Due to the small lateral footprint of typical samples limital by the present fabrication
processes, the incident light wave needs to be spot focusattoothe specimen. If the
source illuminates the sample edges and surrounding arebhetmeasurement data will be
contaminated by response of the other materials in the syste Once a lens is introduced,
it concentrates the light from the lens aperture onto the sapie at the expense of averaging
over the half angular width of the sample seen from the lens efure (de ned as the
numerical aperture, NA). This clearly introduces an undesed spread of the incident
wave vector components of light, i.e., the experimental reks are e ectively averaged
over a certain range of incidence angles, obviously leaditggobscured data. The impact
of that averaging process depends on the speci c metamatdrunder study. For example,
it is quite common to image the samples by means of a microseopAs large spectral
bandwidths have to be investigated often, re ective micrasope objectives are mandatory
in order to avoid chromatic aberrations that would otherwis occur for glass-based lenses.
It is well known that such Cassegrain objective lenses es8alty cut out the normal
incidence contribution and average over a cone of incidenargles (e.g., between 15and
30 with respect to the surface normal for a numerical aperturefdNA = 0:5). Again,
the impact of these \artefacts” needs to be evaluated for eaometamaterial structure
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separately. A sample that matches the source and detectoreas and an arrangement
that ensured all the scattered light is collected would cotitute an ideal measurement.

Measuring broadband intensity transmittance and re ectage spectra with incident
circular polarization of light is far from a trivial task. Broadband linear polarisers are
readily available in most spectral ranges and a quarter-wavplate can turn this linear
polarization into circular polarization. However, a usualjuarter-wave plate has obvious
inherent wavelength dependence. At optical and near-infrad frequencies, so-called super-
achromatic quarter-wave plates are commercially availadl At mid-infrared frequencies,
such super-achromatic quarter-wave plates have to be custanade that incurs signi cant
cost. Also, these structures cannot always be easily integed into existing (commercial)
instrumentation setups. At THz and microwave frequenciesto our knowledge, such
super-achromatic quarter-wave plates are presently unalable at all.

4.2 State-of-the-art in experimental characterisation
of metamaterials

All experiments published to date have been far away from thideal conceptual arrange-
ments described in Section 4.1.2. Several di erent technigs are usually adopted for the
experimental characterisation of metamaterials. The tygial approaches are overviewed
here.

4.2.1 Structures with inversion symmetry along the surface nor-
mal

Suppose that the metamaterial structure exhibits inversio symmetry along the surface
normal. In this case, at normal incidence, the re ectance ahtransmittance spectra do
not depend on which side of the sample is illuminated. A quiteommon procedure is
to measure intensity transmittance and/or re ectance speca of a metamaterial slab of
thicknessL for normal incidence of light and for two relevant (i.e., liearly independent)
incident polarizations, either linear or circular. Cleay, these data containing two quan-
tities at each wavelength are insu cient to retrieve uniqudy the optical parameters, e.g.,
the complex refractive index and the complex impedance ofdétequivalent isotopic slab at
each wavelength. Thus, usually, the experimental data ar@mpared with the theoretical
calculations for the designed specimen using additionalfarmation on the geometrical
parameters which are obtained from optical and/or electromicrographs of the metama-
terial samples. If su ciently good agreement between expanent and theory is obtained,
one may apply the theory to compensate for missing experimahphase information.

One way of further analyzing/interpreting the experimenta data is to model a cti-
tious slab of thicknessL (with or without substrate) that has exactly the same complg
re ectance and transmittance spectra as those of the metarsial specimen. This \re-
trieval" procedure (see, e.g., review [3] for discussion &électing the proper branches of
non-unique solutions arising in this process) delivers th&o complex quantities for the
e ective refractive index and impedance, or, equivalent]ythe e ective complex dielec-
tric permittivity and magnetic permeability of the slab. While this procedure is fairly
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well de ned and broadly adopted in many laboratories aroundhe world, one should be
cautious in interpreting these retrieved quantities. Namlg, they do represent the optical
properties of the metamaterial slab with thicknesd. - yet they do not necessarily con-
stitute the \material” properties in the conventional sen®. One might be tempted to
take the knowledge from normal optical materials and transf it to metamaterials. For
example, if one followed the retrieval procedure describebove for a thin Im of silica
(SiO,) of thicknessL, it is clear that the measurements of the same Im but of thickess
2L would give nearly identical material parameters. This is vg often not (!) the case for
metamaterial samples. Generally, (near- eld optical) intractions between di erent func-
tional layers of the metamaterial can alter the e ective \mderial parameters”. Whether
or not this is a signi cant e ect needs to be evaluated for edt metamaterial structure
under investigation { there is simply no universal answer. Wo published experiments at
optical frequencies that have addressed this issue [10,12)d have come to the conclu-
sion that these interaction e ects are not too strong for the conditions (both are several
layers of double shnet negative-index metamaterials). Atsking counter-example is in
ref. [11], where the strong coupling between adjacent lageof split-ring resonators has
tremendously altered the properties of a single layer. Yethe answer to this question
also depends on how strongly the layer proximity in uenceshe structure response. For
example, it is known from (dielectric) photonic crystals tlat, for certain aspects (e.g., slow
group velocities), the slab thickness exceeding even 10@&i&e cells may be insu cient
to reproduce the behaviour predicted by the band structureadculations for the ctitious
in nite \material".

4.2.2 Structures with no centre of inversion along the surfa ce
normal

Figure 4.7: (left) - a metamaterial with the centre of inveren (a multilayer array of plas-
monic nanospheres prepared in nanogrooves) [13]. (righ@ metamaterial with no centre
of inversion (a multilayer array of gammadion-shaped slogserformed in the nano Im of
noble metal [14]. Every nano Im is placed on a dielectric sidirate).

The situation becomes more complex if the metamaterial steture has no centre
of inversion along the propagation direction of light. Sucta metamaterial is shown in

59



Figure 4.7 in contrast to a spatially symmetric metamateria Still restricting ourselves
to normal incidence of light onto the metamaterial slab, thecomplex transmittance and
re ectance spectra are no longer the same for the two oppasitlirections of incidence. In
other words, generally eight di erent quantities have to beneasured at each wavelength
{ provided that the polarization state of the incident light is conserved in both re ectance
and transmittance. Otherwise, the number of independent digal parameters doubles. In
case of reciprocal structures (i.e., no static magnetic ldapplied and there is no natural
magnetic phase), the complex transmittances are strictlydentical for both directions
of propagation, whereas the respective complex re ectarenay di er. This amounts
to six parameters at each wavelength. Again, in the publiskeoptical experiments, not
the full elds but only the corresponding intensities have kben measured. As a result,
the problem of the e ective parameters' retrieval is underdtermined. As discussed in
Section 4.2.1, additional theoretical input is usually uskfor extracting the e ective optical
parameters. One possible approach here is to retrieve theawomplex impedances for
each side of the equivalent slab at opposite directions ofcident waves and a single
complex refractive index. Alternatively, the complex pernttivity and permeability as
well as the bi-anisotropy parameter can be retrieved. Expienentally, this has been done
in the literature only once so far in [20]. Needless to say thdahe meaning of these
guantities is subject of the same constraints as in Section241, i.e., caution has to be
exercised in interpreting these e ective quantities as thenaterial” parameters. They do,
however, have a well de ned physical meaning for the measdrdm of thickness L. A
variant of the latter approach is proposed in [25] to replacthe bi-anisotropy parameter
by a wave-vector dependence of permittivity and/or permedility.

4.2.3 Interferometric experiments

Additional information can be obtained from normal-incid@ce interferometric experi-
ments that { at least partly { recover the missing phase infamation discussed above.
Corresponding publications include Refs. [4,26{28]. Thesdditional inputs provide fur-
ther sensitive tests of the level of agreement between thepeximent and theory. In that
sense, they are very important. However, these additionakgerimental data do not at
all change the conceptual issues of Section 4.2.1.

4.2.4 Oblique incidence

The situation becomes even more complex at oblique incidenof light onto the metama-
terial slab. For usual optical materials, generally all optal quantities become tensors of
rank three. Only very few experiments on metamaterials at ajgal frequencies have ad-
dressed oblique incidence of light [29,30]. These paperséagust reported the measured
transmittance intensity and/or re ectance spectra at di erent inclination and azimuth
angles, but the authors have completely refrained from relag these measurement data
to the e ective \material" parameters. Theoretical aspecs of the respective retrieval
procedures are addressed in the literature, see, e.g., &,
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4.2.5 Chiral metamaterials

Lately, progress has been achieved in manufacturing uniakichiral metamaterials oper-
ating not only at microwave frequencies [33], but also at TH{34] and optical frequen-
cies [35]. Chiral structures are a subclass of bi-anisotiopstructures. In bi-anisotropic
structures, magnetic-dipole moments can be excited by thdeetric- eld component of
the light eld and vice versa. In contrast to the general casef bi-anisotropy, where,
e.g., the magnetic-dipole moments and the exciting eleatrield can include any angle,
in isotropic chiral media they are parallel. In lossless me&dthis leads to a pure rotation
of any incident linear polarization of light, i.e., to optial activity.

Microwave measurements of chirality parameters of naturand arti cial chiral ma-
terials is a well-established technique. An overview can Heund e.g. in [36, Ch. 7].
Transmission-re ection measurements both in free space @nn waveguides have been
used for this purpose. Small samples (compared with the frgpace wavelength) can be
measured also using microwave resonators (perturbationaysis is then used to extract
the e ective parameters). In more recent literature, a detéed theoretical explanation
of how the e ective parameters can be retrieved from measuwralata has explicitly been
given in Ref. [37].

Recently, corresponding optical experiments have been famed for chiral metama-
terial samples. In Refs. [33,34] e ective material paramets have actually been retrieved
from the normal-incidence experimental data, while in Refl35] di erent approach was
employed. A detailed theoretical explanation of how the e &ive parameters can be re-
trieved from measured data has explicitly been given in Refi60]. Notably it was found
that in contrast to the general bi-anisotropic case, re e@nce and absorbance here do
not depend on which side of the sample they are taken under maal incidence. Notice,
that the structure shown in Figure 4.7 is chiral though the satterers (bianisotropic slots
in the nano Im) are planar and as such have no asymmetry alontpe normal direction.
The chirality appears here due to the near- eld interactiorbetween the scatterer and its
dielectric substrate (it vanishes if the substrate thicknss tends to zero).

The results of [33,34] have been discussed in a publicatiomang at a broad general
readership in ref. [38] (also see references cited thereif)n interesting aspect of these
latest results is that, for su ciently strong chirality, a n egative phase velocity of light can
be obtained even if, in principle, the dielectric permittivty and the magnetic permeability
are positive at the same time [39{41].

Provided that phase information is acquired (see above), ¢hmeasurements can be
performed equivalently either with linear or with circular polarization of the incident
light. In Ref. [33], phase-sensitive transmittance and rectance spectra have been taken
with linear polarization of the incident light. In Ref. [34] phase sensitive time-resolved
data have been Fourier transformed. In both cases, data hate be taken for di erent
linear polarizations as three complex parameters (dielet permittivity, magnetic per-
meability, and chirality parameter shall be retrieved). I1fno phase information is obtained
(i.e., only intensity measurements combined with theory)a minimum requirement for
meaningful parameter retrieval is that one checks that thewo incident circular polariza-
tions of light stay circular (with the same handedness) upotransmission. Furthermore,
following the generalized Fresnel coe cients, left-handcircular polarization has to turn
into right-handed circular polarization and vice versa in & ection. In other words, circu-
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lar polarization cross-conversion needs to be small. This equivalent to stating that the
structures must not exhibit additional linear birefringerce. This condition has not been
ful lled in Ref. [35], hence a chirality parameter could notoe (and has not been) correctly
retrieved.

More recent experimental work [42] has attempted to bring th structures of Ref. [33]
(albeit with some modi cations and simpli cations) towards optical frequencies. Here,
circular polarization conversion has been negligible andraaximum di erence of the cir-
cular refractive indices of about 84 has been retrieved [42]. This di erence is twice the
chirality parameter. Both indices, however, have remainepositive throughout the entire
spectral range. Still, such structures are interesting ancklevant as the optical activity
obtained is rather broadband (about 100-nm bandwidth at anend 1360-nm center wave-
length) and many orders of magnitude larger than what is obtaed from, e.g., solutions
containing chiral sugar molecules [42].

4.2.6 On measurements of the e ective refractive index

In order to somewhat justify the use of thee ective refractive index, n, of metamate-
rials made of stacked layers of periodic inclusions, congence of the retrieved value of
n when increasing the number of layers has been studied expeentally in [12]. The
observed convergence rate afproved to be consistent with the ndings of the theoretical
paper [43] based on a similar double- shnet type negativedex photonic metamaterial
design. Ref. [43] reports convergence for four functionayers. However, one should
be aware that these quantities are not the fundamental physal parameters at all. In-
creasing the spacing between adjacent functional layers tfe double- shnet structure
will decrease their coupling (see discussion in Section 42 As a result, convergence
can even be achieved for a single functional layer [44]. Imiag other optical parameters
(e.g., permittivity or permeability) from such refraction experiments [12] again requires
making reference to the dedicated theoretical models of tmeeasured specimens.

An alternative type of the refraction measurements is basedpon the use of prism
made of wedge-shaped metamaterial sample (rather than théalss discussed so far).
The direction of the light wave transmitted through such samles generally changes due
to refraction. Measuring the corresponding light de ectio angles allows the refractive
index to be inferred by applying Snell's law. However, suchbtained refractive index
is generally di er from the refractive index n usually refered to in connection with the
phase velocity of light,c, in material being slower by factorn than the vacuum speed of
light, ¢, i.e., c = co=n. A brief discussion of this aspect can be found, e.g., in R¢#5].
The experiments addressing the change in the direction oféhPoynting vector (energy
ow) have been published [12]. The samples investigated iig] were fabricated via
evaporation of a stack of 21 alternating layers of silver andielectric (corresponding to
10 lattice cells). Next, holes were drilled using focusedr-beam (FIB) lithography to
obtain a stacked shnet type structure. Finally, a wedge whih forms a prism has been
produced, again using FIB lithography. The measured waveigth-dependent changes in
beam direction have been compared with the time-domain sidations in CST Microwave
Studio. The calculations agree regarding the real part of threfractive index, and the
authors have concluded that ten functional layers (latticecells) su ce for the retrieved
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e ective refractive index to be representative of the valudor \bulk" material. However,

the same calculations disagree with the experimental datey/fa factor larger than ve for
the imaginary part of the refractive index, i.e., the maximameasured gure of merit of
about 3 is much smaller than the calculated value of about 20.

Di erent approach to retrieval of the metamaterial parametrs has been presented in
ref. [61]. The high-resolution spectral method based on Rlb-wave symmetry properties
was applied experimentally to extracting mode dispersiomiperiodic waveguides. The
technique is based upon the measurements and mapping of nesd pro les. Both the
travelling and evanescent modes were taken into account, cathe amplitudes of forward
and backward waves in di erent waveguide con gurations wer determined with the esti-
mated uncertainty of several percents or less. Whereas thenamonly employed Spatial
Fourier-Transform (SFT) analysis provides the wavenumberesolution which is limited
by the inverse length of the waveguide, the precise dispesicharacteristic extraction has
been achieved even for compact photonic structures. Whilag¢ measurement concept is
generally applicable to arbitrary frequencies, the expemental results have been presented
only in the microwave range. The examples of periodic dietec waveguide, arti cial
transmission line and overmoded dielectric slab waveguidave illustrated robustness of
the developed approach to retrieval of the dispersion char@ristics by mapping the eld
distributions.

4.3 \Road map" for experimental characterization of
complex electromagnetic materials

Recent advances in electromagnetics of complex materiatsdaechnological developments
have enabled the design and fabrication of numerous new typef micro- and nanostruc-
tured arti cial electromagnetic media. New electromagnet phenomena observed in the
novel inhomogeneous structures lead to new electromagieetiroperties, which could en-
able new industrial applications. These properties may esthd beyond those of natural
materials or even be absolutely new.

To understand the properties of these new materials and eualte the applicability of
the structure to target applications one should rst deternine if a particular structure can
be described by a few parameters characterizimgaterial or the structure demonstrates
so-called mesoscopic properties, i.e. properties that cfyee from sample tosample,
depending on its size, shape, and environment.

This \road map" gives some guidance on how one can experimally determine what
kind of structure we deal with and, if this is indeed a newnaterial, how to assess the elec-
tromagnetic properties of composite material samples. Thiusually means measurement
of e ective material parameters, like permittivity and pemeability tensors (sometimes
also electromagnetic coupling tensor), which de ne the rpsnse of an e ectively contin-
uous material to the excitation by electromagnetic waves.

We assume that the sample of the composite material under chaaterization is shaped
as a planar layer: a slab. The challenge is to determine exprentally if this material is
an arti cial dielectric or arti cial magnetic or bianisotr opic material, or it is a photonic
crystal or something else. If possible, we should retrieves imaterial parameters from
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measurement data.

| Experimental steps

Short explanations

Step 1. Is the sample a piece of

an e ectively homogeneous matet
rial or a (complicated mesoscopic) structure?

Measurement of di use scattering from
the sample shaped as a planar layer. Th
sample is illuminated by a wave bean
with nearly at phase front incident at

a certain angle. The beam width is smal
enough so that the edges of the laye
under characterization are not illumi-
nated. This incident wave beam models
the plane wave incident on the in nitely
extended layer. Amplitude of elds, re-
ected, transmitted and scattered at all
directions, is measured. Measurement
at a given frequency can be repeated fq
several incidence angles. These measu
ments can be done at several frequencie

1 gles of incidence which are of our inter

The aim is to determine the level of dif-
efusion scattering for frequencies and an

est. If we observe that (for a given fre;
quency and incidence angle) nearly a
rre ected energy propagates in the speg
ular direction, according to the usual re-
5 ection law, then we deal with an e ec-
tively homogeneous sample (for this fre|
quency ! and this incidence angle ).
If we observe side lobes or high level ¢
sdi usion scattering, it means that the
rsample is not an e ectively homogeneou
ranaterial, and we deal with a more com
splex system. This can be a diraction
grating or a photonic crystal or what-
ever.

If the level of di usion scattering is smal
Step 2. Are the e ects of spatial

|, we can pass to
dispersion [62] weak or strong?

nf

Measurement of the plane-wave re ec
tion R and transmissionT coe cients of
the sample at the given frequency 1) in
a uniform medium and 2) stacked with &
conventional material sample, for exam
ple, a dielectric layer (which is referred
to as thetest layen. The incident eld is
the same wave beam as in Step 1. Firs
we nd from R and T coe cients the

trix of the test layer separately. Next, we
bring them together, measure the trans
mission matrix of the whole stack and
compare it with the product of the two
previously measured matrices.

transmission matrix [63, 64] of the sam;
ple under test and the transmission mat

- If the sample under characterization

is e ectively homogeneous, the transt

fer matrix of the stack of two layers
(the composite layer and the test layer)
- should be equal to the product of the
transfer matrices of the two slabs. The
exceptions from this rule refer to the cas¢
t,when the presence of the dielectric laye
enhances the manifestation of the struc
ture heterogeneity (for the wave in free
space the structure behaves as an e e
tively continuous, but for the wave in the
dielectric, as a discrete one). Then on
has to take another dielectric layer with
a smaller refraction index.

— D
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If we nd out that the e ective response o

bring the sample close to a test sample (with the known propes), then the
spatial dispersion is weak enough and we can pass to

Step 3. Search for the minimal se

f the sample does nathange when we

t of local constitutive parameters

Study the polarization characteristics of
re ected and transmitted waves at sev-
eral incidence angles, using, for exan
ple, ellipsometry set-ups. Illumination
from both sides is necessary to asse
reciprocity and bi-anisotropy of the sam-

ple.

S

1-chiral, gyrotropic) analyzing the polar-

We determine the type of the material
(isotropic, anisotropic, bianisotropic,

ization ellipses of the re ected and trans-
mitted waves.

Step 4. Retrieval of local constit

utive parameters

Using RT -retrieval (e.g., modern vari-
ants of the NRW technique [65, 66] ang
its extensions) or ellipsometry (note,
however, that ellipsometry methods are
well developed only for non-magneti¢
layers) determine the bulk e ective ma-
terial parameters. For RT-retrieval,

measurements of both amplitude anc
phase of the re ection and transmissior
coe cients are necessary. If the mate
rial under characterization is prepared
on a wafer or another substrate whos
thickness is larger than that of the mate-
rial layer under test, the substrate of the
same thickness should be studied sep
rately in order to measure theS-matrix

of the material layer under test.

(1%}

At this stage the numerical values of con;
stitutive parameters are determined as
functions of the frequency.
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Step 5. Analysis of the retrieved parameters and interpretation of

the results (\sanity check")
Analyse the results. Elaborate methods To analyze whether the obtained set of
of measurement of new (alternative) pat constitutive parameters makes physical
rameters, if that is necessary, and then sense and if these parameters can be in-
make these new measurements. Repeatieed used to describe the material of th
this analysis stage. . . until the results are sample. One should check the followin
satisfactory. key issues:

[{ AN ¢))

A. Energy conservation is not violated
(the imaginary parts of the permit-
tivity or permeability do not change
signs and the real part of the e ec-
tive impedance is positive) [62].

B. Constitutive parameters do not de-
pend on the thickness or shape of th
sample.

(1%}

C. Causality principle [62] is not vio-
lated - that is, the model does noft
allow any response before the cor
responding stimulus has been ap
plied. This can be conrmed from
the analysis of the frequency depen
dence of the e ective permittivity
and permeability. For causal mate-
rials the real and imaginary parts of
the material parameters satisfy the
Kramers-Kronig relations [62], and
in the low-loss regions and well below
resonances the permittivity and per-
meability grow with increasing fre-
guency) [62].

D. The retrieved parameters do not de-
pend on the incidence angle and
the sample thickness (otherwise they
characterize not the material, but
only this sample for this particular
excitation).

If the above procedure successfully \converges”, this meahat the sample under
test can be characterized by conventional (volumetric) e &ive parameters: permittivity,
permeability, chirality parameter, etc. These parametersan be used in device design, be-
cause the parameters indeed describe the properties of thaterial, which will not change
if the size or shape or position of the sample will be di erenthan in the measurement
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set-up. The theoretical background which is necessary fdne analysis at the last step is
brie y outlined in Section 3.3.1.

If this is not the case, the conclusion is that the retrieved aterial parameters have
a limited validity region and, most likely, unconventionalphysical meaning. However, in
studies of metamaterials compromises often have to be mads, in many instances there
are no better ways to describe the \material" response thansing these \material param-
eters". They can successfully provide some qualitative degption of physical phenomena
in the sample, but care should be taken in understanding thénitations for their use.

4.4 How to choose the appropriate measurement tech-
nique and equipment?

4.4.1 General considerations

When characterising a nanostructured materials sample, is important that the appro-
priate technique and equipment is employed. Choosing ungalle equipment, or indeed
equipment that is not properly con gured, is likely to cast cdubt onto the validity of
recorded measurements. What can be considered approprigggrimarily de ned by two
factors - the parameters being characterised and the type o&nostructured material un-
der examination. Because there are such a wide and expansmaeiety of nanostructures,
each of which has its own de ning characteristics, there isonuniversal system con gu-
ration that can be used to successfully measure every type sefmple. Certain materials
may, for example, require incident light to be polarised, e¢oned to a speci ¢ spectral
range or have a variable angle of incidence whilst other satap will not require such
conditions. Therefore it is essential that the person or psons performing the characteri-
sation understand the appropriate measurement techniquend the associated equipment
to be used. Here we will discuss the considerations to be maaken selecting a charac-
terisation technique and the equipment needed at each stepeg Section 4.3) to perform
such measurements.

The initial step in the characterisation of a sample is its idnti cation as either a
homogeneous material or a mesoscopic structure. Complex sogcopic structures do
not display the same radiation scattering uniformity as homgeneous materials when
appropriately measured [67]. Therefore the sample type cdre distinguished using one
of two techniques: di use scattering and transmission elgon microscopy (TEM). While
TEM can provide high resolution electron diraction patterns for detailed observation
of a multilayered sample P], its one signi cant drawback is that it inherently damages
the specimen under examination, rendering it useless fortdiwe steps. With respect to
degree of importance, this is likely to supersede the advage of spatial resolution of
only a few AAngstroms and sensitivity to very weak scatterig [69]. The non-destructive
alternative is to take di use scattering measurements usg a radiation beam with an
appropriate wavelength for the sample. Depending on the appatus used, incident waves
scattered by the sample can be recorded to give either 2D or 3Bage outputs. For
2D measurements, linear position sensitive detector (PSR ractometers are used to
detect the scattered radiation over a range of diraction agles (Figure 4.8). The PSDs
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are arranged in an arc above the sample so that the scattereddms are incident normal
to the detector window at all angles within the range of the diactometer. Under this
con guration, much of the scattered radiation is not deteatd and so valuable data that
would be used to image a scatter pattern is lost. 3D outputs othe other hand can be
retrieved using at image plate (IP) detector systems that e higher incident waveform
energies. An increase in energy results in better detectidor highly absorptive samples
and smaller angles of di raction, meaning the detection preess is easier and can be more
extensive [70]. In both PSD and IP con gurations, a monochroator and a collimator
are axed to the output of the beam generator, ensuring the igident waves are all
normal to the sample and of a desired frequency. The collin@tis generally positioned
approximately two millimetres from the surface of the spenien and a beamstop, used to
restrict the perpetual travel of the waveform, is placed alhd eight millimetres behind the
sample [70]. Because the collimator and beamstop are placgaclose to one another, air
scattering is virtually eliminated. During the measuremenprocess, the sample is scanned
while it gradually rotates; for example 1000 scans at rotadnal increments of @6 . If
the detectors were rotated instead, there would be a likelitod of unwanted vibrations
distorting the measurement data.

Figure 4.8: A schematic diagram of a di ractometer showing idergence at each stage of
the measurement process [71].

An alternative to IP systems is that of charge coupled devic€CCD) detection. CCD
plates are usually smaller in size to image plates and so arkaged much closer to the
sample being measured to ensure su cient retrieval of scadted radiation. Furthermore,
adjustments and corrections have to be made for spatial distions that are inherent in
CCD detection. However with CCDs, measurements can be madedacomputed within
a matter of seconds, unlike IP systems which take one or two moites to output data [70].
Because of the more e cient use of time, the sample can be rd& in smaller increments,
such as 0L , to give a more accurate representation of the specimen chateristics. A
further advantage of CCD systems is that they can operate ugj incident waves at a
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lower energy than alternative PSD and IP con gurations.

Following identi cation of the sample, measurement of the toadband plane-wave
transmission and re ectance spectra must be taken. This ihé predominant character-
isation method for optical metamaterials [72]. There are maerous ways to successfully
retrieve the R and T coe cients of a sample, each of which utites di erent types of
equipment. The most common commercial piece of apparatus this purpose is a spec-
trophotometer which, as its name suggests, is an amalganati of a spectrometer and
photometer. The spectrometer part of the system outputs Iig of a selected wavelength
at an incident angle to the sample under examination while #hresultant radiant ux is
measured by a photometer. Spectrophotometers commonly ua® incident beams during
R and T retrieval (one for measurement and the other for a refererjcand allow the angle
of incidence to be adjusted to suit requirements. However hilst these systems are specif-
ically manufactured for R and T measurement, they are in most cases not appropriate
in the characterisation of metamaterials and nanostructws. This is because spectropho-
tometers require a comparatively large patterned area to rasure and nanostructures
fabricated using electron-beam lithography and other sucprotracted techniques typi-
cally cover an area no larger than a few square millimetres|[6Nevertheless the principles
of R and T retrieval with spectrophotometers can be adapted for use m\custom built"
apparatus setup, an example of which is shown in Figure 4.9.

Figure 4.9: Experimental custom-built system for the reteval of broadband transmission
and re ection spectra of small samples [73].

Such a system may function by imaging the sample, through usé optical magni ca-
tion, onto a spectrograph with polarised light. A reliable plariser such as a Glan-Taylor
prism could be positioned in front of the light source to polase the light to the desired
linearity [72]. This is particularly important in the case d metamaterials, most of which
are anisotropic. The incident light itself should be genetad from a broadband source,
for example a tungsten-halogen lamp. Beamsplitters, irisa@phragms and multiple lenses
and mirrors are likely to be required in a custom built arrangment to restrict and con-
trol the light's direction of travel. In order to analyse the spectrum produced by the

69



lamp, a monochromator can be placed between the polarisercatine sample. Placing the
monochromator in the path of the re ected light (i.e. betwea the sample and the detec-
tor) allows selectivity of the re ectance spectra. Referae re ectance measurements can
be taken using a clean, unblemished mirror while transmissi references can be taken us-
ing either free space or an unpatterned area of the sample fage, depending on whether
all layers or just the nanostructures are to be analysed [72]

Whilst it does not directly measure re ectance and transmion, Fourier transform
infrared (FTIR) spectroscopy can provide values for both eocients. FTIR, and indeed
other types of interferometric spectroscopy, operate by kging the incident beam using
a partially re ective material [74]. The system, often congured in the Michelson ar-
rangement, then creates interference between the origina¢am and one subjected to a
longitudinal delay before being input to the detector [75].The interferogram produced
contains data from all wavelengths produced by the infraretight source with respect
to time. Fourier transformation can then be performed on theutput interferogram to
give a calculated frequency spectrum. This is known as a tirtlomain measurement as
the R and T spectra are not directly measured. Unlike systems with a moohromator,
FTIR measures waves at all generated frequencies simultauosly, eliminating the need
for multiple measurements and thus speeding up the processnsiderably. Additionally,
because of the greater optical throughput, FTIR spectra atsdisplay a more desirable
signal-to-noise (SNR) ratio than many dispersive spectrasters [72]. A further advantage
of interferometric spectroscopy over dispersive methods ihat often phase information
can be determined, provided certain criterions are met [7.6]The Mach-Zehnder inter-
ferometer con guration can be used as an alternative to the Mhelson arrangement to
determine the relative phase shift between the two beams. lke the Michelson system,
Mach-Zehnder interferometers utilize two beam splittersa ensure that the split beams
are not recombined and are measured using separate detestoBecause both beams are
detected individually and neither one is re ected back intahe source, as is the case in
the Michelson con guration, disruptive interference as aesult of intensity and phase
modulation is prevented [77]. Furthermore, because both ams of light travel parallel
to one another rather than orthogonally, the Mach-Zehnderystem is more resilient to
environmental disturbances than the Michelson interferoeter [77].

Figure 4.10: Diagram showing the path of light in a Mach-Zehder interferometer [78].
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Before measurements can be successfully taken, the var@alphase shifters and at-
tenuators in the system must be properly calibrated. This eabe achieved by varying
the optical path length in the case of the phase shift and subgting the light to total
internal re ection within two prisms for attenuation purposes [79]. With reference to
gure 3, without a sample present both beams at detector 1 wihave been re ected twice
(once by a beam splitter and once by a mirror) and will have pasd through the glass
body of a beam splitter. Because there is no phase di erencetiveen the two waves
in this instance, constructive interference will be preseérat detector 1. However, total
destructive interference is present at detector 2 as the bma are half a wavelength out of
phase with each other. This is due to di ering optical path leagths and results in no light
being detected. Therefore placement of a sample in the pathabeam changes the wave
intensity and phase, creating the proper circumstances foneasurement. Comparison of
the data retrieved by both detectors allows calculation oftte inherent phase shift of the
sample being analysed. Adapted Mach-Zehnder interferonees have also been used to
measure the refractive index of samples [80]. Irrespectieé the interferometer used for
characterisation, computer software is required for the ppose of executing the Fourier
transforms on the produced interferogram to give the reswnt frequency spectrum.

In order to nd the minimal set of local constitutive parameters, the polarization
characteristics of re ected and transmitted waves must betsdied. This is done us-
ing non-destructive and contactless ellipsometry methodsSuccessful execution of this
stage will determine the type of material under examinationfor example whether it is
isotropic, anisotropic, bi-anisotropic, chiral or gyrotopic. Ellipsometry techniques, of
which there are many [81], measure the change in the polatima state of light re ected
by the specimen from the light that was originally transmited. The transmitted light, of
which the intrinsic properties are known, is compared withtte measured light re ected
by the sample, thus allowing the change in polarisation to banalysed. By probing the
complex refractive index or dielectric function tensor etaental physical properties such
as morphology, crystal quality, chemical composition andlectrical conductivity can be
found [16]. Ellipsometry is most commonly used to charactee Im thickness for either
single layers or multilayer structures and to nd the compl& permittivity [82]. Typically,
an ellipsometer will comprise of a light source, polarisecompensator, analyser and a
detector. There are two primary categories of ellipsometgr rotating optical element sys-
tems and instruments with photoelastic modulators [81]. $fems with rotating elements
are likely to have either a rotating analyser (rotating analser ellipsometry, RAE) or a
rotating compensator (rotating compensator ellipsomettyRCE), although other setups
do exist [18]. Irrespective of the type of ellipsometer sysi used, it can be con gured so
that the reference wavelength, illumination angle and sanig orientation can all be altered
and varied. Antiquated systems use a monochromator to seleébe desired wavelength of
incident light and a photomultiplier tube for detection [84. However more e cient setups
employ a white light source for the incident wave and a photadde array as a detector, al-
lowing simultaneous measurement of a broadband spectrumcha real-time display of the
results [85]. The light, which is initially unpolarised, istransmitted through a polariser
that is oriented between the p- and s-planes. It is then targed onto the sample surface so
that the linearly polarised light is re ected and becomes &ptically polarised before pass-
ing through an analyser which, depending on the system corugation, may or may not
be rotating. The photodetector then converts the detecteddht into an electronic signal
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for mathematical processing, performed using both the re@nce and re ected waveforms.
The resultant complex polarization ratio, , can then be calculated using the measured
values of amplitude ratio and phase shift, denoted by and , respectively. In the case
of anisotropic multilayer thin Ims, as many as ten paramete measurements need to be
made for each layer { nine for the dielectric tensor and onerfdm thickness [86]. These
measurements must also be taken over a wide range of incidemtd azimuthal angles
to ensure an adequate span of data is retrieved. Each indivd dielectric tensor and
thickness parameter should noticeably alter the detectedofarisation data and not give a
linear output of collated results [86]. By utilising a Muelér matrix, the dielectric tensor
parameters can then be determined by the ellipsometer sofive. When selecting an el-
lipsometer con guration it may be worthwhile to consider sme of their advantages and
drawbacks. Both Rotating Polariser Ellipsometers (RPE) ad RAEs are very accurate
and easy to construct but their measurement of phase shift iess sensitive at 0 and
180. RPE systems are likely to su er from residual polarisatiorirom the incident source
wave [83]. In both systems the rotating element is likely toeed calibration for the highest
accuracy measurements to be obtained. RCE ellipsometersvhahe advantage of using
two static polarisers that eliminate the problems caused besidual polarisation and can
measure and without su ering from a lack of sensitivity at certain values. Also
worth consideration is the inclusion of a monochromator. Amonochromators produce
partially polarised light they are often placed after the saple, meaning a wide spectrum
of white light is incident on the specimen [83]. This is of case important if the sample
is in any way photosensitive. Following the retrieval of thepolarization characteristics
the numerical values of constitutive parameters can be deded using the Nicholson-Ross-
Weir (NRW) method for completion of the characterisation. M experimental equipment
is needed for this stage but commercial software is availador the convenient calculation
of parameter values.

4.5 Measurement equipment needed for electromag-
netic characterization of materials

The web site of the ECONAM project (Coordination Support Acton funded by the
European Commission within FP7 NMP priority area contains a extensive list of relevant
measurement equipment types as well as links to the Europeanrstitutions which have
such installations and expertise in making necessary measunents.

The web site can be found at the address

http://econam.metamorphose-vi.org/

4.6 Concluding remarks

Optical metamaterials, because of their typically limitedarea and number of functional
layers, are more easily understood as nite structures witlinterfaces that de ne their
optical behaviour. This de nition is in contrast to a converional material in which their
bulk properties de ne their optical properties. The retrieved 'material' parameters are
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the subject of interpretation unless the samples have su ent extent in the measurement
direction to suppress the interface e ects. Also the phasaformation is harder to obtain
giving the need for either more sophisticated measuring ttsp such as time domain or
interference methods, or alternatively, more complex statures, i.e. phase masks made
with the metamaterial.

The current challenges and di culties of characterizationof nanostructured materials
have been summarised in [47] where the author stated that \.as we near the one hundred
year mark since the birth of crystallography, we face a remht frontier in condensed
matter physics: our inability to routinely and robustly determine the structure of complex
nanostructured and amorphous materials. Yet what has becanclear with the emergence
of nanotechnology is that di raction data alone may not be eaugh to uniquely solve the
structure of nanomaterials”. Commenting on the recent papd48] which presented the
approach to determination of the structure of complex nanasictured materials, the
author argued that the major challenges arise from the liméd information content of
the measurement data along with the growing complexity of # models used for data
post-processing. Uniqueness of the associated inversebfgms is a real issue, as is the
availability of good nanostructure solution algorithms. Alditional constraints coming
from prior knowledge about the system, or additional data $g, from di erent information
sources are required to constrain a unique solution for régwval of the material parameters.
The author of [47] suggests: \We may be relearning lessonerir crystallography. .. These
constraints are just common sense, but place enormous résions on the solution space
and the e ciency and uniqueness of solutions. Nanostructar solution is much younger
than crystallography, but the eld is rapidly growing up."
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